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Foreword

Energy saving and consumption reduction in the electric power system are important tasks to which genera-
tions of people have always paid attention and been committed. In recent years, I heard that several aspiring
experts have been summarizing and writing (revising) works or papers based on their working practices in
line loss. A few days ago, Wu Anguan told me that he had finished the revision of the second edition of
Analysis and Calculation of Line Loss in Electric Power Systems (hereinafter referred to as Line Loss)
and asked me to write a foreword for this second edition. I felt happy that new results were created against
new challenges, and also afraid that my words could not express my thoughts. However, as [ wanted to live up
to an old friend’s sincerity, I pleasantly promised to have a try, taking this opportunity to focus on loss reduc-
tion in power grids and to express my respect for line loss workers. I was filled with emotion when looking
back on my participation in the line loss business, recalling the benefits I gained from the revision and review
of the line loss management guidelines (provisions) and the loss reduction plans of the State Grid Corporation
of China, and reading Wu’s second edition of Line Loss and his papers published in recent years.

Over the past 30 years since the reform and opening-up policy, China has implemented both energy devel-
opment and savings, promoting the rapid development and increasing the benefits of the electric power system.
Asof2011, theinstalled power-generating capacity has ranked second in the world for consecutive years, and the
size of power grids and the total electricity consumption nationwide have ranked first in the world. The economic
efficiency of the electric power industry was significantly improved: the average electric supply coal consump-
tion rate of coal-fired units reached 330 g/(kW-h), and some large units even realized a coal consumption rate of
300 g/(kW-h); the electric supply line loss rate in power grids was 6.39% nationwide, and even maintained 5.5%
or below in some provinces and cities; and overall, the line loss rate was at an internationally advanced level.

Looking back to the progress of power grid loss reduction in China after the reform and opening-up, the
first 20 years saw a remarkable reduction of line loss rate from 9.64% in 1978 to 7.81% in 2000, but the curve
of the annual line loss rate revealed several saddle-shaped fluctuations, showing that loss reduction was still
difficult. During the first 12 years of the new century, with progress in science, technology, and equipment,
especially strengthened line loss management, the line loss rate kept a steady decline without any big fluc-
tuation, and was reduced by 1.42% in 2011 over 2000. Based on the size of the electric supply in 2010, if the
line loss rate was reduced by 1%, equal to an annual electric loss reduction of about 42 x 10'> kW-h, then over
13.8 x 10° t of coal was saved each year and over 27.6 x 10° t of carbon emissions were reduced, marking a
great achievement in energy conservation and emission reduction. Due to my personal experiences, I pay
close attention to and feel delighted with each year’s new achievements in the loss reduction in power grids.
I deeply respect the technicians and managers engaged in the loss reduction for their steadfast and diligent
professional ethics.
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Xiv Foreword

These remarkable achievements in the reduction of loss in power grids are mainly attributable to improve-
ments in the theoretical analysis and calculation of line loss, the implementation of loss reduction technol-
ogies and measures, and effective policy management, as well as the assiduous efforts of relevant personnel.
Since the 1980s, many professors, scientific and technical personnel, and business personnel working in the
frontline of power grid enterprises, who were engaged in theoretical research into power grid line loss and in
practical analysis and calculation, have worked hard and closely with each other. They have made outstanding
contributions to the promotion of the theoretical research, analysis, and calculation of line loss in China, the
implementation of loss reduction measures and technical management, and the realization of a continuous and
steady decline in the line loss rate. In the 1980s, Zhejiang University and Nanjing Administration of Power
Supply cooperated in preparing Theoretical Calculation of Line Loss and Technical Measures of Loss Reduc-
tion (written by Professor Ni Baoshan); Professor Yang Xiutai of Chongqing University compiled Theoret-
ical Calculation and Analysis of Line Loss in Power Grids; Wu Anguan (Senior Engineer of Taiyuan
Administration of Power Supply) and Professor Ni Baoshan coauthored Line Loss in Electric Power System
(1996); Yu Zhongian (Senior Engineer of Jiangsu Electric Power Company) and Professor Chen Xingying of
Hohai University wrote Electric Energy Loss in Power Grids (2000). They studied, learnt, and introduced the
theoretical results of Europe, America, and the former Soviet Union in the calculation of line loss in the elec-
tric power system. Based on the actual situations of power grids in China, they discussed and proposed many
methods for the theoretical calculation of line loss, and promoted the application of microcomputers in the
calculation of line loss. In addition, they participated in many seminars, exchange meetings, and information
sessions, making good technical preparations and doing real work for the formulation of line loss calculation
guidelines, line loss management provisions, and other industrial standards or corporate regulations, both for
training in line loss management and reviewing loss reduction plans. Their efforts have had an enduring influ-
ence on the theoretical calculation of line loss by power grid enterprises, the preparation of loss reduction
plans, and improvements in the technical management of line loss in power grid enterprises. Meanwhile,
the national competent authority and the State Grid Corporation of China, by following the scientific devel-
opment perspective and adhering to the energy development and conservation policy, worked together to
promote an industry—university—research cooperation, to formulate, propagate, and implement regulations
and guidelines, to take effective input and technical measures, and to play an organizational leadership
and regulatory role. This is an important reason why great achievements have been made in loss reduction
for so many years, and an experience that should be learnt.

Since the twenty-first century, power grids have developed fast in China, with a continuously expanded
size, more complicated network, and personnel increase or turnover. In addition, China has boosted the
development and utilization of renewable energy sources, and the electricity market is increasingly growing.
All of these developments and changes have posed new challenges to the objective of line loss management
and loss reduction. Therefore, even after his retirement, the author of this book, with diligent study and tireless
exploration, was still dedicated to the work of line loss and spent over eight years in making this new
achievement.

In the second revision of Line Loss, the author retained or improved the basic knowledge and methods of
theoretical calculation of line loss from the first edition, such as the line loss calculation considering power
factor, the concept of load loss coefficient, the change rule of line loss, the methods of calculating line loss in
loss calculation units and multi-branch lines, the methods of prediction of electricity line loss and line loss
rate, and the principles of optimal distribution of an electric supply. New additions in this revision include the
calculation of loss in complicated power grids, the link electricity price, the balance between electricity flow
and capital flow within power grid enterprises, the analysis of coal-electricity price linkage, and the utilization
of mass information in line loss. In addition, new results are theoretically explored and presented in terms of
the three section division of the load curve, the loss calculation and loss allocation in complicated power grids,
and the composition and application of a multi-section electricity price. Real analysis and calculation cases or
parameters are also selected and provided. These studies and results are instructive when focusing on energy
conservation and loss reduction against the back drop of a market-oriented economy, and when seeking ways
to improve benefits by power grid enterprises.
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Foreword XV

Wu Anguan and I are schoolmates, and we exchanged and cooperated much with each other on the line loss
in power grids after the 1990s. Wu studies hard, assiduously and ambitiously, and has always been keen on
the professional theories of line loss and the practical application of research. Despite being over 60, Wu
tirelessly writes papers and makes friends with others for sharing and improvement, which I respect
very much.

I sincerely recommend the second edition of Line Loss, and believe that it will be conducive to profes-
sionals and college students involved in line loss management practices. I hope that more young scholars
can constantly dig into the ancient but young subject of “line loss”, to help resolve many complicated tech-
nical and economic problems arising from electricity marketization and the accessability of renewable energy
sources to the network. Witnessing the development of line loss management in China, I would like to take
this opportunity to share my thoughts and experiences with all young scholars.

\
T4

Wenlong Jin
Senior Engineer; Senior Academic Adviser
Chinese Society for Electrical Engineering
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Preface

It has been over a decade since the Chinese publication of Line Loss in Electric Power Systems. To keep pace
with technological developments, I started a revision as early as 2002, following the main principles that the
theoretical framework and characteristics of the first edition should be retained, with new contents added
according to new problems after the reform of electric power systems and the new requirements for line loss
management practices and in combination with practical experience.

The theoretical framework of the first edition used the loss factor method as the mainline and the quadratic
trinomial AA = B + CA? as the subline. The random test method was used to verify the wide applicability and
validity of the load factor formula put forward by Liu Yingkuan, a Chinese scholar. The equivalent load curve
method was extended and expanded. The line loss calculation curve was given for various designs of voltage
class lines. The conditions at which the minimum line loss rate was achieved were set out. The relationship
between the load loss coefficient and six variables was demonstrated by using the concept of the loss factor of
the equivalent load curve. The inherent law between the electricity line loss and the electric supply change
was analyzed, and then the electricity line loss prediction formula was put forward.

The concept of marginal line loss rate was first introduced, and based on this, the optimal distribution of an
electric supply was proposed. The first edition provided and compared several methods of theoretical calcu-
lation of line loss in a multi-branch distribution network. As the construction of smart distribution networks is
being vigorously promoted today, these methods provide multiple choices for the intelligent calculation and
control of line loss in the distribution network. The first edition comprehensively explained the technical mea-
sures of loss reduction. In addition, this book gives many examples to help readers understand the content and
refer to this book during their work.

Maintaining the theoretical system of the first edition, this revision makes small adjustments to the
sequence of chapters and supplements these with new content. The second edition contains 15 chapters
as compared to 10 chapters in the first edition, and 36 examples as compared to 27 in the first edition.
The title of the revision is changed to Analysis and Calculation of Line Loss in Electric Power Systems which
is more consistent with the contents of this book.

This revision mainly includes the following supplementary contents:

1. The maximum, normal, and minimum modes are classified from the perspective of probability. The
calculation formulas of the three section power point of division and the electric supply are given, to
provide a new way to analyze load prediction, loss prediction, or time of use electricity pricing by
considering changes of the three modes (Section 3.4 in Chapter 3).
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xviii Preface

2. A chapter is specially provided to explain the calculation of loss in high-voltage power grids. Various
calculation methods of loss in high-voltage power grids are compared, and a new calculation method
based on the three mode section division is put forward (Chapter 10).

3. The essence of loss allocation is elaborated by a simple power supply model. A new method of inter-
provincial loss allocation within the regional network is created with a marginal loss electricity price
(the product of marginal line loss rate and transmission price) as the economic signal. The Shapley value
method and the generation quantity multiplier method used in California are introduced regarding the
calculation of reasonable loss allocation between high-voltage customers, both direct supply and under
a complex trading mode. The example of calculating the loss allocation in a five node power network
is given (Chapter 11).

4. The prediction of electricity line loss and line loss rate in power grids and loss reduction plans are
introduced. On the basis of the prediction formula of electricity line loss set out in the first edition,
the prediction formula of line loss rate is added, and the requirements and preparation methods for loss
reduction plans are introduced (Chapter 13).

5. The cost—volume—profit analysis model for power grid enterprises is established. The balance between
electricity flow and capital flow among main production links within power grid enterprises is analyzed.
The model of link cost and link electricity price within power grid enterprises is put forward, which satis-
fies the lean management requirements of these enterprises (Sections 14.1 and 14.2).

6. To control both the direct supply electricity price for high-voltage customers and the sales electricity price
for low-voltage customers, the multi-section electricity price model is established by taking the line loss
effect into account. The underlying cause of implementing the coal—electricity price linkage in China is
explained. The double component ratio coefficient is used to build the coal—electricity price linkage model,
to provide a quantitative analysis method to control the on-grid price level (Sections 14.3 and 14.4).

7. The method of analysis of price markup at the power sales end is studied, to provide conditions for
completely assessing the production benefits of a transmission and transformation project during the
post-project assessment (Section 14.5).

8. The current application situations of integrating loss mass information with other information are intro-
duced. The integration of line loss information with other information and the use of this integrated infor-
mation for control of voltage quality are explained. To realize the utilization of mass information on line
loss, the design concepts of relevant data warehouse and data mining are introduced (Chapter 15).

Many of the above contents have been published in national professional meetings or magazines, and some
contents are published first in this revision. I hope that years of my thoughts and accumulated experience can
benefit readers who focus on such issues.

When revising this book, I was counselled and encouraged by Professor Liu Qingguo of North China
Electric Power University and supported and helped by upperclassman Jin Wenlong. Some contents of this
revision were reviewed by Zhang Zuping, Senior Engineer of China Electric Power Research Institute, who
proposed many valuable suggestions. Zhang Youmin of Shanxi Electric Power Exploration and Design Insti-
tute provided full support to the proof calculation of the three mode section division. I, hereby, would like to
express my heartfelt thanks to all my teachers, upperclassmen, and peers for their sincere help.

As entrusted by my teacher Ni Baoshan and thanks to the help of everybody, this revision is finally sub-
mitted for publication. Although Teacher Ni, who guided and coauthored this revision, has passed away and
was unable to witness this result by himself, I can console my teacher as I have made all efforts to academ-
ically pass on the knowledge to a new generation.

Due to the limitation of my level of knowledge, this book may have some inaccuracies and areas for
improvement. Readers are invited to comment and correct.

Wu Anguan
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Introduction

This book is a revision of the authors’ earlier work, Line Loss in Electric Power Systems. Basic contents are
retained in the revision, including the basic knowledge and methods of theoretical calculation of line loss in
electric power systems; the line loss calculation considering power factor, the concept of load loss coefticient,
the change rule of line loss, and the methods of calculation of line loss in loss calculation units and multi-
branch lines; the methods of prediction of electricity line loss and line loss rate, and the principles of optimal
distribution of electric supply; as well as some technical measures to reduce line loss.

New additions in the revision include the calculation of loss in complicated power grids, the calculation of
loss allocation, the link electricity price and the balance between electricity flow and capital flow within
power grid enterprises, the composition and application of multi-section electricity price, the coal-electricity
price linkage, and the utilization of mass information on line loss.

This book is intended as a reference for professionals working on line loss management with power grid
enterprises, power grid designers and operators, and for graduate students majoring in the study of electric
power systems.
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1

Overview

1.1 Active Power Loss and Electric Energy Loss

In an electric supply area, electric energy is supplied to customers through transmission, substation, and
power grid distribution. During the transmission and distribution of electric energy, a certain quantity of
active power loss and electric energy loss will be generated in all units of the power grids.

1.1.1 Main Types of Active Power Loss

According to the analysis based on electromagnetic field theory, the energy of an electromagnetic field is
transmitted from the power source to the loads through the dielectric space of the electromagnetic field,
and wires lead the energy of the electromagnetic field. The electric energy loss that goes into the wires
and is then converted into heat energy is also supplied by the electromagnetic field.

According to the results of the analysis of a single core coaxial cable by using the Poynting vector of energy
flow density in the case of AC transmission, while power is needed to transmit loads in the dielectric space,
four types of active power loss are produced in the cable:

1. Resistance heat loss AP; (W)
This is in direct proportion to the square of current, that is

AP, =I’R (1.1)
Wherein: [ — current passing the cable core (A);
R — the sum of resistance of both the cable core and tegmen (£2).
2. Leakage loss AP, (W)

This is in direct proportion to the square of voltage, that is

AP, =U*G (1.2)

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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2 Line Loss Analysis and Calculation of Electric Power Systems

G="" (1.3)

Wherein: U - voltage between the cable core and tegmen (V);
G — leakage conductance of dielectric (1/€2);
r — conductivity [1/(Q-m)];
[ — length of the cable (m);
r1 — radius of the cable core (cm);
r, — inside radius of the cable tegmen (cm).

3. Dielectric magnetizing loss AP3 (W)
This is in direct proportion to the square of current and the frequency, that is

AP; =Pwltan (1.4)
L= (1.5)
B 2 I '

Wherein: @ — AC angular frequency (1/s);
L — inductance of the cable (Wb/A);
41 — magnetic conductivity of the cable dielectric (€2-s/m);
tand — repeated magnetizing loss tangent of the cable dielectric.
4. Dielectric polarization loss AP, (W)
This is in direct proportion to the square of voltage and the frequency, that is

APy =UwCtans (1.6)
2l

C = 87',.2 (1 7)
In—=
r

Wherein: C — capacitance of the cable (F);
& — dielectric constant of the cable dielectric (F/m);
tand — repeated magnetizing loss tangent of the cable dielectric.

The above four types of active power loss represent the basic types of active power loss in the electric
power system. In addition, corona loss may occur in high-voltage lines and high-voltage motors. This is a
special type of active power loss caused by ionization of dielectric particles outside a conductor when the
electric field intensity is too high in the surface of the conductor. It is related to the surface field intensity
of the conductor and the air density. See Chapter 8, Section 8.2 for details.

1.1.2  Calculation of Electric Energy Loss

Electric energy loss AA (kW-h) is the integral of active power loss to time within a period, that is

AA:JAP(z)dtx 1073 (1.8)
0
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For resistance heat loss, Formula (1.8) can be rewritten to

AA:JIz(t)R(t)dtx 1073 (1.9)
0

Within the period 7, the load current and conductor resistance may vary, so it is more complicated to cal-
culate the electric energy loss than the active power loss. When the period for calculation is long, it is difficult
to use the method of point by point square accumulation to calculate the electric energy loss. If relevant para-
meters of the current load curve I(z) or the active load curve P(¢) are used to calculate the electric energy loss, it
is difficult to obtain satisfactorily accurate calculation results. This is an issue that should be focused on when
studying the theory and calculation method of electric energy loss.

1.1.3  Electricity Line Loss and Line Loss Rate

The total quantity of electricity loss (including the allocated electricity loss in power grids, the electricity
consumed by electric reactors and reactive compensation equipment, and unknown electricity loss) in trans-
mission, substation, and distribution within a given period (day, month, quarter, or year) in an electric supply
area or power grids is called electricity line loss or line loss. Although part of the electricity line loss can be
determined by theoretical calculation or measured by tailor-made line loss meters, the total electricity line loss
cannot be accurately determined. Therefore, the electricity line loss is usually calculated by subtracting the
total “power sales quantity” from the total “electric supply” measured by the electric energy meter. In other
words, the line loss is a margin, and its accuracy relies both on the accuracy of the electric energy metering
system used to measure the electric supply and the power sales quantity, and on the scientific and reasonable
system for recording the statistics of power sales quantity to customers.

The electric supply and the power sales quantity are a pair of interrelated concepts and are closely related to
the scope of line loss. In the 1990s, before power plants and power grids were not separated, China’s power
supply enterprises and power generation enterprises were managed by a competent authority and adminis-
tered by an electricity bureau at the provincial level. The line loss statistics were conducted at national,
provincial, and prefectural levels. For prefectural power generation enterprises, their electric energy meters
at the generation side and the supply side were managed by power supply agencies entrusted to the provincial
electricity bureau. As a result, the electric supply in a given area refers to the electricity supplied by power
plants, power supply areas, or power grids to customers, including the electricity line loss in transmission and
distribution of electric energy. The formula™ for calculating the electric supply is as follows:

Acs =Ae,p_Ae,c —Aout +Ain (1.10)

Wherein: A, — electric supply of an electric supply area or power grids;
A p — electric energy production of power plants in a local area or local power grids;
A, — electricity consumption of power plants;
Aqy — electricity output to other power grids;
Ay, — electricity input from other power grids (including purchased electricity).

Power sales quantity refers to the electricity sold by electric power enterprises to customers and the elec-
tricity supplied by electric power enterprises for internal non-generation use (such as capital construction
departments). Non-electricity generation departments of electric power enterprises should be treated as cus-
tomers. Therefore, the power sales quantity in an electric supply area or power grids is the total electricity
measured by the electric energy meters of customers.
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4 Line Loss Analysis and Calculation of Electric Power Systems

The percentage of the electricity line loss in the electric supply is called the line loss rate, and its calculation
formula is as follows:

electric supply —power sales quantity
electric supply

Line loss rate (%) = x 100% (1.11)

During the operation management of power grids, the electricity line loss obtained by subtracting the total
power sales quantity from the total electric supply is called the statistical electricity line loss, and the corre-
sponding line loss rate is called the statistical line loss rate.

Part of the statistical electricity line loss cannot be avoided during the transmission and distribution of elec-
tric energy and is determined by the load conditions of power grids and the parameters of power supply equip-
ment. Such electricity loss is called technical electricity loss and can be obtained by theoretical calculation.
Therefore, it is also called the theoretical electricity line loss, and the corresponding line loss rate is called the
theoretical line loss rate.

The electricity used by substations is also included in the statistical electricity line loss. This part of elec-
tricity is similar to the electricity used by power plants and is necessary for production. It does not really
belong to the electricity line loss, but due to historical reasons, it is not managed by power grid enterprises
as a production cost. Instead, it is included in the line loss for management and control. Given the lean man-
agement requirements, the electricity used by substations can be excluded from the electricity line loss and
included in the production cost for management. This may play a positive role in standardizing cost manage-
ment and promoting the assessment and theoretical calculation of line loss.

Part of the statistical electricity line loss is an unknown loss, also known as management loss, which can
and should be avoided or reduced by means of necessary measures.

In the 1990s, after the reform of the separation between power plants and power grids, the power plants and
power grid enterprises became independent operators. Power grid enterprises used the on-grid electricity of
power plants as the main electric supply. China’s two major power grid enterprises, namely the State Grid
Corporation of China and China Southern Power Grid, manage their internal line loss by several levels
of large regional power grid enterprises covering multiple provinces, provincial power grid enterprises,
and prefectural power grid enterprises. The electric supply and power sales quantity in different ranges differ
from Formula (1.10).

1. National, large regional, and provincial power grid enterprises do not sell electricity directly, and their
power sales quantity is the sum of electricity sold by prefectural power grid enterprises. The exchange
electricity between provincial power grid enterprises within a large region and between prefectural power
grid enterprises within a province can, in a broad sense, be considered as the electric supply or power sales
quantity. The electricity loss in power grid loss calculation units directly administered by large regional
and provincial power grid enterprises plus the electricity line loss within the subordinate administration
range is the total electricity loss at this level. The line loss rate at this level is calculated by comparing the
electric supply at this level with the total electricity loss at this level.

2. For a prefectural power grid enterprise, in addition to calculating the on-grid electricity of power plants in the
local area, the electricity input from other areas in the local province or other provinces should be considered
as the electric supply, and the electricity output to other areas in the local province or other provinces should
be considered as the power sales quantity. Accordingly, the electricity line loss in the local area is calculated.

Given the current electric power management system and the statistical criteria, the calculation formula of
statistical line loss rate is as follows:

Statistical line loss rate (%) = (statistical electricity line loss) / (electric supply) x 100%

= (on-grid electricity of power plants + electricity input
— electricity output — power sales quantity) /
(on-grid electricity of power plants + electricity input) x 100%

(1.12)
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The calculation formula of theoretical line loss rate is as follows:

Theoretical line loss rate (%) = theoretically calculated electricity line loss /
theoretically calculated electric supply x 100% (1.13)
Theoretically calculated electric supply = on-grid electricity of power plants + electricity input

3. When a large regional power grid enterprise assesses the planned loss rate of one of its provincial power
grid enterprises, the influence of the difference between the actual electricity of mutual supply and
the planned electricity supply on the loss rate should be analyzed. This is a complicated loss allocation
problem, which is addressed in Chapter 11, Section 11.3.

In line loss management, each level of a power grid enterprise should summarize the line loss information
of their subordinate level of power grid enterprises and then include such information in the information of
power grid loss calculation units at this level, thereby calculating the statistical line loss rate or the theoretical
line loss rate of power grids at this level. The structure of the electricity line loss management information
system can be designed to satisfy the requirements of such line loss management.

1.1.4 Calculation and Analysis of Line Loss

The planning of power grids, the comparison of power grid connection programs, and the design of substa-
tions require the theoretical calculation of line loss. The accuracy required for the line loss calculation during
such planning and design is not high, but the calculation methods need to be simple and practical. Therefore,
tabular methods and calculated curve methods are preferred. Local theoretical calculation of line loss can be
used to predict the benefits of some technical measures of loss reduction, and the comparison in technology
and economy is conducted to select an economical and reasonable loss reduction program. Relatively com-
prehensive and detailed theoretical calculation of line loss can determine the quantity and composition of the
electricity line loss, and can also reveal the relationship between the technical electricity line loss and factors
such as operating voltage level, load rate, and average power factor so as to establish technical measures of
loss reduction more scientifically. The results of comprehensive theoretical calculation of line loss can also be
compared with the statistical electricity line loss, so as to estimate the quantity of management electricity loss
and provide a basis for reducing the management electricity loss.

The above three types of theoretical calculations of line loss are necessary for power supply agencies and
industrial enterprises with independent power supply systems. Therefore, a comprehensive discussion of the
theoretical calculation of line loss is very necessary.

The analysis of line loss with the results of a theoretical calculation of line loss is important for line loss
management. According to Reference [88], three types of line loss analysis are required, namely statistical
analysis, indicator analysis, and economic analysis.

1.1.4.1 Statistical Analysis

The electric energy loss during the transmission and substation in the main system is called power grid loss,
and the electric energy loss during the transmission, substation and distribution in regional power grids is
called regional line loss.

a. Analysis of the composition of regional line loss. The line loss in transmission and substation should be
analyzed by voltage and line; the line loss in distribution should be analyzed by region, substation, line or
distribution area (divided by the supply range of a distribution transformer). In addition, the no-load loss
and load loss in regional power grids should be analyzed separately to calculate the no-load line loss rate
and the load line loss rate.
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6 Line Loss Analysis and Calculation of Electric Power Systems

b. Analysis of the structure of power grids. The line loss rate should be analyzed by voltage, and the electric
supply and line loss rate for different electric supply structures should be analyzed, especially for the var-
ious step-down and coupling modes of two- and three-winding transformers, so as to find ways to improve
the electric supply structure and reduce line loss.

c. Analysis of the composition of power sales quantity. The electric supply output to adjacent regions will
increase the line loss in the local region, and the influence of such transit electric supply should be further
analyzed. The power sales quantity of dedicated lines wherein the line loss is borne by customers and the
bulk power sales quantity not considering loss are collectively called power sales quantity without loss.
Obviously, the percentage of the power sales quantity without loss in the total power sales quantity directly
affects the value of statistical line loss rate and should also be analyzed.

The results of the above three types of statistical analysis should be compared with the results of theoretical
calculation of line loss, in order to identify where the line loss is the biggest in transmission, substation and
distribution systems and determine main measures of loss reduction.

1.1.4.2 Indicator Analysis

The indicator analysis basically includes the comparison of line loss rate indicators in the current period with
those in last period, and the comparison of the difference between the statistical value of line loss rate in the
current period and the planned value in last period. The indicator analysis can follow the five considera-
tions below:

a. The increase/decrease in the power sales quantity, and changes in the electricity utilization category and
the voltage composition.

b. Changes in the operating mode of the electric power system, the load flow distribution, and the structure of
the power grids.

c. The influence of loss reduction measures and project production.

d. The influence of new large customers.

e. The influence of replacement of main system units.

1.1.4.3 Economic Analysis

The economic analysis mainly includes two types, namely the analysis of loss reduction benefits achieved in
reactive compensation equipment intensively installed in substations and reactive compensation equipment
dispersedly installed in distribution lines, and the analysis of benefits achieved in the assessment of peak
power factors of large customers or the assessment of peak/valley power factors.

The Provisions issued in 2004 by the State Grid Corporation of China [75] set out the following require-
ments on the annual report summary and analysis of line loss:

1. The performance of line loss indicators.

2. The analysis of the composition of line loss by comprehensive line loss rate, loss rate and regional line loss
rate; the analysis of line loss rate by voltage class; the analysis of line loss deducting the power sales quan-
tity without loss and the bulk power sales quantity.

3. Existing problems and measures; the quantitative analysis of reasons for the increase/decrease in the line
loss rate and the degree of influence of the increase/decrease in the line loss rate.

4. Solutions to the problems and key measures of subsequent work.
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1.2 Calculation of AC Resistance

Overhead power lines generally use bare conductors which have larger AC resistance than DC resistance as
a result of the skin effect of alternating current. Steel-cored aluminum wires have even larger AC resistance
due to iron loss caused by magnetization of their steel cores. The increased resistance due to the skin
effect can be theoretically calculated, while the increased resistance caused by the magnetization of steel cores
must be determined through actual measurement. The calculation formula of AC resistance is as follows:

R=K\K,R}) (1.14)
K1 =0.99609 +0.018 578X, —0.030263X? +0.020 735X; (1.15)
K, =0.99947 +0.028 895X, —0.005 934X3 +0.000 422 59X (1.16)
D+2d 8xf (D—-d)
X, = 0.01, |22 1.17
"= Dprd Ree(D+d) (1.17)
I
=3 (1.18)

Wherein: Ry, — DC resistance of conductors at the calculation temperature (€2/km);
K, — skin effect coefficient of conductors;
X, — parameter used to calculate the skin effect coefficient of conductors;
D, d — outer diameter and inner diameter of conductors (cm);
f— frequency of alternating current (Hz);
K, — iron loss coefficient of conductors;
X, — parameter used to calculate the iron loss coefficient of conductors;
I — current passing conductors (A);
S — sectional area of conductors (mm?).

According to the calculation, the AC resistance is only ~0.02 to ~5.0% higher than the DC resistance of all
aluminum conductors whose sectional areas range from 50 to 240 mm?; the AC resistance is 1.3—4.6% higher
than the DC resistance of steel-cored aluminum wires whose sectional areas range 25-240 mm?>. The lower
limits above are calculated when the current-carrying capacity is 20% of the allowable value, while the upper
limits above are calculated when the current-carrying capacity is the allowable value. This shows that, when
the current of overhead line conductors is close to or exceeds the allowable value, factors causing higher
AC resistance must be taken into account. In other circumstances, the DC resistance can be directly used
to calculate the line loss, without leading to any significant error.

1.3 Influence of Temperature and Voltage Changes on Line Loss
in the Measuring Period

1.3.1 Influence of Temperature Change on Line Loss in the Measuring Period

According to Formula (1.9), not only loads change with time, but also the resistance of conductors changes
with temperature within a measuring period. Apparently, it is extremely complicated to take into account the
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8 Line Loss Analysis and Calculation of Electric Power Systems

two change factors at the same time for integral operation. To easily calculate the line loss, the influence
of temperature change on the variable resistance can be considered first.

It is generally known that the resistance of conductors with temperature change can be calculated as per
the following formula:

Rr=Ro(1 +aT) (1.19)

Wherein: R, — resistance of conductors at 20 °C (Q);
a — temperature coefficient of conductor resistance: generally a = 0.004 for copper, aluminum and
steel-cored aluminum wires;
T — air temperature (°C).

The record data of load current and temperature within one day (24 h) are substituted into Formulas (1.19)
and (1.9), resulting in:

24
AA= le 1)dtx 107
0 (1.20)
=[BRo(1+aT)) + BRo(1+aTs) + -+ +I3,Ro(1 +aTay)| x 107
=[(B+B++B)+a(BT + BTo+-+13,T2) Ry x 1073
The weighted average temperature is defined as follows:
BT+ BT+ +13,Ty
Tye =L 7 s = (1.21)
(i + 1
Then, Formula (1.20) can be rewritten to:
A= (B +B+--+13,)(1+al,.)Ryx 107
(1.22)
=(B+B+-+5,)Ryx107
Rye=Ro(1+aTy.) (1.23)

Wherein: Ry, — conductor resistance at the weighted average temperature.

As mentioned above, if the electric energy loss is calculated based on the weighted average temperature
and Formula (1.22), then the influence of temperature change is completely considered.

As per Formula (1.21), if the load is constant, then T\, = T,, (average temperature). As the daily temper-
ature changes in a unimodal manner and the daily load normally changes with two different peaks, T,y is very
close to Ty, within a period of one day and night or more than one day and night, and the replacement of
Twe with T,, will not produce any larger negative error.

According to the analysis of relative error of resistance as per Formula (1.23), as the temperature coefficient
o of conductor resistance is very small, even if the replacement of T, with T,, produces a certain relative
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error, relative errors of resistance and electric energy loss are still very small. If the measuring period is
one month or one year, Formula (1.9) used to calculate the electric energy loss of a three-phase symmetrical
unit can be rewritten to the following by using T, to calculate the resistance:

T
AA=3RJ12(t)dtx 1073 (1.24)
0

1.3.2  Influence of Voltage Change on Line Loss in the Measuring Period

When the measured load data represents active power and reactive power instead of the current, the voltage
change should be considered for the calculation of line loss. If the measuring period is one day and night, then
Formula (1.24) can be rewritten to:

M:Rj%gmdzxm* (1.25)

Wherein: R — resistance calculated per Formula (1.23) by considering the temperature change (L);
P(1), Q(r) — active power (kW) and reactive power (kvar) at the same measuring point;
U(t) — voltage at active and reactive power measuring point (kV).

The active power weighted average voltage and the reactive power weighted average voltage can be
defined with the squared values of active power and reactive power of one day and night as the weight,

that is:
1 P2 P2 P2
. =<—12+—22+~ +—)/(P2+P2 -+ P2,
U, ur U; Us,

we.P 2 (126)
Erl G M VLA
Then, Formula (1.25) can be rewritten to:
24 24
AA=R JPZ(t)dt/U,i€‘P+J. *(1)dt/U,, o | X107 (1.27)
0 0

According to the calculations with the measured data of 220, 110, and 35 kV systems with different voltage
and load variations, if the average voltage U,, is used to replace weighted average voltages Uy, p and Uy o,
the error generally does not exceed minus 1%, so Formula (1.27) can be further rewritten to:

24 24
R

AA:T%V JP2(z)dz+JQ2(t)dz x1073 (1.28)
0
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10 Line Loss Analysis and Calculation of Electric Power Systems

Under the condition of normal operation, as the long-term voltage variation is not large, the replacement of
Uye.p and Uy, o With U,, is still feasible, that is

T

R JPz(t)dHJQz(t)dt x1073 (1.29)
0

A=
Ui

A former Soviet Union scholar once studied the relationship between voltage deviation and electric energy
loss in the distribution network [3]. The results show that, regardless of the voltage deviation, if the average
voltage is used to calculate the electric energy loss the error is related to the correlation coefficient between the
voltage and current changes, the signs, and the voltage deviation, that is

5(AA)%= |rU/,|0U%
AA,—AA,
1

(1.30)

5(AA)% = ( ) x 100%

Wherein: AA; — electric energy loss considering the voltage deviation (kW-h);
AA,; — electric energy loss calculated with the average voltage (kW-h);
ryy — correlation coefficient between voltage and current changes, —1<r;,<1;
oy% — mean square error of voltage change, which is calculated by percentage.

The distribution of voltage deviations in the distribution network is close to a “normal distribution”, so

Umax - Umin

av

GU%=é( )xlOO% (131)

Wherein U, and Uy, — maximum and minimum voltages.

According to Formula (1.31), when the voltage change in the distribution network reaches up to 20%,
the error resulted from the calculation of line loss with the average voltage will not exceed 3.3% which is
allowable in engineering calculation.

1.4 Influence of Load Curve Shape on Line Loss
1.4.1 Load Curve and Load Duration Curve

Load changes are recorded with time sequence, which can be used to produce a normal load curve. Within a
period T, a derivative curve arranged by load value and its duration rather than time sequence is called load
duration curve.

Figure 1.1a shows the load curve and Figure 1.1b shows the load duration curve, as follows:

cd=Cd ef +gh=eN
=1, =1, L=I,

Obviously, the load square curve has its corresponding load duration square curve, so

=) 0= (1) 5=(1)
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Figure 1.1 Load curve and load duration curve. (a) Load curve. (b) Load duration curve.

Assume that the power factor of a three-phase symmetrical unit is 1.0, and that the voltage is constant
within the measuring period, with the load curve as shown in Figure 1.1a. Then, the electric energy passing

T
through this unit is A= \/§Uf[ (¢)dr within the measuring period. As per Figure 1.1,
0

=
Il

pe
<

— O

~
—~
=
o
=

U
U

1T+ (I —1o) (ef +gh) +(L=1I))cd]
10T + (I =1y el + (Ih=17)

S5

I'(t)de=A'

Il
P
<
O

Therefore, the load duration curve is an equivalent transformation graph to the load curve, both of which

have the same area.
Assume that the resistance of the above unit is R per phase. Then, the electric energy loss of this unit is

T
AA=3R[I 2(1)dr x 1073 within the measuring period. According to the definition of the load duration square
0

curve, the following relationship can be derived as per Figure 1.1:
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12 Line Loss Analysis and Calculation of Electric Power Systems

Therefore, the load duration square curve is an equivalent transformation graph to the load square curve,
both of which have the same area.

Because the load duration curve and the load curve have double equivalence in terms of electric energy and
electric energy loss, the load duration curve is taken as the main analysis target during the theoretical calcu-
lation and analysis of line loss, and the derived conclusion is applicable to the corresponding load curve.

1.4.2  Parameters of Characterization Load Curve
1.4.2.1 Load Factor £

Load factor f (see Figure 1.2) is the ratio of average load to maximum load within the measuring period,
that is

Pa o0t
Pmax Imax

fo= (1.32)

Wherein: P,, and P,,x — average active power and maximum active power of load (kW);
I,y and I, — average current and maximum current of load (A).

The load rate reflects the average utilization of power system equipment and serves as an important
indicator to assess the operation of the power system.

1.4.2.2 Minimum Load Rate

Minimum load rate # (see Figure 1.2) is the ratio of minimum load to maximum load within the measuring
period, that is

f= Jmin (1.33)

max

0 -
f=T, /T 10 oT

Figure 1.2 Meaning of load factor f and minimum load rate /.

www. Technicalbookspdf.com



Overview 13

1.4.2.3 Maximum Load Utilization Time T,,,, and Maximum Loss Time 7,,,,

Assume that the voltage and power factor remain the same within the measuring period, and that the electric
energy passing through a unit under varying current within the period T equals the electric energy passing
through the unit under maximum current within 7},x.

Then, T,y is called the maximum load utilization time (see Figure 1.3), that is

T
V3Ucos anI(t)dt =V/3Ulpax €08 9 Timax
0

]I(r)dz

(1.34)

Thax = I
max

Tmax» the maximum loss time, is defined as: when the voltage and power factor remain unchanged within the
measuring period, if the electric energy loss of current passing through a unit under varying current equals the
electric energy loss of current passing through the unit under maximum current within the time of 7., (see
Figure 1.3), that is

T
Tmax [ 3R = 3RJ I(1)de
0

T
le(t)dt
Tmax = OT (1.35)

max
T T
As Iavzfl (1)de/T, Imaxzfl (#)dr/Tmax is derived from Formula (1.34) and substituted into Formula
0 0

(1.32), resulting in:

== (1.36)

1,12‘

2
Thax

Imax

~—
T~

I
Tmax Tmax T 1

Figure 1.3 Definition of Ty,.x and 7yax-
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14 Line Loss Analysis and Calculation of Electric Power Systems

According to Formula (1.36), the load rate is equal to the per unit value at the maximum load utiliza-
tion time.

1.4.2.4 Loss Factor F

Loss factor F is the ratio of maximum loss time to measuring period 7, that is

T
P()d1/15,
Tmax I
F= = = Jrms 1.

T T 2. (1.37)
T

Ims = le(t)dt/T (1.38)
0

Wherein I, — rms current.

According to Formula (1.37), the loss factor is also equal to the ratio of rms current square to maximum
current square. The meaning of loss factor F is shown in Figure 1.4.

The maximum load of power supply equipment is the focus of operation monitoring. The parameter of
loss factor together with the maximum load can be used to calculate the line loss, so Formula (1.24) can
be rewritten to:

AA=3[2 FRTx1073 (1.39)

max

1.4.2.5 Form Coefficient K

VF = Is /Imax can be derived from Formula (1.37) and it is called loss equivalent load factor in Japan. As I;s
is the “equivalent loss™ current, the ratio of it to /,,x can be regarded as another type of load factor.

1%/13

max

1.0

F=t,./T 10 yT

Figure 1.4 Meaning of loss factor F.
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Form coefficient is defined as the ratio of rms current to average current, that is
K =Ly /Loy (1.40)

Lins = \/Flmax, SO

K=\/F/(Iav/lmax)=\/F/f (1.41)

In summary, the loss equivalent load rate is the ratio between rms current of equivalent loss and the max-
imum current, and the load rate is the ratio of average value to the maximum value in the current load curve.
The form coefficient is the ratio of such two load rates and also the ratio of the loss equivalent current to the
electric energy equivalent current, comprehensively reflecting the features of load loss (square) curve and
load curve.

The above five parameters are defined based on the current variable. Similar coefficients can be derived for
three load curves expressed by active power, reactive power and apparent power. For the sake of distinction,
different subscripts may be used.

1.4.3 Relationship Between Loss Factor and Load Factor

Figure 1.5a shows two special load curves.

For load curve 1, the maximum load duration is #,,,x = 0, and the load is constant as the minimum load
during most of the time. For load curve 2, the maximum load duration is #,,,, and the load is close to zero
during the rest of the time. The y-coordinate of the load curve (see Figure 1.5a) refers to the per unit value of
load current based on the maximum current, and the x-coordinate refers to the per unit value of time based on
the measuring period 7.

According to load curve 1 in Figure 1.5,

Bx1.0 (Bx1.07
= = ,F: =
f 1.0 b 1.0 b
(a) (b)
I/Imax‘ F‘
1.0 - - -
1.0 ——— - 1Fp?
' 2F=f .
P
I Curve 1
| Curve 2
1 urve |
p : |
| i
| i
I
0 ] 0
tnax 1.0 ¥T 1.0 f

Figure 1.5 Relationship between loss factor and load rate. (a) Two special load curves. (b) Value range of F and f.
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16 Line Loss Analysis and Calculation of Electric Power Systems

So if any value is taken for f3, then

F=f2 (1.42)
According to load curve 2 in Figure 1.5,
1.0 X fmax 1.0% X fmax
=———=In X’inzzmx
’="T0 § 1.0° ¢
So if any value is taken for 7., then
F=f (1.43)

The F(f) curve expressed by Formula (1.42) and Formula (1.43) is shown in Figure 1.5b. When the load
curve is mutant (curve 1), F=f 2. when the load curve is stable (curve 2), F = f. Any actual load curve falls
between such two extreme cases, so the relationship between F and f for any load curve must fall in the range
between F = fand F = f2.

Figure 1.5b also indicates that, in addition to such two end values as 0 and 1, the same load factor f can
correspond to different F' values, which shows that a single load factor parameter cannot accurately reflect
the loss conditions of a unit. In other words, even with the same load factor, the loss factor varies with the
shape of the load curve. When f= 0.5, the loss factor uncertainly leads to the largest absolute error and relative
error, each of which is as follows:

AFpax =F>—F1=0.5-0.52=0.25
_ AFmax

max —

2
(6F) x 100% = % x100% =100%

1

This indicates that, as the load curve differs in thousands of ways, a significant error must be produced if a
single load factor parameter is used to calculate the loss factor. To avoid this, a loss factor formula with mul-
tiple parameters is required, which will be further analyzed in Chapter 2.

1.5 Influence of Load Power Factor and Load Distribution on Line Loss
1.5.1 Influence of Load Power Factor

If the average voltage during the measuring period T is U,, and the conductor resistance is R, then the electric
energy loss of a three-phase line can be calculated by:

R
AA:—{
U

T
R -
= Uszz(t) [1+tan’ep(t)|dtx 107
0

T
J [P*(1) + Qz(t)]dt} x1073

0
(1.44)

1. If the power factor remains the same during the measuring period, then Formula (1.44) can be rewritten to:
T
R .
AA=—(1+tan’gp) JPZ(t)dt x1073
Uav
s ° (1.45)
JPz(z)dtx 1073
0

_ R
T U2 cos2p
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.

almax (l—él)lmaX

Figure 1.6 Influence of load distribution.

2. If the power factor is varying during the measuring period, then Formula (1.44) can be rewritten to:

R

A=—
Uy

T
JPZ(t)dH JPz(t)tan2¢(t)dt x1073 (1.46)
0

According to the above formulas, the load power factor has a complicated influence on the calculation of
line loss, which will be analyzed in detail in Chapter 4.

1.5.2  Influence of Load Distribution of Multi-Branch Line

Assume that there are two customers in a line, both of which have the same shape of load curve. The whole
line uses conductors with the same sectional area. The distance from the branch point to the start end and the
tail end of the line is /; and /,, respectively. The maximum current at the start end and at the two customers
1S Iiaxs, @lmax, and (1—a)l.y, respectively, as shown in Figure 1.6.

Because the load curves of the two customers are exactly the same, F; = F = F. The electric energy loss of
the whole line during the measuring period T can be calculated as per the following formula:

AA=AA| + AA;

=3 [lngzl ro+ (1 —a)2I§melzr0] xTx 1073

(1.47)

=3I§me}’0 |:ll + (1 —a)212:| T x 10_3

Wherein r, — resistance per unit length of conductor (Q/km).

According to Formula (1.47), the smaller a is, the bigger the electric energy loss AA is. When a is posi-
tivecertain, the bigger /, is, and the bigger AA is. Therefore, two factors influence the electric energy loss
of a multi-branch line: one is the shunt condition, that is the distribution of load values; the other is the
distance from each load point to the start end of the line, that is the special distribution of load. Given the
differences in the shape of load curve and power factor of multi-branch loads and in the voltage at multi-
branch points, it is very complex to accurately calculate the electric energy loss of a multi-branch line. To
do the line loss calculation, a series of approximate assumptions must be made for simplified calculation
and analyzed in terms of their influence on the calculation results. These contents will be explained in
Chapter 5.

www. Technicalbookspdf.com



18 Line Loss Analysis and Calculation of Electric Power Systems

1.6 Influence of Measuring Instrument Error on Line Loss

1.6.1 Composition of Electric Energy Metering System and
Constitution of Metering Error

Low-voltage residential electricity and small power electricity are directly measured by a single-phase watt-
hour meter and a three-phase three-wire or three-phase four-wire watt-hour meter respectively, while large
power commercial electricity and industrial electricity must be measured by a current transformer. Industrial
and agricultural irrigation electricity with voltage over 0.4 kV may be measured by a current transformer
together with a voltage transformer. In this case, a voltage transformer with a rated secondary voltage of
100 V, a current transformer with a rated secondary current of 5 A, a supporting watt-hour meter, and wires
connecting the foregoing three constitute a complete electric energy metering system.

The metering error of a complete electric energy metering system consists of the error of the watt-hour
meter, the ratio error, the phasor angle error of transformers, and the error caused by the voltage drop of con-
necting wires. For star three-phase loads of star connection, if the electric energy metering system uses the
three-phase, four-wire watt-hour meter as the main measuring element, then its composition error consists
of the error of the transformers, the error caused by the secondary voltage drop of wires, and the error of
the watt-hour meter, as shown below [34]:

£=0.003(f, +f +3) +0.0097(8; + 5, + 53 )tan g + (Af +tand) + &g (1.48)

Ji=fvi+fi
Si=a;—p;

Wherein: f; — sum of voltage transformer ratio error and current transformer ratio error of various phases;
0; — difference between current transformer angle error and voltage transformer angle error of
various phases;

Af, tan§’ — additional ratio error and angle error caused by secondary voltage drop of wires;
&g — error of the watt-hour meter.

1.6.2  Composition of Electronic Watt-Hour Meter Error
1.6.2.1 Structural Features of Electronic Watt-Hour Meter

The multiplier used in the hardware system of the increasingly widely used electronic watt-hour meter
includes time division multiplier and AC/DC direct sampling multiplier. The time division multiplier uses
field effect transistors (FETs) to control amplitude modulation circuits, which easily suffers interference from
the spike effect of FETs. The production of a high-precision time division multiplier imposes quite high
requirements on components and entails complicated auxiliary circuits and higher costs. Complicated aux-
iliary circuits are generally not set for the electronic watt-hour meter which is largely used for civil purpose
with low precision, so its anti-interference capability is rather weak.

The traditional AC/DC direct sampling multiplier generally adopts a broken line approximate expression
function generator composed of high-frequency diodes to obtain the product of voltage signal and current
signal. Temperature compensation is required for the diodes. Its circuits are complicated and its precision
is not high. In recent years, the A/D converter has been used to digitize voltage, current, and their differences;
and microcomputer software has been used to realize square operation, forming a digital square multiplier; as
complicated analog circuits are not used to realize square operation and the accuracy of the converter is highly
improved, the high precision pulse (electronic) watt-hour meter based on the principle of digital square mul-
tiplier has been widely used for gateway electric energy metering in the electric power system.
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1.6.2.2 Metering Error of Electronic Watt-Hour Meter

Both of the above multipliers have input circuits and generally use transformer input, so each electronic watt-
hour meter has ratio error and angle error in voltage, current input voltage change coefficients K, and K;, and
the square multiplier has amplitude error and phase error in the transfer coefficient. As a result, an electronic
watt-hour meter itself has many factors that may cause errors. Even if instrument initialization and calibration
of standard constants are well conducted at delivery, errors may also occur due to external interference
in the operating environment, a change in the performance of internal transformers, and other random
factors. Therefore, like a traditional electromechanical watt-hour meter, an electronic watt-hour meter
may have random errors.

1.6.3  Influence of Metering System Error on the Calculation of Line Loss Rate

The existing electric energy measuring procedures set accuracy classes for various watt-hour meters, current
transformers, and voltage transformers of electric energy metering systems by their quantity of electric energy
within a measuring period. Since the reform of the separation between power plants and power grids in the
electric power management system, power grid enterprises have had higher requirements for the accuracy of
power purchase quantity metering systems than for power sales quantity metering systems. Therefore, in
recent years, provincial, local, and municipal power grid enterprises have installed centralized meter reading
systems featuring real-time monitoring. With respect to power purchase quantity and power sales quantity
metering facilities with larger electric energy quantity, the satisfactory accuracy of electric energy metering
can be achieved by selecting appropriate transformer accuracy, secondary wire design, and electronic watt-
hour meter. Because a complete electric energy metering system has random errors caused by various factors,
there are metering errors in the power purchase quantity and power sales quantity of a relatively independent
municipal power grid enterprise, affecting the statistical accuracy of the line loss rate within a certain measur-
ing period.

According to the results of long-term testing of an electromechanical watt-hour meter, positive and neg-
ative random errors of a heavily operated watt-hour meter are similar, and the long-term statistics show that
the random errors of a watt-hour meter comply with a normal distribution in probability theory. In other
words, the accuracy of aggregate metering values of n watt-hour meters with the same accuracy class
is 1/yn of the accuracy of a single watt-hour meter. Given the lack of in-depth understanding of the error
statistical law of an electronic watt-hour meter, assuming there are both electromechanical and electronic
watt-hour meters and that metering errors in the power purchase quantity and power sales quantity still com-
ply with the normal distribution statistical law, the influence of electric energy metering errors on the line loss
rate may be estimated within a certain statistical period.

For example, if the total number of power purchase meters of a power grid enterprise is n; with a weighted
average accuracy of Ay, the total number of power sales meters is n, with a weighted average accuracy of A,,
and the actual line loss rate is AA%, then the relative error can be calculated by the following formula as the
meter accuracy affects the accuracy of the statistical line loss rate:

5(AA%) = (%‘%%) (j—nl_l , ?72_2) (1.49)

According to Formula (1.49), there is a metering error between the statistical line loss rate and the actual
line loss rate, so a certain fluctuation range is allowed for the line loss rate. For example, considering a munic-
ipal power supply enterprise, the number of its power purchase gateway meters is n; = 50, A} = 0.50%; the
total number of 10 kV distribution transformer electric energy meters and 10 kV large customers is 7, = 1300,
A, =2.5%; and the planned line loss rate of up to 10 kV level is AA% = 4.3%. Substituting these into Formula
(1.49), 6(AA%) = 3.12% is obtained. The allowable range of statistical line loss rate is 4.434 — 4.166%, and
the allowable fluctuation range is +3.12% of the planned value.
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Calculation of Line Loss by
Current Load Curve

For the purpose of operation monitoring, the load current of lines and transformers should be recorded over
time at the substations of power supply enterprises and industrial customers. This chapter introduces two
basic methods to calculate the line loss by current load curve, namely, the rms current method and the loss
factor method, and explains the relationship between other methods and these two methods.

2.1 RMS Current Method and Loss Factor Method
2.1.1 RMS Current Method

T
According to Formula (1.38), Is = JI 2 (£)dt/T, the electric energy loss AA (kW-h) of a three-phase unit is:
0

T
AA= 3RJ12(t)dt x 1073 =31% RTx 1073 (2.1)
0

Formula (2.1) is the basic calculation formula of rms current method.

If the rms current of a representative day is used to calculate the electric energy loss of a whole month, then
the calculation result should be corrected by the ratio of the average daily electric supply of a whole month to
the electric supply of the representative day, that is

2
AA, = AA <A‘“/ b ) D (2.2)
Aq
AAg=31% Rx24x1073 (2.3)

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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Lins.a=

Wherein AA,, — electricity loss of a month (kW-h);
D — calendar days of a whole month;
Ap, Aq — electric supply of a whole month and of the representative day (kW-h);
AA, — electricity line loss of the representative day (kW-h);
Ims.a — ms current of the representative day, which can be calculated by the 24 h current of the
representative day.

2.1.2 Loss Factor Method

T
As previously mentioned, the loss factor being F = flz(t)dz/ (Iiax T), the electric energy loss AA of a three-
0

phase unit is:

AA=31> FRTx1073

max

As the above formula uses the maximum current, the loss factor method is also called maximum current
method in some literature.

To prevent damage to power supply and consumption equipment due to overload, power operation enter-
prises pay more attention to monitoring current carefully, and even install special instruments such as max-
imum demand meters for recording. Therefore, the key to the calculation of line loss by the loss factor method
does not lie in obtaining the maximum current, but in how to acquire the loss factor.

2.1.3  Other Calculation Methods
2.1.3.1 Average Current Method

Records of active and reactive watt-hour meters within the measuring period can be used to calculate the
average current /,, during the measuring period; then, the form coefficient K and the average current I,,
can be used to calculate the rms current I,,,,;; and finally, the foregoing values can be used to calculate
the line loss. Relevant formulas are shown as follows:

\/AB+A},

Ly=4+——
N V3BULT

Irms =KIav

AA =312 K’RT x 1073

Wherein  Ap, Ay — active electricity (kW-h) and reactive electricity (kvar-h) obtained from readings of
watt-hour meters;
U, — average voltage (kV);
T — duration of the measuring period (h).
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Formula (1.41) shows K2=F/f2, )

F -
AA=3L, f—zRT x 1073 (2.4)
Also, due to I,, = I, f, Formula (2.4) is equivalent to Formula (1.39). Obviously, the average current method
and the loss factor method both require that K or F should be calculated first in a simple and accurate way.

2.1.3.2 Variance Current Method

Based on relevant formulas of the probability theory, the calculation formula of variance current can be
obtained as follows:
D([)zlrzms_lfv (25)
If the variance current is known, the average current can be calculated according to the records of a watt-
hour meter and the average voltage, and then the rms current can be calculated by Formula (2.5). Finally, the
electric energy loss can be derived.

If the load duration curve can be expressed by a mathematical analytical formula, the formula of D(J) can be
directly derived according to the definition of variance. See Chapter 3 for details.

2.2 Derivation of Functional Relationship F(f) by Ideal Load Curve
2.2.1 Derivation of F(f) Formula by Ideal Load Curve with Two Variables

In 1960, Putein[4] from the former Soviet Union put forward four typical linear load duration curves accord-
ing to the characteristics of outgoing loads of local thermal power plants and local hydroelectric power plants,
as shown in Figure 2.1. The x-coordinate refers to the per unit value of time based on the measuring period 7,
and the y-coordinate refers to the per unit value of current based on the maximum current.

For the four linear load duration curves shown in Figure 2.1, the following loss factor formulas can be
derived, respectively:

For Figure 2.1a,

2
F==f (2.6)
3
For Figure 2.1b,
1
F=_(1-2f +4f> 2.7
S (1=27+47%) (2.7)
For Figure 2.1c,
2.1
F=—=f+ —tmnax 2.8
Vs (28)
For Figure 2.1d,
2 1-f
F=1-2(1- 1-— 2.9
(-0 (155 9)
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Figure 2.1 Linear load duration curves. (a—d) Curves 1-4.

As shown above, according to the characteristics of outgoing lines with peak load of power plants and tie
lines with load for a short time, two variables of maximum load duration t,,,, and zero load duration #, are
introduced. However, the middle section (from f to 1.0) of the load curve is only expressed by a straight line
whose typical significance is not sufficient, so even Formula (2.9) for Figure 2.1d is not widely applicable.

In 1963, Wang Xifan from Xi’an Jiaotong University put forward an ideal double-step load curve [5] and
introduced two variables of f and 7,,,«, as shown in Figure 2.2.

According to Figure 2.2,

fztmax +ﬂ(1 _tmax)
{thmax + 2 (1= tmay)

The loss factor formula of the double-step load curve can be derived by eliminating $ in the above two
formulas, that is
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1.0

0 -
t 1.0 ¢

max

Figure 2.2 Double-step load curve.

1.0 f

Figure 2.3 Bundle of straight lines for F = ¢(f, f).

max 2 max 2
oo fmax+ 2 [ 412 2.10)

1 —Imax

If 2,4« is eliminated in the above two formulas, then

F=f-p(1-f) (2.11)

It is thus clear that different loss factor formulas can be derived for a certain ideal load curve. Take the
different § values to Formula (2.11), and a bundle of straight lines can be derived for F' = @(p, f), as shown
in Figure 2.3. It is obvious that, because the loss factor formula contains the parameter f that reflects the
characteristics of the load curve, the value range (half willow area) of (£, F') is divided regularly by the bundle
of straight lines, thus significantly reducing possible errors resulted from the calculation of F by only the load
rate f. It must be noted that the fullness of the middle section of an actual load curve is better than that of a
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26 Line Loss Analysis and Calculation of Electric Power Systems

double-step load curve, so when t,,,, # 0, the value F calculated by Formula (2.11) is smaller than that
calculated by Formula (2.9).

In 1982, Xiao Yuankai from former Jilin Polytechnic College used a double-step ideal load curve and a
trapezoidal ideal load curve as ultimate states to derive the following loss factor formula through analysis [6]:

2(1+ﬂ)2—ﬂ

fU+h)-p 2
N

F=
2 3

(2.12)

2.2.2  Derivation of F(f) Curve by Ideal Load Curve with Four Variables

A comparison of Figure 2.1d with Figure 2.2, given the same #,,,x and /3, shows the linear load curve is “more
full” than the step curve. There are also other ideal load curves whose fullness is either worse or better than
that of a linear load curve. To allow the analysis to be closer to an actual load curve, four variables are intro-
duced, namely, minimum load rate £, maximum load duration 7,4, minimum load duration #,,;,, and zero load
duration #y. The following nine ideal load curves (see Figure 2.4) can be selected, and the types of their middle
sections are: (1) step curve; (2) concave exponential curve; (3) concave quadratic parabola; (4) sine curve;
(5) linear; (6) cosine curve; (7) convex quadratic parabola; (8) convex exponential curve; (9) rectangle.
According to the definitions of f and F and the boundary conditions of the middle sections of ideal load
curves, nine combinations of F, f formulas can be obtained. Their general expressions are shown below:

f= (tmax +ﬂtmin) + (aj +bjﬁ) (1 _tmax_tmin_[O)
F= (tmax +ﬂ2tmin) + (ai + biﬂ+ ciﬁz) (1 _tmax_tmin_to)

Coefficients in the above F, f formulas are listed in Table 2.1.

According to conditions of actual load curves, take such values as 0, 0.1, 0.2, and 0.3 for #,,4x, fmin and o,
and take values ranging from 0 to 1.0 for §. Nine f, F' values are calculated for various combinations of vari-
ables by the nine F, f formulas, and connected into a F(f) curve by the smooth curve method. If values are
taken regularly for the four variables, then a family of F(f) curves with such variables being layers can be
derived. Figure 2.5 shows some of the curves.

1

max

1.0

AR
\\8

N
N

S}

1.0
I max I Vl min Iy | t/T

Figure 2.4 Nine ideal load curves.

www. Technicalbookspdf.com



Calculation of Line Loss by Current Load Curve 27
Table 2.1 Coefficients in F, f formulas for nine ideal load curves with four variables.
Type of middle
section of ideal
load curve 1 2 3 4 5 6 7 8 9
a; 00000 02222 03333 03634 05000 0.6366 06667 0.7778  1.000 0
b; 1.0000 0.7778 0.6667 0.6366 05000 03634 03333 02222 0.0000
a 0.0000 0.1111 02000 0.2268 03333 05000 05333 0.6667 1.0000
b; 00000 02222 02667 02732 03333 02732 02667 02222 0.0000
C; 1.0000 0.6667 0.5333 05000 03333 0.2268 02000 0.1111 0.000 0
(@) (b)
F F
1.0 - - - 1.0 — - - -
4 |
p=0 / p=0 /)
$=0.10 =0.10 7
- B 4 !
2
7
/ ~ e
z
Z 0.10 ~
0 0
1.0 f 0.10 1.0 f
(©) )
1.0 — - -
1.0 - - -
7
0.80 - - -
0.80 - -
p=0 =0 4
I
7
p=on )/ p=010 X/
1
7 7,
i ! 7 I I
// 7
s | 57z
0 0 -
0.80 1.0 f 0.80 1.0 f

Figure 2.5 Several F(f) curves. () fmax = 0, fmin =0, fo = 0. (b) fax = 0.10, t1nin =0, #9 = 0. (C) timax = 0, tmin = 0.2, 25 =0.
(d) Tmax = 0, tyin =0, o= 0.20.
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28 Line Loss Analysis and Calculation of Electric Power Systems

Table 2.2 Table of f/F values for nine ideal load curves with four variables (fax = 0, fiin = 0, 7o = 0).

Type
p value 1 2 3 4 5 6 7 8 9
0 0.000 0 0.222 2 0.3333 0.363 4 0.500 0 0.636 6 0.6667 0.777 8 1.0
0.000 0 0.1111 0.2000 0.226 8 0.3333 0.500 0 0.5333 0.666 7 1.0
0.10 0.100 0 0.300 0 0.4000 0427 1 0.550 0 0.672 9 0.7000 0.800 0 1.0
0.0100 0.140 0 0.2320 0.259 1 0.370 0 0.529 6 0.5620 0.690 0 1.0
0.20 0.200 0 0.377 8 0.4667 0.490 8 0.600 0 0.709 3 0.7332 0.822 2 1.0
0.040 0 0.182 2 0.2747 0.301 4 04133 0.563 7 0.5946 0.715 6 1.0
030 0.300 0 04555 0.5333 0.554 4 0.650 0 0.745 6 0.7666 0.844 5 1.0
0.090 0 0.237 8 0.3280 0.353 8 0.463 3 0.602 4 0.6313 0.743 4 1.0
0.40 0.400 0 0.5333 0.6000 0.618 0 0.700 0 0.7819 0.8000 0.866 7 1.0
' 0.160 0 0.306 6 0.3920 04151 0.5199 0.645 6 0.671 0 0.773 4 1.0
050 0.500 0 0.611 1 0.6666 0.681 7 0.750 0 0.818 3 0.8333 0.888 9 1.0
0.2500 0.389 0 0.4666 0.488 4 0.583 3 0.693 3 0.716 6 0.805 6 1.0
0.60 0.600 0 0.688 8 0.7333 0.745 4 0.800 0 0.854 6 0.8666 09111 1.0
0.360 0 0.484 4 0.5520 0.570 7 0.653 3 0.745 6 0.7653 0.840 0 1.0
0.70 0.700 0 0.766 6 0.8000 0.809 0 0.8500 0.891 0 0.8999 0.9333 1.0
' 0.490 0 0.593 2 0.6480 0.663 0 0.730 0 0.802 7 0.818 0 0.8755 1.0
0.80 0.800 0 0.844 4 0.8666 0.872 7 0.900 0 0.927 3 0.9333 0.9556 1.0
' 0.640 0 0.7155 0.761 0 0.765 3 0.8133 0.863 7 0.8746 0.914 4 1.0
0.90 0.900 0 0.922 1 0.9333 0.936 3 0.9500 0.963 6 0.9666 0.977 8 1.0
' 0.8100 0.850 9 0.8720 0.877 6 0.903 7 0.929 6 0.9373 0.956 7 1.0
10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
' 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

To explain the process of deriving the family of F(f) curves, Table 2.2 lists data of the family of curves
when 7,,,,=0, £,i,=0 and #,=0.

In Table 2.2, one § value in a row has nine different F' and f values and corresponds to nine different (f, F)
points constituting a F(f) curve as shown in Figure 2.5a. According to Table 2.2 and Figure 2.5a, when
changes from 0 to 0.9, there are 10 F(f) curves which are limited in a small area with the F(f) curve at f =0
and F = f? as boundaries.

The following conclusions can be reached according to Figure 2.5: (i) the family of F(f) curves should
meet three constraints, that is f > f, {2 t,,.x and f < (1-1y); (ii) subject to the restrictions of four parameters,
the value range of F(f) is limited to a small range, indicating that more information about the characteristics
of load curves can reduce errors in F value calculated by a single f value; and (iii) the shape of load curves has
a significant influence on the loss factor. When the other parameters are the same, a smaller #,,,x, fimin, fo, OF
larger f indicates a smaller F value for the same f value, showing that the electric energy loss of a power
system unit is smaller when the same quantity of electric energy passes through the unit and either #;,,,x, fmin,
to is smaller or f is larger.

2.3 Derivation of Approximate Formula of F(f) by Statistical
Mathematical Method

In the process of theoretical calculation and analysis of line loss, many people use the least square
method of statistical mathematics to derive the approximate formula of F(f). The specific practice is
to collect a lot of materials about load curves, calculate f, F values, and find an approximate formula
fitting the group of (f, F) points by using relevant formulas in statistical mathematics, so as to minimize
the sum of squared deviation between the F value of the dispersed (f, F) points and the F value of the
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Calculation of Line Loss by Current Load Curve 29

(f, F) points in the F(f) curve of the approximate formula. The key to this method is to select an appro-
priate mathematical model and to use data statistics to determine the coefficient in the approximate
formula. Nevertheless, the approximate formula derived by this method is only applicable when the char-
acteristics of the load curve to be calculated are close to those of the original load curve serving as the
basis for statistics. Otherwise, errors in the line loss calculated by such an approximate formula may be
too large to be accepted.

2.3.1 Binomial Approximate Formula of F(f)

In the early stages of studying the theoretical calculation of line loss, the following mathematical model was
proposed by compromising between two extreme conditions of F = fand F = f*:

F=kf +(1-k)f? (2.13)
Formula (2.13) is called the Hoebel Formula [35] in American literature.

In 1926, Jansen from Germany calculated many (f, F) points according to the load curves of the outgoing
lines of many power plants and obtained k = 0.5 by means of a statistical mathematical method [7], so

F=%(f+f2) (2.14)

In 1928, Buller from the United States, according to the load curves of a distribution system, derived 18 (f, F)
point sets and obtained k = 0.3 by statistical calculation [8], that is

F=0.3f+0.7f2 (2.15)
Around the 1950s, Formula (2.15) was used by electric power companies for line loss calculation in Shang-
hai, Tianjin, and other metropolises.
In the 1970s, Chinese line loss workers also derived similar formulas according to statistical information on
loads and line losses in distribution networks. For example, Shenyang once put forward
F=0.2f+0.8f> (2.16)
Shanghai proposed

F=0.175f +0.875f> (2.17)

In the late 1980s, the United States Electric Power Research Institute (EPRI) brought up the following
formulas in its Technical Assessment Guide (TAG):

F=f].912 (218)

And
F=0.08f +0.92f> (2.19)

In North America, if the frange of 0.438-0.845 is used for calculation, the average error in the loss factor
is less than 0.5%; while when the old Formula (2.15) with k£ = 0.30 is used, the error is up to 28%. The
comparison indicates that more a dramatic change in the load leads to a smaller £ in Formula (2.13).
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30 Line Loss Analysis and Calculation of Electric Power Systems

2.3.2  Trinomial Approximate Formula of F(f)

Some other loss factor formulas usually include constant terms or higher-order terms of load factor f.
In 1920, Troger from Germany put forward the following approximate formula [9]:

F=0.12-0.24f + 1.12f2 (2.20)

According to the calculation of substituting #,,,x = 0.107 in Formula (2.10), Formula (2.20) can be derived.
The approximate formula proposed by Wolf from Germany in 1931 and confirmed again in 1958 is [10]:

F=0.083f+1.036/>—0.119f3 (2.21)

Wolf conducted statistical analysis of nearly 100 daily load curves, 25 monthly load curves and 25 annual
load curves to derive Formula (2.21) which is generally accepted due to the huge number of statistical “sam-
ples”. This formula has been so far widely used in many countries of Western Europe and Eastern Europe.
This formula is also used in power transmission and distribution works in Taiwan, China. It should be noted
that the f cubic term in this formula only allows the F(f) curve of the approximate formula to approach the
group of (f, F) points and has no definite physical significance.

In 1948, Kezevich from the former Soviet Union put forward the following formula [11]:

F=(0.124 + 0.876f)* (2.22)

Both Formula (2.22) and Formula (2.20) have constant terms, which certainly does not meet the end value
conditions of f= 0, F = 0. This indicates that the characteristic of load curves based on which Kezevich
derived the formula is f,,x # 0, that is f # 0, which limits the range of application of Formulas (2.21)
and (2.22). Kezevich once clearly pointed out that Formula (2.22) was only applicable to the line loss
calculation when the maximum load duration lasted for some time (¢,,.x # 0).

2.3.3 Approximate Formula of Family of F(f) Curves with Four Variables

Some approximate formulas can be derived when the family of F(f) curves with four variables mentioned in the
last section are subject to mathematical treatment. To use the least square method to derive the approximate for-
mula of dispersed point sets, the “moderation principle” in statistical mathematics is first applied to test whether
the distribution of point sets is a normal distribution. Taking data listed in Table 2.2 for example, f, F' values are
calculated by f in the table with an interval of 0.02, so that 80 (f, F) points in the table will be increased to 400
(f, F) points. Forty F; values at f = 0.80 in the table are listed and substituted into the following formula to cal-
culate the standard deviation ¢ of normal distribution and the standard deviation ¢ of the actual distribution.

o= \/i(Fi-Fav)z/(n—l) =1.904x 1072
i=1

ZlFi_Fav‘
o = =1
2 /n(n-1)

Because ¢ and ¢ are very close, the distribution of (f, F) points within a small range limited by four
variables complies with a normal distribution. Therefore, we can use the least square method to derive
the approximate formula of F(f).

=2.08x 1072
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Given the variable t,,,, in the formula, two end value conditions of F(#,,,x) = max and F(1.0) = 1.0 should be
satisfied (see Figure 2.5b), so the mathematical model of the approximate formula of the loss factor is:

F=k(f—tmax) + (f zmdx) + fmax (f 2 Fmax ) (2.23)

1 —Imax

The following results can be obtained based on data similar to the (f, F') calculation table with four vari-
ables as listed in Table 2.2 and by using relevant formulas of the least square method: when #,,;, =0 and #, = 0,
k is calculated to be 0.2, 0.2, and 0.225, respectively if #,,,x is 0, 0.1, and 0.2. These values are respectively
substituted into Formula (2.23), obtaining:

F=0.2f+0.8f, f20
F=0.089+0.022f +0.889f%, £20.10 (2.24)
F=0.194+0.163f +0.969f%, £20.20 (2.25)

As mentioned earlier, Formula (2.16) was recommended for line loss calculation of distribution networks
in some Chinese metropolises, which could be attributed to the situation where the maximum load duration
was very short (f,.x = 0) for distribution lines with comprehensive loads in such cities. This shows that For-
mula (2.16) is applicable to the calculation of a loss factor for an instantaneous peak (¢,,x = 0) load curve ina
statistical sense.

According to Formulas (2.24) and (2.25), constant terms in F(f) formulas are as a result of #,,,,, # 0 for the
load curves on which statistics is based and are calculated by Formula (2.23) after coefficient k is determined.
The use condition of the above two formulas is f > 7,.x. Such two aspects theoretically explain that F(f)
approximate formulas with constant terms are only applicable to a line loss calculation under certain
conditions.

2.4 Derivation of F(f) Formula by Mathematical Analysis Method
2.4.1 Direct Integration Method

Raymond from the United States put forward the following analytical formula of load duration curves in

1980 [12]:
I=p+1.128 3(f—ﬁ)1/1n% (2.26)

According to Formula (2.26)", F= le (£)dt/T is used for integral calculation, and the Raymond loss
factor formula is obtained as follows:
F=f2+0273(f-p)* (2.27)

Raymond pointed out that Formula (2.27) is applicable when f < 0.80. When f> 0.80, F = f2 is used to
calculate the loss factor.

4
! The coefficient of the second term in the original text 1s —, and according to the basic requirements of [ L. dt=f, the coef-
ficient is revised to 1.128 3.
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As Formula (2.27) is simple in its form and includes two parameters of f and f, it is expected to obtain
accurate calculation results. Therefore, it was soon cited by some works [13] upon its release.

2.4.2  Subsection Integration Method

In 1981, Liu Yingkuan of the former Xining Administration of Power Supply used four sections of broken
lines formed by double moving points to express a family of load curves, and applied the sub-
section integration method to derive the loss factor formula [14], that is

B, B
F= e+ 2 U +18=p)

=0.639f2+0.361(f +ff-p)

(2.28)

See Appendix C for a detailed derivation.
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Probability Theory Analysis of
Current Load Curve

This chapter uses probability theory as a mathematical tool to analyze a current load curve and its parameters,
derive a loss factor formula, and compare various loss factor formulas, thereby dividing an active load dura-
tion curve into three mode sections.

3.1 Probability Meanings of Load Curve and Its Parameters
3.1.1 Probability Meaning of Load Duration Curve

The load of a public line at any time is a random variable which cannot be predetermined. Within a measuring
period, a sequential set of such random variables constitutes a load curve. When the load curve is changed to a
load duration curve, a different load current can be expressed by probabilities.
In Figure 3.1, by means of uneven segmentation, the sum of rectangle areas is used to approximate the area
under the load duration curve, and each different current Iy, I, ... , I, matches a different time #;, 1>, ... , t,,.
If the duration Afy is taken as the probability value, then the probability value of /; is 71, so

P(1=11) = (t] —O) =Ar,
The probabilities of other current values can be obtained in the same way:

P(I=h)=(h-t1)=An,
P(I=h)=(3-1,)=Ats...

n
Obviously, Z Aty = At + Aty + -+ - + At, = 1. In other words, within the current range of 1,~1,,, the sum of
k=1
probabilities of various current values is 1, meeting the constraint conditions of random variable probability.
This also indicates that the load duration curve expressed by per unit value reflects the probability law of
current random variables.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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I/

max

1.0

B 14

1.0
1 153 I3 Iy #/T

Figure 3.1 Approximation of load duration curve.

3.1.2  Probability Meanings of Minimum Load Rate and Load Rate
3.1.2.1 Probability Meaning of Minimum Load Rate

As shown in Figure 3.1, I, is the minimum current, and if expressed by per unit value, is the minimum load
rate f. The probability that current is greater than or equal to 4 is 1, representing a certain event. This is the
probability meaning of the minimum load rate.

3.1.2.2 Explanation of Load Rate by Probability Theory

According to the area approximation shown in Figure 3.1,

]ltl +Iz(l‘2—l‘1) +I3(t3—[2) + - +I,,([n—l,,_1) = Jl(l)dl
0

As
1
Jl(r)dt: Ly=f
0
then
n
Z]kAtk =l =f
k=1
n n
Because of A =1, allowing At/ Z Aty = pi(called time probability), the mathematical expectation

k=1 k=1
E(I) is obtained as:

E(I):[aV=f=ZIkpk (31)
k=1
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Formula (3.1) shows that the mathematical expectation of current random variables is the average current
within the measuring period, that is the load rate when the current is expressed per unit value. According to the
probability theory, the mathematical expectation is a weighted average with probability as the weight, so the
load factor of the current load curve is a weighted average of current random variables with occurrence time
probability as the weight.

3.1.3 Barth Formula of Loss Factor

The probability theory proves that variance is equal to the difference between the mathematical expectation
of random variable square and the square of mathematical expectation of random variables, that is D(I) =
E(?)— [E(D)]?, so the formula of mathematical expectation of current square is obtained as follows:

E(P) = D)~ [E() (32)
D(I) =E{[I—E(I)]2} (3.3)

Wherein D(I) — variance of current random variables.

In Formula (3.3), /- E(J) is called deviation, so the variance is defined as the mathematical expectation of
the square of random variable deviation. The square root of variance is called the mean square error,
expressed as o(/).

According to the definition of mathematical expectation and the definition of rms current,

n n
E(P) = ALY Ay=I
k=1 k=1
Due to E(I) = I,, in Formula (3.1), so Formula (3.2) can be rewritten to:

2. =D(I)+I, (34)

rms —

Because loss factors are F = I/ Poaxo f = Lo/ Imax> 62 = D(I), divide I, at both sides of Formula (3.4),
and allow D,(I) = DUY/P ax, 62.(I) = 6°(1)/FPnax, and then

F=D.(1)+f*=c3(0) +f*

(VE) =)+ (3.5)

According to Formula (3.5), the square root of loss factor, the mean square error of current, and the load
factor comply with Pythagoras’ Theorem. This was firstly put forward by the Norwegian scholar Barth in
1965 [15], so Formula (3.5) is called the Barth Formula.

3.2 Analysis of Rossander Formula as Distribution Function
3.2.1 Rossander Formula of Load Duration Curve

The German scholar Rossander put forward an exponential approximate formula in the early twentieth century,
and this formula has been widely used by countries around the world, known as the general formula, that is
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Li(0)=1-(1-p) (t/T)" (3.6)

A

La(n=p+(1-p) (1-7) (37)

1 1-f Inwx—ILy peakheight 38)
A" f=B  Ly—Imn valley depth :

Wherein 1,(f) — per unit value of current based on /,y;
T — measuring period; #/T is the per unit value of time;

1
7 load change index.

If Formula (3.6) is integrated with the measuring period as boundary conditions, then

hl—(l—ﬁ) (r/T)*]dt= (1B _A+p_f(-P)
0

drl el a=p)

The above calculation shows that when the maximum current and the minimum current are definite, the
Rossander Formula is an equivalent formula in which the area under the load duration curve remains the
same. Thanks to this nature, the Rossander Formula has been applied in many problems such as the theoretical
calculation of line loss and the calculation of reactive compensation benefits.

3.2.2  Exponential Distribution Function

Formulas (3.6) and (3.7) are both decreasing functions and do not meet the requirement that a distribution
function should be a non-decreasing function, so both of them should be changed to the following form of
increasing function:

L) =1-(1-p) (1-%)1 (3.9)

La(t)=p+(1-p) (%) (3.10)

According to Formulas (3.9) and (3.10), /(0) = # and I(1) = 1, which does not meet the requirement that the
value range of a distribution function should be [0, 1], so the inverse function of the current per unit value
function can be defined as the distribution function, that is

T*1=1—(1IT_/’;)%=F1(1') (3.11)
Tor= (%)ZFQ(,') (3.12)

Obviously, in Formulas (3.11) and (3.12), T(#) = 0 and 7(1) = 1, which meets the requirement of a dis-
tribution function. Then, it can be concluded that the inverse function (i.e. time function) of a function
expressed by the Rossander Formula of an increasing load duration curve can be defined as the distribution
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(a) (b)
J//- T
1.0 1.0

|
I
|
|
|
|
|
|
|
1

0 p 1.0 Wlax

Figure 3.2 Current function and distribution function: (a) current function (1 — decreasing; 2 — increasing);
(b) distribution function.

function in the probability theory. The decreasing and increasing current functions and the time function are
shown in Figure 3.2.

3.2.3 Derivation of Loss Factor Formula

According to the Barth Formula (3.5), the formula of variance D(/) is derived, and then the loss factor formula
can be derived.

3.2.3.1 Analysis of Mathematical Expectation

The derived function of a distribution function of continuous random variables is called distribution density
function, expressed by ¢(i). The mathematical expectation of continuous random variables is defined as
an improper integral of the product of random variable i and distribution density function within an infinite
interval (—oo, +00), that is

E(i)= T;’q;(i)di: jidF(i)
) b

Wherein F(i) — distribution function of continuous random variable i.
If the distribution function expressed by Formula (3.11) is substituted into it, then

1 1

1 1 1 1 1
E(i):Jid 1-(11_%)i =i 1-(11%;)4 ;—J 1-(5)2 di
B B

= 1—Jdi+Kllf_;> di= 1—(1—ﬁ)+/1(11;f)
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The above derivation indicates that the mathematical expectation of current random variables obtained by
the distribution function expressed by Formula (3.11) is equal to the load factor and has the same probability
meaning as that of the load factor. This proves the correctness of Formula (3.11) as the distribution function of
random variables.

3.2.3.2 Analysis of Variance
For continuous random variables, the variance can be defined as per the following formula:

+ 00

2
D)= | iG] oli)

Substitute the mathematical expectation E(i) = f into the above formula to obtain

+00 1
D.(0)= [ (=1 tiai= [i= ar()
B

—0o

Now, substitute the distribution function expressed by Formula (3.11) into the above formula to obtain

1

. l+2
= (1P =[] -2 20D (11%/;)2
7 +2 p

2, 2(=p)"(1-p)

=-(-p) 1+f—2f

(f-p)’(1-f)

T o1+f-28

The above formula indicates that the variance of current has something to do with the load factor f
and the minimum load rate f. If 8 is closer to f and fis closer to 1, then the variance is smaller. This coin-
cides with the situation where the variance reflects the degree of deviation of random variables from the
average.

www. Technicalbookspdf.com



Probability Theory Analysis of Current Load Curve 39

3.2.3.3 Rossander Loss Factor Formula

According to the Barth Formula (3.5), with respect to the Type 1 Rossander Formula of the load duration
curve, the following loss factor formula can be obtained:

2
=-p)"(1=f)

Fi=D,(I)+f*= = -f) +f2

=D+

UG

1+f-2p

In the same way, with respect to the Type 2 Rossander Formula of the load duration curve, the distribution
function, variance, and loss factor formula can be obtained, as shown in Table 3.1.

Formulas listed in the fifth column of Table 3.1 are called Rossander loss factor formulas and should be

1
selected based on the load change index 7

—_— 2 —_
Fy =f—% (3.13)
F) =f——(l_f)2(f;_ﬁﬁ_2fﬂ) (3.14)

1+
Zﬂ’ where the peak height is smaller than the valley depth and the load curve

When % <1, thatis f 2
changes slowly, then F; in Formula (3.13) is used to calculate the loss factor. When % >1, that is
f< #, where the peak height is greater than the valley depth and the load curve changes dramatically, then
F, in Formula (3.14) is used to calculate the loss factor. When A = 1, that is f = #, where the peak height is

equal to the valley depth, then

Fy=F = (1-2f +4f%)

W[ =

The above formula is Formula (2.7) in Section 2.2 of Chapter 2, and its load duration curve is an oblique
line shown in Figure 2.1b.

To further understand the relationship between F( f, ) curves expressed by F; and F, formulas, take =0
and f = 0.1 to respectively derive F(f) and F,(f) curves, as shown in Figure 3.3. This shows that F(f) is
located where the f value is larger; in contrast, F,(f) is located where the f value is smaller.

Table 3.1 Derivation process of two types of Rossander loss factor formula.

Increasing load duration Distribution Variance Loss factor
Type curve formula 7,.(¢) function 7(i) D.(I) formula F'
N _iVt -p2(1- =) (1-f
Type 1 1-(1-p) (17) l'(:ﬁ;) Uli;fzﬂf) f'(f1+,2-(2/5 )
PN i-p\* (F-p) (1-f)* _(1-f) (F+9-27B)
Type 2 B+ (1-p) <T> <q> w f 2-7—p
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F
1.0 - -
4=0 .
F
p=0.1
F
|
0 10 7

Figure 3.3 Rossander loss factor curves with two parameters.

3.2.4 Comparison of Direct Integration Method and Distribution Function
Analysis Method

The Rossander load duration curve formula expressed by Formula (3.6) can be also used to derive the fol-
lowing loss factor formula by means of direct integration of function square:

2

Fi =]If(t)dt/T=H1—(l—ﬁ) (%)1 &t/T

2(1-p)  (1=p)°

A+1)  21+1
_op14 BP0
1+f-2p
_p U=P) 0)
- 1+f-28

The above formula is exactly the same as the loss factor formula derived by variance calculation of dis-
tribution function.

3.3 Comparison of Various Loss Factor Formulas

According to studies of probability theory, various moments (mathematical expectation is first moment, and
variance is second-order central moment) of general random variables cannot uniquely determine the distri-
bution function. Therefore, neither load factor nor loss factor alone can uniquely determine the load duration
curve, or correctly calculate the electric energy loss of a certain load duration curve. Hence it can be con-
cluded that any loss factor formula used to individually calculate the line loss within a certain period cannot
be absolutely correct. Any loss factor formula should be assessed for not only rational derivation, but also the
value and symbol of any error resulting from its application over a wide range, so it is necessary to use sim-
ulated or actual load curves for calculating over a wide range and comparing various loss factor formulas.
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3.3.1 Loss Factor Formula Comparison Procedures Prepared by
Monte Carlo Method

The Monte Carlo method, also known as random test method or statistical test method, is a very important
method in modern numerical calculation and uses random numbers to address some mathematical problems
regarding certainty.

Use a microcomputer to generate random numbers within an internal of (0, 1) to form a large number of
random daily load curves and corresponding square curves. Calculate the true values of their load factors and
loss factors as the basis for comparing the calculation results of various loss factor formulas.

Calculate the minimum load rate § according to the maximum value of the random daily load curves, and
calculate the load factor f according to the cumulative results within 24 h. Substitute the two parameters f and
P of random daily load curves into each loss factor formula to obtain various loss factor values. Compare these
loss factor values with the true values, and take the sum of squares of errors as the assessment criteria for
comparing various loss factor formulas.

To do the comparison within a wide range, take the maximum load duration #,,,,« as 0, 2, 3, and 4 h; take the
minimum load fixed part e as 0, 0.2, 0.4, 0.6, and 0.8. For each case, take n = 100, that is 100 random daily
load curves, for the above calculation and comparison. For the formation of random daily load curves, as well
as the meanings and values of the two variables #,,,x and e, see Figure 3.4. Computer programs can be written
based on the above ideas.

3.3.2  Comparison Results of Various Loss Factor Formulas

Six loss factor formulas listed in Table 3.2 are selected according to their origins and their degree of wide
application and calculated for comparison by computer programs. There are 20 groups and a total of 2000
random daily load curves. See Table 3.3 for the calculation and comparison results.

According to the variation range of average error and the total average error, the fifth and sixth formulas are
both ideal loss factor formulas.

According to the analyses collected by the authors regarding load curves of multiple voltage public lines
and customer dedicated lines, the frequency of occurrence of 20 groups of random daily load curves is deter-
mined and its weight is calculated. Then, the average error and weight of each group are used to calculate the
total weighted average error. The results show that the total weighted average errors of the second, fifth,
and sixth formulas are all below 5%, and the fourth formula has the maximum total weighted average error,

11

max

max

RND(1)

minRND(1)

Tmax 24 t

Figure 3.4 Random daily load curve (,.x =0, 2, 3, 4h; ¢ =0, 0.2, 0.4, 0.6, 0.8). RND(t) = random number in [#,,,, 24].
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Table 3.2 Compared loss factor formulas.

No. Loss factor formula Source

! F=3 f0+0)=pl= 2 [ +57 4] /(145 Formula (2.12)

2 F=0.2f+0.8f> Formula (2.16)

3 F=0.083f +1.036/2-0.119f° Formula (2.21)

4 F=f>+0273 (f-p)’ Formula (2.27)

5 F=0.639f2+0.361 (f +fB-p) Formula (2.28)

1

6 F=f=(f=$") (1=)/(1+7=2) f25(1+p) Formula (3.13)

F=f=(=f) (F+6-5P)/C=f-) f<3(146)  Fomula (.14)

Table 3.3 Comparison of average error of loss factors (%).

Formula No. 1 2 3
Range of average error of groups 1.58-19.37 0.73-12.59 0.62-14.98
Total average error of 20 groups 6.72 4.18 5.21
Formula No. 4 5 6

Range of average error of groups 3.84-8.24 2.57-6.17 2.91-5.80
Total average error of 20 groups 5.61 4.72 4.08

that is 5.8%. According to the weighted average errors, the six loss factor formulas are all suitable for engi-
neering calculations.

The fifth formula, that is Formula (2.28), is recommended due to its rational derivation and demonstration,
simple expression form, easy use, and smaller average error resulting from its application in a wide range.

3.4 Three-Mode Division of Active Load Duration Curve
3.4.1 Three Modes of Load Management in the Electric Power System

During the operation and load management of an electric power system, such classification expressions as
maximum mode, minimum mode, and normal operation mode are usually seen in protection setting calcu-
lation and dispatching. According to the analysis of practical applications of dispatching and operation, there
are maintenance mode, failure (accident) mode, and other modes which are less likely to occur, in addition to
the above three modes.

From the perspective of load management, the maximum mode means that, when the maximum load
occurs within a dispatching area, the system offers the maximum feasible capacity, and maximum load flow
occurs in the system. Reactive compensation equipment is put into operation to meet the voltage level
demands. At this time, the short-circuit current level of buses in substations is high, and the power (energy)
losses are high in the whole network. The minimum mode generally means that the total loads reach their
lowest within a dispatching area, or the system connection is not tight. Meanwhile, the system impedance
is large, and the short-circuit current level of buses in substations is low. The transmission power at trans-
mission sections is low, and the power (energy) losses are low in the whole network. The voltage level at local
areas may exceed the upper limit. The normal operation mode means an arrangement of load level and gen-
erator capacity, which is most likely to occur in the system.

To allow a wide range of calculation results of losses in high-voltage power grids to predict values under
different operation modes (maximum, minimum, normal, maintenance, etc.) rather than just being general
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check and statistics results, it is necessary to study the relations between the three modes and to find a way of
division based on the probability interpretation, so as to discuss a calculation method of losses in high-voltage
power grids based on the power loss rate under the three modes.

3.4.2 Differences and Relations of the Three Operation Modes

The time of occurrence of the maximum and minimum operation modes in the system is occasional, but the
rough period of occurrence can be estimated. Within a longer period ( a year or a quarter), the period during
which the maximum load occurs every day may change slowly.

For an annual active load duration curve, loads at the peak section are sorted by the load values at the
maximum operation mode during different calendar periods of the year; loads at the valley section are sorted
by load values at the minimum operation mode during different calendar periods of the year; and between
these two sections are loads which are sorted by the load values at normal operation mode which last the
longest and are most likely to occur.

Because the maximum and minimum loads change slowly day by day at the maximum and minimum oper-
ation modes, and peak loads in winter only represent normal load levels in summer in regions with high air con-
ditioning loads in summer, the power differences between the minimum mode and the normal mode and between
the normal mode and the maximum mode are vague. However, with respect to the continuity of actual load
changes, within a long-term period (a year or a quarter), there should be a dividing point in the probability sense
between the three modes. Such a division may have a certain reference value for the time related to load values at
different modes, the estimate of voltage quality at three modes, the prediction of line losses in the whole network,
and even the price ratio and time division of peak—valley price. Therefore, to find the probability division of the
three operation modes from the perspective of studying system load changes has a certain significance.

3.4.3 Probability Division of Three Operation Modes
3.4.3.1 Introduction to PERT

Program Evaluation Review Technique (PERT) is a scientific management method first used by the United
States Navy in the development of Polaris weapon systems in the 1960s, and which now has become an
important management technique adopted in large and complicated engineering projects. PERT has the fol-
lowing key points:

1. All single tasks required to complete a program must be visualized in a very clear form and included in a
network chart composed of “events” and “activities”.

2. The sequence of events and activities in the network chart must conform to a set of strict logic rules which
are followed to find the crucial critical path and the near-critical path.

3. The three-point estimation technique is used to estimate the time required by each activity in the network
chart. In other words, a person who is very familiar with such activity estimates the optimistic time a, most
likely time m, and pessimistic time b, and the three values are then simplified to the expected time 7. and
statistical variance.

4. The time and time difference of the critical path are calculated.

3.4.3.2 Expected Time t, and Probability Interpretation

The expected time 7, and the standard deviation are calculated by the following two formulas, respectively:

(a+4m+Db) (3.15)

te=

AN =
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1
6=6(b—(1) (3.16)

According to the explanation of Hua Luogeng, a famous deceased Chinese mathematician, in respect of the
calculation of the expected time [36], a is the optimistic time estimate and m is the most likely time estimate.
Assuming the probability of m is two times that of a, the average of a and m is (a + 2m)/3; likewise, the
average of m and b is (2m + b)/3. The distribution of two such averages that respectively occur with a prob-

ability of 2 can approximate the actual distribution, so the mean value of two such averages is the expected

time 7., which can be expressed by the following formula:

1 <a+2m 2m+b

1
tc_i 3 T3 )_6(a+4m+b)

1 1
Formulas (3.15) and (3.16) can be used to obtain t.—c = g(a +2m) and f. +o= 3 (2m+b), indicating that

the variation range of the expected time is the average of the extreme estimated time (a or b) and the most
likely time m of multiplying probability.

3.4.3.3 Three-mode Division Under Multiplying Probability Assumption

According to the calculation of the expected time 7. by means of PERT, if two extreme conditions and the
most likely condition are known for a probability distribution, then the expected value of such a distribution
can be obtained under the conditions of a multiplying probability assumption. A load duration curve based on
the maximum load over a long period has two parameters: minimum load rate # and load factor f. In a curve
composed using these two parameters, to identify three sections of minimum mode, normal mode, and max-
imum mode, it is necessary to find out the power point of division Py ,;, between the minimum mode and the
normal mode as well as the power point of division P, 4 between the normal mode and the maximum mode
(subscripts x, zh, and d refer to minimum, normal, and maximum modes, respectively). Relevant analysis
shows that two power points of division Py _,;, and P, 4 cannot be determined by the load duration curve alone
and the multiplying probability assumption.

Through calculation and thinking, the authors have put forward a method of combined analysis of the load
duration curve and the load duration square curve of relevant electric energy losses. As shown in Formula
(1.36), the area under the load duration curve based on the maximum load is the load factor f; as shown in
Formula (1.37), the area under the load duration square curve based on the maximum load square is the loss
factor F. Within the same per unit value coordinate system, these two curves have a mapping relation. If the
assumption of multiplying probability can be used in the load duration square curve reflecting losses to realize
the division of three sections, then the power points of division Py ,;, and P, 4 for the three mode sections can
be found in the load duration curve.

To realize the division of three mode sections, the electric energy loss curve is taken as the carrier of the
multiplying probability assumption. As shown in Figure 3.5, in the increasing loss curve, AA;, AA, and AA;
refer to electric energy losses of sections for the minimum, normal, and maximum modes, respectively,
and the time points of division are taken as #, ,, and 7, 4. When the long time is 7, then the per unit values
are t, /T and t,, o/T.

Take the area under the Pz(t) curve for the (0 — #, ;) section as bp, the area under the Pz(t) curve for the
(fx sh — Ln.q) section 4mp, and the area under the P(7) curve for the (z,, 4 — 1.0) section ap. The following three
formulas can be obtained with the electric energy loss ratio as the probability:
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by /F = L " P21)de / Jl'ozﬂ(:)dt

0

ap/F= J v P(1)dr / J]'Opz(z)dt

Izh.d 0

dmp [ F = Jt "P0)dr / Jm P(1)dr

. zh 0

The above three formulas are electric energy loss probabilities under the minimum, maximum, and normal
modes, respectively. The following formulas are obtained if the principle of multiplying probability is
satisfied:

Th. d
bpzap=mP=J P2(t)de/4 (3.17)
Ix.zh
Therefore, the time points #, ,;, and ¢, 4 for the three-mode division can be calculated by the following two
formulas:

Ix. zh
J P2(t)dr = (bp +4mp +ap)/6=F /6 (3.18)
0
Izh. d 1.0 1.0 I, zh
J Pz(z)dt=J Pz(t)dt—J Pz(t)dtzF—J P2(t)dr=5/6F (3.19)
0 0 . d 0

If the parameters of the load curve are given, then use the Liu Yingkuan Formula (2.28) to calculate F.
Solve the above two integral equations to obtain two time points #, ,, and t,;, ¢ which divide the three modes.
Substitute them into the load duration curve, Rossander Formula (3.6) or Formula (3.7), to find the power

PIPax 4 p2p2

1.0
chd/Pmax

max

F
Px.zh/Pmax —
p

tedT ToadT ToadT 1T 1.0 0T

Figure3.5 Schematic diagram of three-mode division. 7},,x — Maximum load utilization time; 7,,,,, — maximum loss time.

1
AAy = AAy; = 3 AAy; AAy = 2AA; AArz = 2AA;
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points of division of three modes Py ,;, and P,y 4. The calculation of the time points and power points of divi-
sion of the three mode sections is shown in Figure 3.5.

To sum up, with the ratio of the electricity losses of the three modes to the total losses as the probability, and
with the probabilities of electric energy losses in the normal mode section being two times those in the min-
imum mode section and the maximum mode section, respectively (with a hidden assumption that the prob-
abilities of occurrence of the normal mode are two times those of the minimum mode and the maximum mode,
respectively), the division of three mode sections in the load duration curve keeps all characteristic parameters
of the load duration curve and the load duration square curve (loss curve) unchanged. Therefore, the result of
the division of three sections can be applied in analyses of technical and economic problems of load, loss,
electricity price, and so on.

3.4.3.4 Calculation of Power Points of Division of Three Modes

To find the rule of calculating power points for the division of three modes, taking the load curve change
index 1/4 shown in Formula (3.8) as the variable, and based on two types by the relationship between f
and f, use the Rossander load duration curve formula and the loss curve formula shown in Formulas
(3.20) and (3.21), as well as Formulas (3.18) and (3.19) to calculate the time points # ,;, and t,;, 4 and power
points P, ,;, and P, 4 of division of three mode sections by means of successive approximation.

P(t)=p+(1-p) (t/T) (3.20)
P (t)=p2+25(1-p) (t/T) +(1-p)*(t/T)? (3.21)

Table 3.4 shows the calculation results.
The calculation results listed in Table 3.4 can be used to obtain the approximate formula of power point of
division of three modes by means of curve fitting.

1. For the parameter combination (such as monthly or quarterly load curve) with a high load factor fp in the
measuring period

Py ;v =0.008(1/4)2=0.126 6(1/2) +0.904 3,R=0.980 8 (3.22)
Pyn.a=0.005 2(1/2)>=0.045 6(1/4) +0.991 8,R=0.934 3 (3.23)

2. For the parameter combination (such as yearly load curve) with a low load factor fp in the measuring period

Py 4 =0.007 7(1/2)*=0.119 4(1/2) +0.7585,R =0.966 9 (3.24)
Py =0.004(1/2)*~0.050 4(1/4) +1.007 1,R=0.990 1 (3.25)

In the above four formulas, R is the correlation coefficient, and larger R indicates better total fitting effect.

After the time points #, ,, and t,;, 4 of division of three modes are obtained, a single integral calculation of
the load duration curve formula is made to obtain the electric quantity ratio of the three mode sections
aq:ax:a3. When a; takes the cardinal number 1.0, 1:a;:@5 in the case of a low load factor parameter combi-
nation is listed in the last row of Table 3.4, which can be chosen for relevant calculations [54].
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4

Calculation of Line Loss by
Power Load Curve

4.1 Line Loss Calculation Considering Power Factor

If the power factor of apparent power at the time of maximum load is cos@p.x, then the calculation of
electric energy losses considering the power factor can be analyzed by the following two cases.

4.1.1 The Maximum Apparent Power is Caused by the
Maximum Active Power

As

T
AA= %J [P*(t)+ Q*(1)] drx 1073

So

R PZ TP2 2 T N2
AA SZ ( maxJ (z)dl‘+ maxJ Q (t)dl‘) x 10—3

Ugv e Slznax o P ?ndx Srznax 0 lenax ( 4 1)
- R (OS> @ Fp +sin°p/'Fp) T x 107
_U2 max Pmax P+~ @ Q) X

av

COSPrax = Pmax/Smax

sin 40/ = Qmax/Smax

max

Fp= 1 JPZ(t)dz/P2

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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50 Line Loss Analysis and Calculation of Electric Power Systems

Wherein: Fp — active power loss factor;
Fy — reactive power loss factor;
COS@max — power factor at the time of maximum apparent power;
sing’ — ratio of maximum reactive power and maximum apparent power.

Because the maximum reactive power and the maximum active power do not always occur at the same time,
the power factor angles @« and ¢’ are not always the same.
If the loss factor of the apparent power is Fg, then

AA= i SﬁmFSTx 107 (4.2)

According to Formula (4.1),
Fy=Fpcos” gy + Fosin®¢’ (4.3)
When Shax, Pmaxs and Qnax Occur at the same time, allowing Fg = Fi.x, then Formula (4.3) is changed into

Finax =FPC052§0max +FQSinzq)max (44)

4.1.2 The Maximum Apparent Power is Caused by the Maximum
Reactive Power
In the phasing operation of a hydroelectric power plant, the plant mainly transmits reactive power outward,

and the maximum apparent power of power grid units (main transformers, lines) is caused by the maximum
reactive power. At this time, the following formula conversion can be conducted:

T

PZ 2

AA= 0 anax S;"“ [zﬂ( Yt / (PraT) + oo Q2 Vdr / 0.1 | xTx107?
max v max

(4.5)

S2

= 12 S [cO8% ' Fp + SIn® @y Fo | T x 1073

SINPpyax = Qmax/smax Y 1 —COSZ(pmaX

cos q)/ = Pmax /Smax

Wherein: cosg’ — the ratio of maximum active power and maximum apparent powers; it is not the power
factor at the time of maximum apparent power;
singax — sine value of power factor angle at the time of maximum apparent power.

Formula (4.5) can be rewritten to:

A=— 7 sfmFsTx 1073 (4.6)

Fs=Fpcos’q’ + Fgsin® g,

According to Formulas (4.3) and (4.6), the loss factor of apparent power depends on not only the loss factors
of active power and reactive power, but also the power factor and power ratios (sing’, cosg’) at the time
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of maximum apparent power, indicating that the line loss calculation considering the power factor is a
complicated issue.

4.2 Maximum Load Power Factor Method of Troger

Troger from Germany first put forward the method of calculating line losses by the power factor at the time of
maximum load in 1920 [9]. In his opinion, reactive power changes of power lines fall between two situations
where the power factor remains unchanged and where the reactive power remains unchanged. After analyzing
the method of calculating line losses under such two situations, he conceived that a coefficient C could be
used to express actual changes in reactive power. Taking C = 1/2, he derived the formula of line loss calcu-
lation considering reactive power changes, that is

1

FS:Z

[(142fp) — OS> @y (1 +2fp—3Fp)] (4.7)

Troger substituted the loss factor of Formula (2.18), Fp=0.12-0.24fp + 1.12f,§, as derived by means of
statistical mathematics, into Formula (4.7), obtaining the calculation formula of apparent power loss
factor, that is

Fs=0.28 +0.44fp +0.28f2 —c0s* @15 (0.16 + 0.68f» — 0.84fp) (4.8)

The table of calculation of F( f,,, cOS¢max) can be made based on the above formula, as shown in Table 4.1.
According to the analysis, the assumption of a constant value for C in fact artificially defines the relation-
ship between changed active loads and reactive loads. Although this facilitates calculation, the physical
significance of the C coefficient is not definite.
To be sure, Formula (4.8) calculates the loss factor by the power factor at the time of maximum load, so that
the calculation result of load flow can be directly used to calculate electric energy losses. Therefore, this
method was highly praised by designers.

4.3 Annual Average Power Factor Method of Glazynov

In 1947, Glazynov [16] from the former Soviet Union put forward line loss calculation curves for calculating
the annual maximum loss time 7,,,,x by the annual average power factor cosg,, and the maximum load uti-
lization time Ty,,«x. These curves were first cited in teaching materials of Chinese higher colleges and univer-
sities, and then were applied for a long time in the Chinese design and operation departments. Even now these
curves are still used.

Table 4.1 Loss factor calculation table, Fg( f,, COS@max)-

COSPmax

5 1.0 090 080 070 060 050 040 030 020  0.10 0
0.90 0811 0829 0.844 0.858 0870 0880 0.888 0.895 0.899 0902  0.903
0.80 0645 0677 0705 0730 0751 0770 0785 0796  0.804  0.809  0.811
0.70 0.501 0543 0581 0615 0644 0669 0689 0705 0716 0723  0.725
0.60 0379 0430 0475 0515 0549 0578  0.602  0.621  0.634  0.642  0.645
0.50 0280 0335 0385 0428 0466 0498 0524 0544 0558 0567 0570
0.40 0203 0259 0310 0355 0394 0426 0453 0474 0489 0498  0.501
0.30 0.149 0204 0253 0296 0333 0365 0391 0411 0426 0434 0437
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Table 4.2 Original data of Tij,—Tmax CUIVes.

Tmax(h) Proax Prin P;(illumination)
2000 1.00 0.10 1.0

3000 1.00 0.20 0.70
4000 1.00 0.30 0.50
5000 1.00 0.40 0.35

6000 1.00 0.50 0.20

7000 1.00 0.60 0.10

Table 4.3 Comparison of 7, and Tyaxo (h).

COSPay Toax 3000 4000 5000 6000 7000
0.60 T 2620 3380 4110 5010 5920
T2 2560 3415 4450 5440 6310

0.70 Tmax 2350 3100 3890 4890 5870
T 2093 2990 3880 5150 6190

0.80 s 2000 2780 3690 4680 5790
: T 1715 2610 3680 4855 6040
0 Timax1 1300 1970 2940 4290 5680
: T2 1150 1960 2985 4250 5700

According to the original data in Table 4.2, Glazynov used the Rossander Formula (3.6), and Formula (3.7)
established an analytical formula of active load duration curves. He removed the illumination load electric
quantity at 7 = 2000 h (the per unit value is 0.228), and derived reactive power load duration curves from
the remaining load duration curves as per the annual average power factor (cosg,y).

Then, he summed square curves of active power and reactive power load duration curves and obtained
apparent power square curves. He calculated the 7,,,, value, and calculated several combinations with 7y,
range 3000-7000 h and cosg,, range 0.6—1.0. Table 4.3 lists 7pax (T max, COS@ay) Values, and Figure 4.1 shows
Tinax—Tmax CUTVeES.

The 7,,.x1 values in Table 4.3 are found as per the T,.x—Tmax curves of Glazynov (see Figure 4.1), and the
Tmaxz Values are calculated by the authors. According to the comparison of 7,y and 7p,ax2, Smaller 7.
leads to a larger difference between the two. It is estimated that Glazynov corrected some values according
to calculation results of actual operation information.

For 6-35 kV regional power transmission and distribution lines with comprehensive loads, the maximum
loads are generally caused by their illumination loads. Excluding the illumination loads, the remaining active
load duration curves and reactive load duration curves are similar. The original data used by Glazynov in
Table 4.2 are derived from the investigation results of the former Soviet Union and are not in line with
the characteristics of comprehensive loads in different Chinese regions, so these Tp,.x—Tmax CUrves cannot
be copied. In addition, after reactive compensation of power grids, the reactive load curves no longer have
similar graphs to active load curves according to the relationship of average power factor (see Section 5.1 in
Chapter 5 for details), so the Tp,.x—Tmax curves of Glazynov are not suitable for calculating line losses of
power grids subject to reactive compensation. The average power factor of loads of the outgoing lines of
a hydroelectric power plant during its phasing operation is very low, and the calculation of electric energy
losses in such lines cannot adopt the 7 ,,x—7max curves of Glazynov. Due to these problems, since the 1960s,
people in some Chinese higher colleges and universities and design departments and even in the former
Soviet Union pointed out that these curves proposed by Glazynov should be abandoned and that theoretical
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Figure 4.1 T,,.—Tmax CUrves.

T 2T t
Figure 4.2 Load duration curve for equivalent load curve.

restudies should be conducted to find new line loss calculation methods and line loss calculation curves
considering the power factor.

4.4 Equivalent Load Curve Method
4.4.1 Equivalent Load Curve Method of Cweink

Cweink from Poland put forward a new method of line loss calculation considering the power factor
in 1962 [17]. According to this method, electric energy losses caused by active power and reactive power
within a calculation period 7" are deemed as those caused by an equivalent load within 27, as shown in
Figure 4.2.
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Equivalent loads are the same as those of an active load curve within O~T and as those of a reactive load
curve within 7~27. The load duration curve of equivalent loads is shown by a dotted line in Figure 4.2 and
expressed by P(t). Due to 7 = fyp + Iaq, it can be proved that the equivalent loads meet the following
conditions:

Q*(r)dt | x1073

|
|
S~
T
s
=
o
-~
+
o~

(4.9)
R

= | PP()drx 1073
U2

Letters with “--” on their top are used to express parameters of the equivalent load curve, so

2T

=3 JP(r)dt/Pmax
0

ﬁzpmin/Pmax

(4.10)

Cweink directly used the Wolf Formula (2.21) and calculated the loss factor F by the load rate fof equivalent
load curve, that is

F=0.083f +1.036f" —0.119f° (4.11)
Then, electric energy losses were obtained as:

R . .
A= P Fx2Tx107 (4.12)

=772 Fmax
UaV

4.4.2 Improvement and Extension of the Cweink Method

According to Figure 4.2, when the minimum value of the equivalent load curve is determined by the reactive
power (Pmin= Omin), the two parameters f and ﬂ should represent two characteristics of active and reactive
load curves. However, the parameter f is not included in the Wolf Formula (4.11), so the equivalence of the
line loss calculation cannot be guaranteed. An ideal loss factor formula including both parameters f and ﬂ can
improve the equivalence of the equivalent load curve method.

Given the actual needs of the theoretical line loss calculation considering the power factor, line loss
calculation curves can be divided into two categories, namely, design curves with the power factor at
the time of maximum load as a parameter, and operation curves with the average power factor as a param-
eter. According to actual practices of line loss calculation, with respect to electric loads passing electric
equipment, Pma,(: Omax and Poin= P,in may occur; or a complicated situation may occur, where active power
is only transmitted and reactive power is not transmitted at some time (such as tie lines), or where reactive
power is only transmitted and active power is not transmitted (such as outgoing lines at the time of phasing
operation of a hydroelectric power plant). Therefore, the equivalent load curve method proposed by
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Table 4.4 Calculation formulas of parameters f and j3 of the equal time equivalent load curve.

Parameter Type Prnax = Prax (COS Pmax > 0707) Pm‘dx = Omax (COS(/]max < 0707)
. .1 o1
] For operation f:ifp(l+tan(/1av) f:EfQ(1+l/tanq)av)
f
. o1 o1
For deSlgn f = E (fP +fQ tan (pmux) f = 5 (fQ +fP/tan (pmax)
Parameter Tpr Pmin = Puin Pmin = Onmin Pmin = Onmin Pmin = Prin
P For operation p=pp ﬁ:ﬂQ tang,, ke ﬁ:ﬂg B=Poks /tang,,
For design p=pp B=Potang,, /}:ﬁQ B=Pp/tan@,.,

Cweink should be extended to accommodate different situations during the active load duration or the
reactive load duration.

4.4.3 Equal Time Equivalent Load Curve Method

Table 4.4 lists the calculation formulas of equivalent load curve parameters f and $, which are divided into
two categories by Prax = Pmax a1d Pax = Omax. These parameters are respectively calculated by the average
power factor and the calculation power factor at the time of maximum load, so that design and operation
departments can use them conveniently.

In Table 4.4, k¢ refers to the ratio of reactive load factor and active load factor; k¢ = folfp - COS@Pmax =
cos[tan  (Qumax/Pmax)] s called the calculation power factor of maximum load. When the maximum values
of active power, reactive power and apparent power occur at the same time, cOs@y,x 1S the power factor at
the time of maximum load. If the above conditions are not satisfied, the power factor is not an
actual power factor at a certain time, but the calculation power factor of a hypothetical apparent power
(Smax-jx = v/ Py + 0%00)- f and j are calculated by formulas in Table 4.4 and substituted into Formula
(2.28) to obtain the loss factor F of the equivalent load curve:

F=0.639f" +0.361 (f +1p—p) (4.13)

Then, F and Pmax are substituted into Formula (4.12) to calculate the electric energy losses AA.

According to the formulas listed in Table 4.4 and Formulas (4.12) and (4.13), the theoretical line loss
calculation considering the power factor can be completed without any assumption condition. This is a dif-
ficult issue which was studied by Chinese scientific and technical personnel from the 1960s and completely
solved in the late 1990s.

Example 4.1 A certain 110 kV transmission line uses LGJ240 conductors and has a length of 10 km and
resistance of 1.32 Q at 20 °C. The quantity of active electricity quantity passing through the line within 7' =
720 h in a month is 36 000 MW-h, and the quantity of reactive electricity 18 000 Mvar-h. During this period,
the maximum active power is 62.5 MW, the minimum active power 31.255 MW, the maximum reactive
power 50 Mvar, and the minimum reactive power 20 Mvar. The maximum active power and the maximum
reactive power occur at the same time. Try out different methods to calculate the electric energy losses of the
line within the measuring period, and compare the calculation results.
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Solutions
1. Parameter calculation.
The calculation of various parameters is as follows:

Jp=Pay/Prmax =36 000/(720 x 62.5) =0.80
Bp=31.25/62.5=0.5
fo=0uv/Omax = 18 000/(720 x 50) =0.50
Pp=20/50=0.4
2. Accurate calculation.
As f, > (1+fp)/2, that is 0.8 > (1 +0.5)/2, use the Type 1 Rossander Formula (3.6) of the load

_fp=Pp_03

I-fp 02
P.(H) = 1 — 0.5t'°. Integrate the square of active power to obtain

duration curve for the calculation. As Ap = = 1.5, the expression of the active load curve is

1 1
JPz(t)dtszﬁm(l—O.Stl‘S) dt=P%, x0.662 5
0

max

0

As fo < (1+5)/2, that is 0.5 < (1+0.4)/2, use the Type 2 Rossander Formula (3.7) of the load duration curve
_1-fp 05

Zo fo=By 01

for the calculation. As — =5, 0.(0) =04 + 0.6(1 - ©)°. Integrate the square of reactive

power to obtain

1 1

JQZ(t)dzszmax (0 4+0.6(1-1) )2dt=QmaXx0 2727

0 0

R T

Due to AA——(]P2 dt+jQ2(r)dz)x10-3 (jP2 dt+fQ2 )Tx10‘3, substitute
av 0 av

1 1

JP2(t)dt, [Q*(r)dt and T = 720 h into the formula above to obtain
0 0

x0.6625+Q%, x0.2727)T x 1073

( max max

R
AA:
Uf

2
dex

max

= U2 P2 (o 6625+ x0.272 7) Tx1073

13
T 1.21x 10"

=2.568 x 10°(kW - h)

x (62.5x10°)* x0.8370% 720 x 10~

3. Calculation by the loss factor of apparent power.
According to the above calculation, Fp = 0.662 5, F, = 0.272 7. Calculate the loss factor of the
apparent power as per Formula (4.4), obtaining

2 2

62.5 50
Fg=Fpcos’ + Fysin? =0.6625x ——— +0.272 Tx ————=0.510 4
$=EPCOS Prman T LA Proa 62.57 + 502 62.57 4507
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Substitute Fg into Formula (4.2) to obtain

1.32
1.21x10'"

x0.510 4x720x 1073 =2.568 x 10° (kW - h)

AA= S FsTx1073 =

772 S x (62.5% +50%) x 10"

The result is the same as that of the accurate calculation.
The above calculations show that both of the calculation methods use all “information” of the load
curve, so naturally they derive the same results.
4. Calculation by equivalent load curve method.
Use formulas for operation in Table 4.4 to calculate the followings:

1 18 000
1+t 0.8x |1+ =0.60
f fP( + an(pdv) 2 X < 36 OOO)

tangow 18 000/36 000

=0.40
*705/08

=0.32

B=bo

When formulas for design in Table 4.4 are used, the same f and / values can be obtained.
Substitute the above f and j3 values into Formula (4.13) to obtain

F=0.6397" +0.361 (f +fp-B) =0.639x0.60% +0.361 (0.60 +0.60 x 0.32-0.32) =0.400 4

Substitute the above values into Formula (4.12) to obtain

1.32
AA= —P wFx2T %1073 = ———
U2, 1.21x10

=2.457x 10°(kW - h)

x (62.5% 10°)* x0.400 4% 2x 720 x 103

Compared with the result of accurate calculation, the error of the calculation result of the equivalent load
curve method is

2.457-2.
S(AA)% = % « 100% = —4.32%

The error is below 5% which is within the allowable error range of engineering calculation.

4.4.4 Unequal Time Equivalent Load Curve Method

Tie lines of the electric power system transmit only active power and do not transmit reactive power at any
time (such as tie lines), and outgoing lines transmit only reactive power and do not transmit active power
during the phasing operation of some hydroelectric power plants. As a result, it is necessary to study the cal-
culation of electric energy losses at different periods in the active power and reactive power load duration
curves.

Assume that both active power and reactive power are transmitted during the period #;, while only active
power (or reactive power) is transmitted during the period (1 — #,), as shown in Figure 4.3.
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t

(1)

Figure 4.3 Unequal time equivalent load curve method.

In this case, the measuring period of the equivalent load curve is (1 + #;). Two cases will be considered
for analysis as follows.

1. Only active power is transmitted during the period (1 —#;), with Ppa = Ppyax. For example, tie lines among
provincial regions only transmit active power instead of reactive power. According to the definition
of load rate,

1+t 1 1

f= J P(t)dt/i’max= ! JP(t)dt+JQ(t)dt /Pmax

1+1
1 . 1 .
Substitute [ P(¢)dt/Pax =fp, [ O(£)dt/Piax = (t1 Qav/Pav) (Pav/Pmax) =11 tan@,,fp into the above formula
0 0

to obtain

p 1
f_ 1+tl (fP+tlfPtan(pav)

Or 1 (4.14)
f= Tl‘l(fp +t|than(pmax)

2. Only reactive power is transmitted during the period (1 — #;). For example, if a hydraulic power plant is
mainly undergoing phasing operation during a period, Prax = Omax at this time. Similar to the previous
analysis, the calculation formula of load factor of the equivalent load curve can be obtained:

. 1
f= 1—(fQ+t1than(pav)
+1
Or 1 (4.15)
f= Ttl(fQ +t1fPtan(pmaX)

However, a hydraulic power plant or a pumped storage power plant is mainly undergoing peak
regulation and occasional phasing operation most of the time, with Ppa = Ppax at this time.
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Similar to the previous analysis, the calculation formula of load factor of the equivalent load curve
is obtained:

f: 1 (thangamax"'[lfP)
+1
Or | (4.16)
f= 1+1 (fPtanq)av"'tlfP)

Under the above two cases, /3 =QOmin/ Prax (O Poin /Pmax), and is not necessarily equal to 0. F can be
calculated by Formula (4.13), and the electric energy loss is calculated by the following formula:

R .o

AA:U—EVP F(1+1)Tx107% (1, <1.0) (4.17)

max

If #; = 1 in Formula (4.17), then the above formula is the same as Formula (4.12). Therefore, the unequal
time equivalent load curve method is an extension of the equal time equivalent load curve method and
is applicable to the calculation of electric energy losses under various complicated situations.

Example 4.2 A 110 kV line has the resistance of 1 € per phase, and transmits 50 MW active loads
and 20 Mvar reactive loads in 5 h morning and evening peaks. During the rest of the time, it transmits
30 MW active loads and O reactive load. Try to use the equal time and unequal time load curve methods
to calculate electricity line losses within 24 h and compare them with accurate values.

Solutions
1. Accurate value calculation method.

As shown in Figure 4.4, the maximum apparent power is Syax =V 50% +20% =53.85(MVA), and the
apparent power load duration curve is expressed by dotted lines in Figure 4.4.

Two periods are considered for accumulation to obtain the integral of S, and then the accurate daily
electricity loss can be calculated as
24
JSz(t)dt x1073 =
0
x102x 1073 =2.612x 10*(kW - h)

_ R

AA
Ui

ﬁ x [30* x 19 x + (50° +20°) x 5]
21X

PQS P
S(1)
ol Ir——- 53.85 -
|
| |
| S |
S R ——— -l l_____P_(fl___J
P(1) |
20 Fom
_.|f_1|__
0
1-1, _| 1.0 1+,
| |

Figure 4.4  P(1), Q(7), P(t) load duration curves.

www. Technicalbookspdf.com



60

Line Loss Analysis and Calculation of Electric Power Systems

. Unequal time equivalent load curve method.

t1 =5/24 =0.208 3, P,y = (19 x 30 + 5 x 50)/24 = 34.167 MW), fp = (19 x 30 + 5 x 50)/(24 x 50) =

0.683 3, tang,, = Q./P,, = 20/34.167 = 0.585 4, ﬁszin/Pmax =20/50=0.40. Substitute the above
values into Formula (4.14) to obtain

1

f= 170208 3 % (0.683 3+0.208 3x0.683 3x0.585 4)=0.634 5

Substitute the above 7 and j8 into Formula (4.13) to obtain

F=0.639%0.634 52 +0.361 x (0.634 5+0.634 5x0.4-0.4)
=0.4335

Substitute F into Formula (4.17) to obtain

1
T 1.21x10"

=2.597x 10°(kW - h)

x (50x109)* x0.433 5x (1+0.208 3) x 24 x 107

The relative error between this value and the accurate value is

2.597-2.612
A% =22 22 2 5 100% = —O.
5(AA)% Sy X 100%=-057%

. Equal time equivalent load curve method.

As the zero load time is not considered for reactive power, tan ¢,, is calculated according to the ratio of
reactive electricity and active electricity, that is tan ¢,, = (20 x 5)/(5.50 + 19.30) = 0.122 0. As Qin =0

during the whole period, ﬁ =0, and calculate f as per the formula in Table 4.4 to obtain

] 1
f=5fp(1 +tang,) =5 x0.683 3x (1+0.122.0)=0.383 3

Calculate F as per Formula (4.13) as
F=0.639% (0.383 3)2 +0.361x0.383 3=0.2323

Substitute F into Formula (4.12) to obtain

AA= —— - x (50x 10°)*x0.232 3x2x 24 x 1073
1.21x 10

=2.304x 10° (kW - h)

The relative error between this value and the accurate value is

_2.304-2.612

B(AA) o= = = X 100%= ~11.79%

Based on Example 4.2, take eight values from 0.10~0.833 for #; for similar calculations. With respect to
the error between the electricity line loss calculated by the equal time formula and the accurate value, the
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relationship between the error percentage 6(AA)% and ¢, can be expressed by a linear formula §(AA)% =
(-21.19 + 40.68t,)%, with a correlation coefficient of y = 0.9895. According to the above calculations,
when #; = 0.40-0.64, that is the per unit value of zero load duration of a component (P or Q) range
of 0.36-0.60, the error in the direct calculation of electricity line loss by the equal time method is
not more than 5%; a smaller #; indicates a smaller negative error, while a larger #, indicates a larger
positive error.

Example 4.3 A hydroelectric power plant is equipped with four 12 MW generator units. In the month of
November, the plant was undergoing full phasing operation, with a maximum daily reactive load of 30 Mvar,
and reactive load rates of fp= 0.80, fo= 0.30. It transmitted active load for 4 h at evening peak of each day.
The monthly average power factor is derived from records of the watt-hour meter of the generators, that is
cosg',, =0.15. The 110 kV outgoing line has a resistance of 1 Q per phase and a monthly average operating
voltage of 115 kV. Try to calculate the electricity losses of the line in the whole month.

Solution

As the period during which the outgoing line of the hydroelectric power plant transmitted both reactive
power and active power is 4 h, t; = 4/24 = 0.166 7. cosg’,, = 0.15, so tang',, = 6.591 2. tang/',, = fo/(t1fp),
% =1 tan (piw =0.166 7x6.591 2=1.099. Then, the load rate of the equivalent load curve is
obtained by Formula (4.15), that is

SO tang,, =

1

f=————— x(0.80+0.166 7x0.80/1.099) =0.7897
= T+0.1667 % 080* x0.80/1.099)
As ff = Bo = 0.30, substitute f and § into Formula (4.13) to obtain F = 0.660 8. Calculate the monthly

electricity losses as per Formula (4.17), that is

1.0
A= ——— x(30x10°)* x 0.660 8 (1+0.166 7)x 720x 103

(1.15x10%)
=3.778 x 10*(kW - h)

Example 4.4 A pumped storage power plant is equipped with four 300 MW pumped storage units and
generates electricity for 6 h every day, with the maximum generation load of 1200 MW and the generated
electricity of 526.7 x 10* kW-h. It operates pumped storage for 8.5 h/day, with a maximum consumption load
of 1250 MW and an electricity consumption of 721.51 x 10* kW-h. Except during generation and pumping
time, one unit is undergoing a phasing operation, with a maximum capacity of 300 Mvar and minimum capac-
ity of 200 Mvar. The plant is connected to the system through a double-circuit 500 kV line with a length
of 100 km. The resistance of quad bundled conductors is y, = 0.024 Q/km per unit length, subject to
double-circuit parallel operation. The rated power factors of generation and consumption are both 0.85,
and the average voltage of the 500 kV bus is 1.025Uy and Uy at generation and pumping, respectively.
Try to calculate the daily electricity loss and the line loss rate of the line.

Solutions
According to the above description, Figure 4.5 shows the positions of the operating modes of the pumped storage
power plant during different periods, as well as the shape of the active and reactive load duration curves during
different periods.

Figure 4.6 shows the active and reactive load duration curves and equivalent load curve.
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Generation

Pumping

Figure 4.5 Three operating conditions of the pumped storage power plant. Upper: positions of three operating conditions
in the load curve of the system. Lower: active and reactive load duration curves under three operating conditions.
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Figure 4.6 Active and reactive load duration curves and equivalent load curve.
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1. Accurate value calculation. Three periods of consumption, generation, and phasing are considered
for the calculation. The consumption period is z, = 8.5 h, and the electricity loss is calculated as per

R
Formula (4.2), that is AA;| = 7

av

§2 Fs1t; x 1072, During the period based on #,, the load duration curve

1
is an oblique line. Substitute f, = 0.50 into Formula (2.7) to obtain Fg; = 3 During the double-circuit

parallel operation, Rg= R, = (0.024 x 100)/2 = 1.2 (), Spax1 = 1250/0.85 = 1470.58 (MVA). During

consumption, U,, = 500 kV, and substitute it into the above formula to obtain AA|=

Lz x (1470.58 x 10°)* x0.333x8.5x 10 =29.36 x 10° (kW - h).

(500 10*)
During the generation period, #; = 6h. Similar to the above, Fg, = 0.333, Siax2 = 1200/0.85 = 1411.76

(MVA). At generation, U,, is 2.5% higher than the rated voltage, so U,, = 512.5 kV, obtaining

1.2
Ay=——" % (1411.76x10°)° x0.333x6x 10> = 18.19x 10° (kW - h)

(512.5x10°)*

During the phasing period, 3 = 9.5 h, and the reactive load duration curve is of trapezoid shape. Use
Formula (2.7) to calculate the loss factor F5. As fo = (1 + B)/2 = [1 + (200/300)]/2 = 0.833 3, substitute
fp into F3= % (1—2fQ +4f§) to obtain F3 = 0.703 6, thus AAs= % x (300x 106) x
(512.5x10°)
0.703 6x9.5x 107 =2.75x 10> (kW - h).

The electric energy loss of the line during the whole day is AA, = (29.36 + 18.19 + 2.75) x 10° =
50.30 x 10° (kW-h).

The total electric supply for generation and consumption lines is A = (721.51 + 526.70) x 10* =
1248.21 x 10* (kW"h), so the daily line loss rate of the plant is AA% = 50.30 x 10*/1248.21 x 10* = 0.40%.

2. Calculation by unequal time method.

As shown in Figure 4.6, the active load duration curve is composed of Py and P during consumption
and generation periods, and the reactive load duration curve is composed of Qy, Or and Q, during con-
sumption, generation, and phasing periods. The active load curve includes the zero load period, so the
equivalent load curve P(f) composed of active and reactive load duration curves also has zero load time.

i. Calculate the knee point time 7p, of the active load duration curve. The formula of load duration
curve for consumption at pumping is Py(f) = 1250(1 — #p,/8.5). Take Py(f) = 1200, and calculate
the knee point time tp, = 0.34h.

ii. Calculate the load factor of the active load duration curve.

fr= erx P(f)df/ (Pmale"x)

0

1 1
= {1200 X034+ 2 x0.34 x50+ 2 x 1200 (14.5-0.34)} /(1250 x 14.5)

=8912.5/(1250% 14.5)=0.4917

iii. Calculate the load factor of the active load duration curve fp = fol QO(1)d?/(Omax - 24). Similar to the

above, calculate the knee point time 7, = 0.34h. As cosg, = cosgp; = 0.85, tang, = tang; = 0.619 7,
obtaining Opaxy = 1250 X 0.619 7 =774.6 (Mvar), Omaxs= 1200 X 0.619 7 = 743.64 (Mvar). According
to Figure 4.6,

1.0
[ O(1)dr = %(774.7—743.6) x0.34+743.6x0.34 + % x743.6
JO

1
x (14.5-0.34) + 3 (30+20) x (24-14.5)
=5760.3(Mvar - h)
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iv. Calculate the load factor f of the equivalent load curve. As f; = 14.5/24 = 0.604 2, tang = tang; =
tang, = 0.619 7, the load rate is obtained as per Formula (4.16) as follows:

f= 16042 x(0.309 8x0.619 7+0.604 2x0.491 7)=0.304 9

As ,B = 0, the loss coefficient of the equivalent load curve is

F= 0.639]'”2 + 0.361f =0.639x (0.304 9)2 +0.361%x0.304 9=0.169 5
Substitute it into Formula (4.17) to obtain

1.2
AM=———" % (1250x10°)*x0.169 5x 1.604 2x 24 x 107>

(506.25x 10°)
=47.74x 10*(kW - h)

In the above formula, U,, = 506.25 kV and is the average voltage under three operating conditions
of generation, consumption, and phasing. The line loss calculated by the unequal time method is
5.09% smaller than the accurate line loss value, which is in the allowable range of engineering calculation.

4.5 Analysis of Errors of Various Line Loss Calculation Methods

This section analyzes different relative errors in the results of theoretical line loss calculation which can be
based on records of ampere meters or watt-hour meters and can adopt different methods.

4.5.1 Analysis of Relative Error in Line Loss Calculated by rms
Current Method

4.5.1.1 Analysis of Line Loss Calculation Based on Records of Ampere Meter

According to Formula (2.1), AA = 3P RT x 1072 (KW-h). Take the total derivative of this formula to obtain
d(AA) = (312, . Tx 107%)dR+ (3RT x 107%) - 2Uyngdlims

Divide by Formula (2.1) on both sides to obtain

S5(AA)=d(AA)/AA=dR/R+2dl s/ Lims ® OR + 2815

lrms=,/i13/n

then
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obtaining Al /Irms = (I;/n)/ (I? /n)dl; = dl;/1I;. Substitute the above formula into this to obtain
S5(AA) ~6R + 251, (4.18)

According to Formula (4.18), the relative error in the line loss calculation by rms current method is the relative
error in resistance calculation plus 2x the relative error in current meter measurements.

The resistance calculation can be corrected by taking into account the average temperature in the measuring
period, so 6R can be taken as 0. As to the current measurement of 10 kV and above loss calculation units, the
accuracy classes of current transformer and current meter are Class 0.5 and Class 2.5, with errors of +0.5%
and +2.5%, respectively. According to Formula (4.18), the maximum relative error in the line loss calculation
by rms current method can be up to +6% if the error in current meter measurements is considered.

4.5.1.2 Analysis of Line Loss Calculation Based on Records of Watt-hour Meter

First of all, use the records of a watt-hour meter to calculate the average current of a loss calculation unit
within the measuring period, and then use the formula below to calculate the line loss.

AA=3I2,K*RT x 1073
Use the above method to obtain
S(AA) SR+ 261, + 26K (4.19)
If the resistance value is corrected based on the average temperature within the measuring period, and the
form coefficient K is accurately calculated according to the records of the watt-hour meter, then 6R and

0K can be both taken as 0, so d1,, needs to be analyzed.
As

T =S/ (V3Uw ) dlay =S/ (V3Uw ) = SundUni/ (V3U2)

Divide one formula by the other above to obtain
8lyy =dSay /Sy —AUsy [ Uny 2 8Say —8Uyy (4.20)

Take total derivative of $%,, = P*,, + Q2av to obtain 25,,dS,y = 2P,,dP,, + 20Q,,dQ,,. Divide one formula by
the other above to obtain

Pav dPilV Qav anV

dPy . dQa
8Say = + =cos’p,, — +sing
o ng + ng ng + Q%V o Pav ¥ Q'dV

(4.21)

Municipal power grid enterprises have the largest number of watt-hour meters with monthly electricity of
1 x 10° kW-h and below. The accuracy class of such Type Il active watt-hour meters is Class 1, and reactive
watt-hour meters Class 2. The accuracy class of current and voltage transformers is Class 0.5. When cosg,, =
0.85, sing,, = 0.527, and 6S,, = £2.27% calculated by Formula (4.21).

When accuracy class of voltage transformer is Class 2.5 and current transformer Class 0.5, 6U,, = +3.0%,
and 61, ~ (2.27 — 3.0)% = £0.73% calculated by Formula (4.20), then (AA) = 261, = £1.5%. Therefore, by
the rms current method, the relative error in the line loss calculation with the readings of a watt-hour meter is
only one-quarter of that in the line loss calculation with the readings of a current meter.
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4.5.2  Analysis of Relative Error in Line Loss Calculated by Loss Factor Method
4.5.2.1 Analysis of Line Loss Calculation Based on Ampere Meter Records

As mentioned in Chapter 2, the loss factor method uses the maximum current and the loss factor for line loss
calculation, as shown in the formula below:

AA=32 F/RTx107
Take the total derivative of the above formula and then divide by the above formula to obtain

5(AA) =d(AA)/AA ~ SR+ 26y +OF) (4.22)

The quantity of electricity passing a loss calculation unit during the measuring period can be calculated as per
the following formula:

A=V3Up (Inax f1)c08 9, T 1073

Then
fi =A/<\@Uavlmaxcosq)avTx 10-3>

Take the rate of change of the current load factor f; to the maximum current.

dfi /il =A/ (ﬁUavcoswavTX 10_3) (_121 )

max
Divide by the above formula to obtain
df /fi = = (dlax / Imax) = = Ol max
Calculate the differential of the simple loss factor formula F = 0.2f; + 0.8/, to obtain
dF=(0.2+1.6f;)df
Then
SF;~dF/F;=(0.2+0.16f;)df; / (0.2f; +O.8f,2) =k(df /f1)

In the formula, k£ = (0.2 + 1.6f;,)/(0.2 + 0.8f;) > 1.0, and substitute the formula into Formula (4.22) to obtain

S5(AA) xR+ (2—k) S max (4.23)

If f; = 0.50 ~ 0.80, then k = 1.67~0.76. Assume 6R= 0 and the maximum relative error in current meter
measurements is 61,,,x = £3%, and use Formula (4.23) to calculate

5(AA)=(0.33~0.24)x 3% = +£0.99% ~ +0.72%
As a result, with current meter measurements, the relative error in the line loss calculation by the loss factor

method is one-sixth to one-eighth of that by the rms current method, because there is an inverse relation
between the maximum value and the load factor, and relative errors in these two values can offset each other.
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4.5.2.2 Analysis of Line Loss Calculation Based on Watt-hour Meter Records

The maximum apparent power Sy, calculated with accurate records of the watt-hour meter and the calculated
apparent power loss factor Fg can be used for the line loss calculation within the measuring period 7.

AA=(R/U)Sa FsTx107? (4.24)

Similar to the above, take the total derivative of Formula (4.24) and then divide by Formula (4.24) to obtain
the formula of relative error in the line loss calculation:

S(AA) R OR + 288 max + 6Fs—26U,y (4.25)
The quantity of electricity passing a loss calculation unit can be calculated as per the following formula:
A =P fpT x 1073 = (Spax cOs g )fp T x 1072
SO fr= Al(Smaxc0s@sT x 107), dfp/dSmax = —A/(S*maxcosgsT x 107), obtaining

dfP/fP = _dSmax/Smax

According to the loss factor calculation table F(fp, cCOs@n.x) in Table 4.1, when fp is reduced from 0.90 to 0.8
and cos@p.x = 0.80, the corresponding Fg is reduced from 0.844 to 0.705, resulting in dFs/Fs= 1.48dfp/fp.
Substitute Fp = 0.2fp + 0.8f 2, into Formula (4.7) for a similar calculation. When COSPmax = 0.80, dF¢/Fg =
1.59dfp/fp. When analyzing and calculating the error, take dF¢/Fs ~ 1.50(dfp/fp) = —1.50(dS nax/Smax), and
substitute it into Formula (4.25) to obtain the following formula:

S5(AA)~OR + (2—1.5)88max — 26U,y (4.26)
Similar to Formula (4.21), the formula of relative error in the maximum apparent power can be obtained.

88 max = €08 Pg(dPray /Prmax ) + 51205 (dOrmax / Omax ) (4.27)

Under normal circumstances, the power factor at maximum apparent power time is smaller than the average
power factor during the measuring period. For the consistency of comparison, when cosg,, = 0.85, cosgs =
0.80. With the same accuracy of the watt-hour meter and transformer, use Formula (4.27) to obtain 6Sy,.x =
+2.36%. Substitute 6U,, = +£3.0% into Formula (4.26) to obtain 6(AA) ~ +4.82%.

According to the above analysis of relative error:

1. Based on the current meter measurements, the relative error in the line loss calculation by the loss factor
method is smaller than that by the rms current method. If only the current meter measurements are avail-
able, the loss factor method is recommended for the theoretical line loss calculation.

2. By means of the rms current method, the relative error in the line loss calculation based on watt-hour meter
measurements is much smaller than that based on current meter measurements.

3. Based on the watt-hour meter measurements for in the line loss calculation, the relative errors obtained by
the above two methods are generally below 5%, and both methods can be selected depending on specific
data conditions and problems to be analyzed.
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Line Loss Calculation after
Reactive Compensation

5.1 Calculation of Load Curve Parameters after Reactive Compensation

The ratio of the actual active compensation capacity to the minimum reactive load is called the reactive com-
pensation degree p; p = Qcom/Omin- When p < 1, it is called under-compensation; when p = 1, it is called full
compensation; when p > 1, it is called over-compensation. Subscripts 1 and 2 can be used to express para-
meters before and after the compensation.

5.1.1 Calculation of Reactive Load Curve Parameters at
Under-Compensation

As shown in Figure 5.1, when pfqg < fq,

_leQmaxl —Qcom X 1 _le _pﬁQl

= = 5.1
fQ2 (Qmaxl _Qcom) x1 l_pﬂQ] ( )
_ (ﬁQl —Pﬂgl)Qmaxl _ ﬁQl (1-p)
ﬁQZ B QmaxZ - 1_pﬁQl (52)
tan Pav2 =f?igm'axz = (1 _p%) tan Pavi (53)

According to the above formulas, reactive compensation changes the shape and characteristic parameters of the
reactive load curve, so fqo2 < fo1, Bz < foi, and tang,,, < tang,,; after under-compensation, thus cosg,,, >
COS¢,y1. This indicates a smaller reactive load factor and smaller minimum load rate but a larger average power
factor after compensation.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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0/ szax

1.0

1.0 T

Figure 5.1 Under-compensation, p < 1.

Q/Qmax
10

PﬁQ

fo fr-—-—-—+—-

1 L0 ¢T

Figure 5.2 p > I, no back transmission of reactive power.

5.1.2  Calculation of Reactive Load Curve Parameters at Weak
Over-Compensation

Weak over-compensation means that the reactive compensation capacity is larger than the minimum reactive
load but smaller than the average reactive load and includes the following two possible situations.

1. If the compensation capacity can be automatically regulated, there is no back transmission of reactive

power in the line. As shown in Figure 5.2, Q(#;) = pfiq:1, t1 should be first obtained to calculate the load
factor fq, of the full period.

The analysis of reactive load curves of many lines indicates that, when f5; < 0.70, the condition fq; <

1
5(1 +pq1) can be satisfied, and the Type 2 Rossander Formula (3.7) of the load duration curve can be used
to determine #;, that is

PBo1=Po1 + (1 —ﬂgl) (1 _tl)%
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So
-t = [ﬂQl(p_l)/(l_ﬁQl)r
that is
_ A
Hh=1- |:ﬁQ11_(71;Q11):| (5-4)

After integral operation and simplification,

fQ2= JQ(z)dt_pﬂgltl /QmaxZ
0 (5.5)

=le —ﬁgl -1 ﬁQl (p—-1)(1-fo1)
1—ﬁQl (1 —ﬂQ1) (1 —Pﬂgl)

According to Figure 5.2, B, = 0 at this time.
2. If the compensation capacity cannot be regulated, there is a brief back transmission of reactive power
in the line.
In Figure 5.3, the dashed area is the reactive electricity back-transmitted; and this can be calculated as
1
per [ [Qcom—0Q()]d1, 50 foo can be calculated as per the following formula:

n

f 1

fo2={ [ 100)- Qe+ [1Qum-(0) a1 / O

0 0

O/ Ormax
10

PﬂQ

o

f 10 T

Figure 5.3 p > 1, back transmission of reactive power (dashed line is the load duration curve considering back
transmission of reactive power).

www. Technicalbookspdf.com



72 Line Loss Analysis and Calculation of Electric Power Systems

After integral operation and simplification,

=fQ1 —Pﬂgl + ﬁQl(P—l)(l—le)

fQ2 2(1—l1) (56)
1 —PﬂQ1 (1 —ﬂgl) (1 —PﬁQ1>
Pz = 0 at this time.
Under the above two situations, Omax2 = (1 = pBo1)Omax1, SO
_ for
tang,,, = (l_pﬁQl)ﬂtm¢avl (57)

5.1.3 Calculation of Reactive Load Curve Parameters at Strong
Over-Compensation

Strong over-compensation means that the reactive compensation capacity is larger than the average reactive
load but smaller than the maximum reactive load and it includes the following two possible situations.

1. If the compensation capacity can be automatically regulated, there is no back transmission of reactive
power in the line. f, can be calculated as per Formula (5.5), and the average power factor can still be
calculated as per Formula (5.7).

2. If the compensation capacity cannot be regulated, there is lengthy back transmission of reactive power in
the line. After integral operation and simplification,

_ (l—fgl) (PﬂQL—le)
sz—Z(I—I])(l_ﬂQl)— (l—pﬂQl) (58)

The maximum reactive power back-transmitted is larger than the maximum reactive power forward-trans-
mitted, so

Omax2 = (Qcom _Qminl) = (pﬁQl _ﬂgl)Qmaxl

Therefore, the relational expression of the average power factor is

/i
tang,,, = (p_l)ﬂQlJ%tan(pavl (59)

5.2 Calculation of Loss Reduction Effect of Reactive Compensation

The calculation of the loss reduction effect of reactive compensation (hereinafter referred to as the reactive
compensation effect) is an important topics in theoretical line loss calculation, and it is also a complicated
issue because the total loss reduction is also related to electric energy losses caused by the transmission
of active loads. Previous chapters introduced equal and unequal time equivalent load curve methods and
derived calculation formulas for reactive load curve parameters under various compensations, which
provided conditions for the calculation of the reactive compensation effect.
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5.2.1 Calculation of Compensation Effect at High Natural Power Factor

The power factor before compensation is generally called the natural power factor. Urban public lines and
some dedicated lines have a high natural power factor and generally meet the condition of cosg,, > 0.7.
Therefore, the line loss calculation before and after the compensation should use relevant formulas under

Prax = Prax listed in the left column of Table 4.4. The calculation of reactive compensation effect is intro-
duced below by three situations.

1. In the case of under-compensation, first calculate the compensation degree p based on the average power
factor after compensation, that is

pzﬁ(l__ta“‘”aﬂ) (5.10)
Poi tang,,;

Then, use p to calculate the parameters fo, and fq, of the reactive load curve after compensation.
Note that 8, # /3 and because fq; is based on Qpax2, and /3 is based on Ppax = Praxs SO /3 should be
calculated as per the following formula:

IB=ﬁQ2taﬂ€0av2/kf2 (5.11)
ke =fpo /fp

Wherein kg, — ratio of reactive load factor to active load factor after compensation.
2. Inthe case of over-compensation, the compensation capacity can be switched by group without back trans-
mission of reactive power. First of all, determine the compensation degree p. When 1 <p <fqi/fq1, itis weak

. r .. . . .
over-compensation; when fp1 /o <p < ﬁ—, itis strong over-compensation. Calculate the period #; during
01

which both active power and reactive power are transmitted in the line, and then calculate the parameter f,
of the reactive load curve after compensation and tang,,, of the average power factor after compensation.
Use 14, tang,,», and fp to calculate the parameterf , of the equivalent load curve after compensation.

Obviously, fqo =0 after over-compensation, so ,B =0, and the calculation formula of loss factor F, of the
equivalent load curve can be simplified to that including only one parameter, f ». The electric energy loss AA
can be calculated as per Formula (4.17).

3. Inthe case of over-compensation, the compensation capacity cannot be regulated and back transmission of
reactive power occurs. The calculation process is the same as the above. Note that tang,,, after strong
over-compensation can be calculated as per Formula (5.9), and f, values at weak over-compensation
and strong over-compensation can be calculated as per Formulas (5.6) and (5.8), respectively.

For ease of use, the calculation process and the formulas applied under the above three situations are
shown in Table 5.1.

Example 5.1 For a 10 kV dedicated line in a certain city, the parameters of its quarterly load curve are
as follows: fp=0.90, Bp=0.712, fo1 = 0.887, fo1 =0.676, cOS@ay1 = 0.70, Ppya = 4000 kW, and the resistance
of the line is 1 Q per phase (the temperature factor is taken into account).

1. Try to calculate reactive compensation capacities needed when the average power factor is increased to
0.80, 0.85 and 0.90.

2. Based on a quarter as the calculation period, try to compare loss reduction effects of various compen-
sation capacities.
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Table 5.1 Summary of calculation formulas for electric energy losses after reactive compensation.

Reactive load curve parameters ~ Equivalent load curve parameters ~ Loss factor Electric energy loss
P . . R .o .
for=(for=Po1)/ (1-pbo1) Fa=5fe(1+tang,,) F2=0.63975+0.361 AA= U—Zmesz
b - P . av
ﬁQZ = (/))Ql —Pﬂgl )/(1 —Pﬂgl) B :ﬁQ2 tan gy, /k2 (fz +f25, ‘/}2) x2Tx 1073
A . . 2 .
f=1=[Bo1(p=1)/(1-Be1)] s f2=11 F>=0.639f +0.3611,
l:fL Vo t t+t1
l—le (fP+ lfP anfﬂavz)
_for=Po
Jor="2 bor R ..
AA= TPmax X
" Boi(p=1) (1-fo1) U
1- 1-pp Fy(1+1)Tx1073
fQ(l _5511) ( p/ Ql) tan Pav2 = (l_pﬂQl);Q_ztan(ﬂuvl 2( 1)
fQ2=1—+2(1—l‘1) 01
—ﬁQI

Poi(p—1) (1-fo1)
(1-Bo1) (1-pho1)

for=2(1-11) )
(1-5,) Joo
(PPor—To1) tan @, = (p- 1)/}Q1fztan(/)avl
~ (1-pber)
B =0 ,Bz =0
Solutions

1. Calculation of electric energy loss before compensation. tang,,; = 1.020 2 is given, so

o1 1
J=5fe(1+tang,,) =5 x0.90x (1+1.020 2)=0.909 1

, 0.676 x 1.020 2
ﬂzﬂQl tan(ﬂavl /kfl = W =0.699 8
F=06397 +0.361( +/j3—3)
=0.639x0.909 12+0.361 x (0.909 1+0.909 1x0.699 8-0.699 8)
=0.833 3

Use Formula (4.16) to calculate the electric energy loss before compensation as

R . .
AA, = U—zpﬁmeszx 1073

av

:ﬁx (4x10°)* x0.833 3x2x (8760/4) x 1073
1

=58.398 x 10*(kW-h)
2. Calculation of compensation degree and compensation capacity. Use Formula (5.10) to calculate the

compensation degree p. Qnmax1 = Pmaxtang,,1/ke;, so the calculation formula of the compensation capacity
can be obtained as

Ocom = PPrax1 Cmax1 =pﬁQ1Pmax tan@,, /kfl
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The calculation results of the compensation degree p and the compensation capacity are shown in
Tables 5.2 and 5.3.
In Table 5.2, the loss reduction rate of reactive compensation is

Fy—F
x100% = —2—L x 100%

AA; F

5(AP)% = ( M) x 100%

COS™ Pyv2

According to Table 5.2, when fp is closer to 1.0, 5(AP)% is closer to the loss reduction rate 6(AA)%.

8(AA) and Qo values listed in Tables 5.2 and 5.3 can be used to calculate the average electric energy
loss C reduced by installation of reactive compensation equipment per unit capacity. If the calculation
period is one year (8760 h), then the following results can be obtained:

cos@,y 0.70 — 0.80

131 629
972.7

Car=4x =541.3(kW-h/kvar)

cos@,y 0.80 — 0.85

184 946—131 629
—dx 2007 0% 45463 (kW-h/k
Cro=4x ooy - D463 (kWh/kvar)

cos@,, 0.85 — 0.90

233 534-184 946
CA3 =4x m = 39883(kWh/kvar)

According to the above results, Car = 0.84Ca1, Caz = 0.737C4,. This indicates that the effect of instal-
lation of the first kilovar reactive compensation equipment is better than that of installation of subsequent
kilovar reactive compensation equipment. Therefore, if the amount of investment is certain, the distribu-
tion of reactive compensation capacities must be optimized, which should not only meet other constraint
conditions such as voltage quality, but also gain the optimal loss reduction benefits.

5.2.2  Calculation of Reactive Compensation Effect at Low Natural
Power Factor

If the natural power factor is cosg,,< 0.70, Pmax = Qmax1, the formulas in the right column of Table 4.4 should
be used to calculate f,  and the electric energy loss, that is

R

AAl_—P FIXZTXIO_

vz 0z leFl x2Tx107?

If the average power factor cosg,,, is still smaller than 0.70 after compensation, at this time Q\ax2 > Pmaxs SO

1 .
f= sz (1 + ang vz) B=Pg,- The electric energy loss is

AMy=— R Fyx2T %107

Fyx2Tx1073 =
Uz,

U2 Qmax 2

max
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The loss reduction rate after compensation is

AA|-AA 2 LF
5(M)%=f x 100% = <1-%> x 100%

1

Fin
=(1-&)x100%
F

1

max 1471

(5.12)

Wherein  Faiqe — loss factor included by the maximum value of the equivalent load curve after reactive com-
pensation; the subscript “inc” refers to inclusive. Omax2 = Omax1(1 — pPo1), 50

F21n0=(1_pﬁQ1)2F2 (5.13)

After compensation, if the average power factor is cosg,y, > 0.70, at this time Qa2 < Prmaxs Pmax2 = Pmax, the
electric energy loss is

R .o

Ady=—P
U

max 2 max

. R .
Fyx2T x 10‘3=U—2P2 Fyx2Tx 1073

av

The loss reduction rate after compensation is

AA[-AA P2 F
5(M)%=f x 100% = <1—L.2> x 100%

1 2

max 1171
FZinc
=(1-——) x100
( F1> %

Omax1 = Pmaxtanwavllkfl’ SO

. ki O\,
innc=( 1 )Fz (5.14)

Example 5.2 For a certain 35 kV agricultural electric line, the parameters of its quarterly load curve are as
follows: fp=0.50, fp=0.208 2, f=0.624 6, Bq1 =0.326 7, cos@y,y1 = 0.60, Ppax = 10 MW, and the resistance
of the line is R = 1 Q per phase (the temperature factor is taken into account).

1. Try to calculate compensation capacities needed when the average power factor is increased to 0.70,
0.75 and 0.80.

2. If a quarter is taken as the loss calculation period, try to compare loss reduction effects of various
compensations.

Solutions
1. Calculation of electric energy loss before compensation. cosg,,; < 0.70, so Proax = Omaxs obtaining

.1 1 1 1 . . .
f= EfQ (1 + m) = E x0.624 6 x (l + m) =0.546 5. Since Pmin = Pmins ﬁzﬂpkﬂ/tan(ﬂavl =

0.624 6/0.50

0.208 2 x 1333

=0.195 1. So the loss factor is
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F=0.639F"+0.361(f +/-p)
=0.639% (0.546 5)2 +0.361 x (0.546 5+0.546 5x0.195 1-0.195 1)
=0.356 2

1.333

2 10,67 x10°
(0.624 6/0.50) — 1067 <10

As mentioned in Example 5.1, Qnax1 = Pmaxtan@ayi/ke; = (10 x 106) X

(Mvar), so the electric energy loss is

R . R :
AA = Pr Py x2Tx 1073 = Q2 Fy 2T x 1073
Uav UﬂV

= (14)2 x (10.67x10°)* % 0.356 2x 2
3.5x10

x (8760/4) x 107 = 14.50 x 14*(kW-h)

2. Calculation of compensation degree and compensation capacity. See Table 5.3 for the calculation results.
According to the comparison between 6(AA)% and 6(AP)% in Table 5.3, when the load factor is low,
the replacement of 6(AA)% with 6(AP)% will lead to larger positive errors.

5.3 Calculation Curves of Annual Electric Energy Losses for
Power Grid Planning and Design

During the planning and design stages of power grids, annual electric energy losses and annual operating
costs of some units (main transformers, lines, etc.) need to be calculated, so as to compare the technology
and economy of different programs and select parameters of electrical equipment or sectional area of line
conductors. Because the calculation of annual electric energy losses is based on estimates of the annual load
curve, the requirement on the accuracy of calculation results is not high, but the calculation method must be
simple and reasonable.

5.3.1 Calculation Curves of Annual Electric Energy Losses of 35-110 kV
Transmission Lines

The authors collected and analyzed data about loads of 35 and 110 kV transmission lines, finding that larger
reactive loads pass medium-voltage transmission lines and change less significantly than active loads. Under
general situations, the two load factors of such lines are f, > fp. Statistical calculation can derive the following
formula:

fo=0.045 6+0.987 1fp(correlation coefficientr = 0.858) (5.15)

.1
Substitute Formula (5.15) into f = E(fp +fptang,,,, ), obtaining the calculation formula of the load rate of

the annual equivalent load curve:
fy =fp(0.5+0.493 6 tang,,,, ) +0.022 8 tan g, (5.16)

Substitute Formula (5.16) into Formula (4.13), obtaining the calculation formula of the loss factor of the
annual equivalent load curve:

Fy=0.639f,+0.361(f, +7,,~5,) (5.17)
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Wherein ﬁ\ — minimum load rate of annual equivalent load curve; generally ,/3’), = fp.
Use the annual active load factor fp, the power factor at maximum load time cosg, (it is believed that the

maximum values of active load and reactive load occur at the same time) and ﬂy as variables to calculate Fy, as
shown in Table 5.4. According to the data listed in Table 5.4, the calculation curves of annual electric energy
losses of 35-110 kV transmission lines can be drawn as shown in Figure 5.4.

According to Table 5.4, when fp and cosg,,.« are certain values, a larger difference in ﬂ‘ indicates a larger

difference in F y- For example, when fp = 0.60, cos@max = 0.85, ﬁy at 0.2 and 0.5 matches Fy at 0.301 7 and
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Figure 5.4 Calculation curves of annual electric energy losses of 35-110 kV transmission lines: (a) /'}y: 0.20; (b) /'}y:
0.30; (c) B,= 0.40; (d) B,= 0.50.
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0.247 3, respectively, and the difference reaches 22%. This indicates that it is necessary to consider the
minimum load rate f, in the calculation of annual electric energy losses.

5.3.2  Calculation Curves of Annual Electric Energy Losses of 220 kV
Transmission Lines

The authors also collected and analyzed daily load, quarterly load and annual load curves of some 220 kV
transmission lines, indicating that centralized reactive compensation equipment is always installed in the
receiving ends of such 220 kV lines to transmit more active power and reduce losses. Therefore, smaller
reactive loads pass such 220 kV transmission lines and no transmission of reactive power often occurs for
short time. These load curves have two characteristics, that is f, < fp, fp = 0.

According to relevant analysis and calculation of the collected data,

fo=0.787 4fp — 0.0144 (correlation coefficientr =0.759 9) (5.18)

.1 .
Substitute Formula (5.18) into f == (fp + fp tan@,,, ), obtaining the calculation formula of the load rate f, of
2 o max g y

the annual equivalent load curve:
fy =fp(0.5+0.393 7 tan@,,,, ) —0.007 2 tan @,y (5.19)
Given g =0, B,= 0, so the formula of the loss factor of the annual equivalent load curve is obtained:
F,=0.639f, +0.361f, (5.20)

Use the annual active load factor fp and the power factor cos@,,x at maximum load time as variables to cal-
culate F y as per Formulas (5.19) to (5.20), as shown in Table 5.5. According to the data listed in Table 5.5, the
calculation curves of annual electric energy losses of 220 kV transmission lines can be drawn as shown in
Figure 5.5.

Table 5.5 F, calculation values of 220 kV transmission lines.

ﬁ:
COSPmax 0.40 0.45 0.50 0.55 0.60 0.65
0.85 0.160 7 0.189 0 0.2190 0.250 8 0.284 3 03196
0.90 0.146 0 0.171 3 0.198 0 0.226 4 0.256 2 0.287 6
0.95 0.129 8 0.151 8 0.175 1 0.199 6 02255 02525
I
COSPmax 0.70 0.75 0.80 0.85 0.90 0.95
0.85 0.356 7 0.395 6 0.436 2 0.478 6 0.522 8 0.568 7
0.90 0.3205 0.354 9 0.390 8 0.428 3 0.467 3 0.507 7
0.95 0.280 9 0.310 5 0.3415 0.373 5 0.407 0 0.4417
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Figure 5.5 Calculation curves of annual electric energy losses of 220 kV transmission lines.

For comparison, Figure 5.5 shows a Troger line loss calculation curve at cos@y.x = 0.90 drawn using
data in Table 4.1 and a Glazynov line loss calculation curve at cosg,, = 0.90 drawn using the interpolation
method. According to the comparison, the latter line loss calculation curves have higher Fy values.
Within the annual load rate range of 0.50-0.70, such value may be higher than 39-62%, so Glazynov curves
should no longer be used for line loss calculations in the engineering design of high-voltage and urban
power grids.

5.3.3 Calculation Curves of Annual Electric Energy Losses of Agricultural
Electric Lines Consuming Electricity on a Quarterly Basis

The authors collected and analyzed data for annual load curves of agricultural electric lines consuming elec-

tricity on a quarterly basis in northern China, indicating that such lines have a lower annual active load factor,

lower minimum active load rate, but higher annual reactive load factor due to the characteristics of quarterly
consumption. Relevant analysis of the materials about load curves leads to

f0=0.195 0+0.829 8fp (correlation coefficient r=0.9482) } (5.21)

Pp=0.527 8fp—0.081 9

As per Formula (5.21), fp serving as a variable that can constitute corresponding load curve parameters, as
shown in Table 5.6.
1 . . .
When cos@ .« < 0.707, use f =§(fQ +fp tang,,,, ) and = fp/tang,,, to calculate f and f3, and use For-

mula (4.13) to calculate the loss factor F of the equivalent load curve. As cos@n.x < 0.707, the maximum
value of the equivalent load curve depends on the maximum reactive power, that is Pmax = Qmax, Obtaining

R .
AA= U—fonaxe 2T %1073 (5.22)
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Figure 5.6 Calculation curves of annual electric energy losses of agricultural electric lines with quarterly loads.

When the maximum active power and the maximum reactive power occur at the same time, obtain szax =
P2mxtan2(pmax and substitute it into Formula (5.22) to obtain

R . R .
AA= U—zpiaxtan%omaxe 2Tx1073 = U—zpiaxﬂm x2Tx 1073 (5.23)
av av

Fine =tan’g, F (5.24)

Wherein  Fi,. — loss factor of the equivalent load curve which is included to the maximum active load.
1 ) ; , ;
When cos@.x >0.707, use f = 3 (fp +fotang,,,, ) and = fp to calculate f and f, and then to derive F. Use

Formula (4.12) to calculate AA.
Table 5.6 shows the calculation results of F and Fi,. when COSPmax 18 0.50, 0.60, 0.70, 0.80. Figure 5.6
shows line loss calculation curves drawn by the data in Table 5.6.

Example 5.3 There is a 110 kV line with conductor model LGJ150, length of 50 km, and ry = 0.21 Q/km.
The parameters of its annual load curve are as follow: fp=0.505 4, fp=0.2, f, =0.490 1, B, =0.263 2, Sipax =
30.81 MVA, P = 25 MW, QOnax = 19 Mvar. The maximum active power and the maximum reactive
power do not occur at the same time. Try fo calculate its annual electric energy loss and compare the results
calculated by different methods.

Solutions
1. Calculation of the electric energy loss by S,,.. and Fs. Substitute fp, fp and fy, po into Formula (2.28)
respectively to obtain Fp=0.310 0, Fp = 0.282 0. The maximum active power and the maximum reactive
power do not occur at the same time, so
COS Pax = Prmax /Smax =25/30.81=0.811 4

sing’ = Omax/Smax =19/30.81=0.616 7
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According to Formula (4.3),

Fg=Fpcos® @y, + Fosin’¢/
=0.310 0% (0.811 4)*+0.282 0 (0.616 7)*
=0.3113

Since R = 0.21 x 50 = 10.5 Q, use Formula (4.2) to obtain the electric energy loss as

10.
an=— 103, (30.81x10°)*x0.311 3x8760x 10~

(1.1x10%)?
=224.63x 10*(kW-h)

2. Calculation curve method of annual electric energy loss. As pp = 0.2, according to calculation curves

shown in Figure 5.4a, fp = 0.505 4, cos@na.x = 0.811 4. Use the interpolation method to calculate F=
0.234. Use Formula (4.12) to calculate the electric energy loss as

10.
aa=— 109 (25%10°)% x0.234x2x 8760 x 103

(1.1x10%)
=222.3x10*(kW-h)

Compared with the result in Solution 1., the calculation error is

222.3-224.63

5(A4)%= ( 224.63

) x 100% = -1.02%

3. Troger curve method. Substitute fp and cos@y,.y into Formula (4.8) to obtain Fg = 0.383 5. Compared with
Fs obtained by Solution 1., the calculation error in the electric energy loss is

0.383 5-0.3113

o7 —
‘MAM_( 03113

) x 100%=23.19%

4. Glazynov curve method. As fp=0.505 4, the corresponding values are T},,,x =4427 h and cos@,.x =0.811 4.
According to T ,.x—Tmax curves in Figure 5.1, use the interpolation method to obtain z,,,,, =2900 h, and then
Fg=2900/8760 = 0.331 0. Compared with F obtained by Solution 1., the calculation error in the electric
energy loss is

0.331 0-0.3113

5(AA)%=( 03113 >x100%=+6.33%

The above calculations in the example were prepared using load materials collected in China; they indicate
that the calculation curve of annual electric energy loss proposed by the authors is simple and it derives a
smaller error than that derived from other line loss calculation curves, so it is recommended in the planning
and design stages of power grids.
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Change Law for the Electric Energy
Losses of Power Grids

There are many substations, lines, and other power grid units within any region governed by a power supply
enterprise, so it is very complicated and difficult to accurately analyze the relationship between the total
electric energy loss of regional power grids and the operating parameters such as average operating voltage,
load factor, and average power factor. A deeper understanding of this issue is likely to predict and control
the regional line loss rate with multiple variables, thus improving line loss management to a new level. This
chapter will introduce the line loss binomial, analyze the relationship between no-load loss and operating
voltage, and calculate the load loss coefficients for various voltage classes of power grids. This chapter will
also analyze the reduction of electric energy losses by controlling the voltage level based on the above
contents.

6.1 Basis of Analysis of Line Loss Changes
6.1.1 Line Loss Binomial

It is well-known that power and energy are scalar quantities. Power losses and energy losses in various power
grid units within a region are cumulative, and the power loss and electric energy loss of any power grid unit
are generally composed of no-load loss and load loss. Therefore, the total electric energy losses of power
grids in a region are also composed of total no-load losses and total load losses. Based on this judgment,
the following line loss binomial can be quoted:

AA=B+CA? (6.1)

Wherein  AA — theoretical electricity line loss of power grids (kW-h);
B — theoretical no-load electricity loss (fixed loss; kW-h);
C — coefficient determined by electric supply and load loss (variable loss) within the theoretical
calculation period [1/(kW-h)];
A — electric supply of power grids within the theoretical calculation period (kW-h).

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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For the analysis of operating electricity line loss, B should also include unknown loss (management loss).
The following agreement can be reached from the perspective of operational analysis:

B — no-load loss of power grids or units; unknown loss is included for operational statistics (kW-h);

C — load loss coefficient of power grids or units [1/(kW-h)];
A — electric supply of power grids or units (kW-h).

6.1.2 Condition of Minimum Line Loss Rate

Divide by electric supply on both sides of Formula (6.1) to obtain

AA B
7 = Z + CA
Then
AA%=AAO%+AAL% (62)

Wherein  AA% — line loss rate;
AAy% — no-load line loss rate;
AA; % — load line loss rate.

Calculate the derivative of the variable A in Formula (6.2) to obtain

d (AA%) B

a - ate

According to the above formula, the condition of minimum line loss rate AA% is

B
Copzﬁ

Substitute Formula (6.3) into Formula (6.1) to obtain

When the no-load electricity loss is equal to the load electricity loss, and both of these are equal to one-half of
the total electricity losses, the total line losses are minimal, and the line loss rate is at its least.
For ease of estimation, Formula (6.3) can be converted to

B/A  AA%
Cr="4 =74

(6.4)

According to Formula (6.4), when the load loss coefficient is equal to the no-load line loss rate per unit power
supply, the total line loss rate is the lowest and equal to two times the no-load line loss rate.

Assume that @ = B/CA? is the loss constituent ratio, and the condition of the minimum line loss rate is
0 = 1.0. To measure the “difference” between the actual line loss rate and the minimum line loss rate, the
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deviation coefficient Ki,on.op can be defined to measure such difference. When 6 = 1.0, K,; = 0, so the cal-
culation formula of the deviation coefficient can be obtained

Khonop=0.50 (1/6-1)

If 0 is changed from 0.60 to 0.80, Kjon.op 18 reduced from 0.333 to 0.125, indicating that a larger € leads to a
smaller difference between the actual line loss rate and the minimum line loss rate.

The condition of minimum line loss rate can be satisfied for some power grid units (such as distribution
transformers). The condition of minimum line loss rate is also likely to be realized for regional power grids.
This concept can guide line loss management personnel to optimize technical measures of loss reduction.

6.2 Calculation and Analysis of No-load Loss

In general, there are three typical mathematical expressions to define the relationship between the no-load loss
and the operating voltage of power grid units, namely, higher-order expression, square expression, and quasi
square expression.

6.2.1 Higher-Order Expression

The relationship between the no-load power loss and the operating voltage of a distribution transformer
whose core is made of hot-rolled silicon-steel sheet was once measured [23]. The least square method
can be used with the measurement to derive the following empirical formula (see Appendix D).

APy, ~ 1.08U*, (U, # 1.0, correlation coefficient r= 0.9514) (6.5)

Wherein APy, — per unit value of power loss based on the no-load power loss AP, under rated voltage;
U, — per unit value of operating voltage based on rated voltage.

If the voltage change within the measuring period is u.(f), then the no-load electric energy loss of the dis-
tribution transformer within the measuring period can be calculated as per the following formula:

T
AAg= APy x 10-3J1 08[u, (1)]*dt
0

[W2(1)])

*

=1.08AP;x 1073

=1.08AP x 1073 |[U(1))*dt

SN ot~

Wherein  U(f) — voltage square curve, that is U(f) = u”,(2).
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With such concepts as load factor, minimum load rate and loss factor in the loss factor method, the average
fu and the minimum value By of U(f) within the measuring period can be calculated, that is

]U(t)dt Iui(x)dr

fu= Sy
UmaXT u%maxT
2
_ WPl
w2 T "
*max
. 2
ﬁ _ Umm _ u*min _ﬁZ
U~ -2 —Fu
Umax uzmax

The above analysis shows that the average of the voltage square curve is equal to the loss factor of the voltage
curve; the minimum value of the voltage square curve is equal to the square of the minimum value of the
voltage curve. Substitute f; = F,, and fy = ﬂzu into Formula (2.28) to derive the loss factor of the U(f) curve
and finally obtain AA,, that is

T

AAg= 1.08AP0J[U(z)}2dzx 1073
0

=1.08AP U~ FyT x 1073

max

(6.6)

When the deviation of operating voltage is controlled within +5%Uy, tymax = 1.05, tymin = 0.95, then
Fu=0.95/1.05 = 0.905. Because f, is closer to 1, f, = (1 + ,)/2 = 0.952. Substitute f, and f, into Formula
(2.28) to obtain F,

fu=Fy=0.639%(0.952)% +0.361 x (0.952 +0.952 x 0.905-0.905)
=0.907 1
Bu=p2=0.905"=0.819 0

Substitute f;; and By into Formula (2.28) to obtain Fyy = 0.8258. As U?nax = (U2amax)” = 1.102 52 = 1.215 5,
substitute all of them into Formula (6.6) to obtain

AAp=1.08AP;x1.215 5%0.825 8 xTx 1073
=1.084AP,Tx 1073

The above result indicates that as to the distribution transformer made of hot-rolled silicon-steel sheet, if its
operating voltage is close to the rated value and changes within +5% of the rated value, its no-load electric
energy loss is about 8% higher than that when its voltage is constant and equal to the rated value.

‘When the operating voltage changes within (0.90-1.10)Uy, do the relevant calculation to obtain F,, ~ 1.003
5f 2, Fu=1.014( fU)2 =1.021 1f 4 . Then, Formula (6.6) can be converted to the following approximate formula:

AAg=1.08x1.021 1u? , f*APTx 107

=1.103U* AP,Tx1073

*av

(6.7)

According to Formula (6.7), when the voltage level is reduced to 0.95Uy, AAy = 0.90AP,T x 1073, that is the
no-load electric energy loss of the distribution transformer is probably reduced by up to 10% less than that
when its voltage is constant and equal to the rated value; when the voltage level is increased to 1.05Uy,
AAg = 1.341AP,T x 107, that is, the no-load electric energy loss is increased by about 34.1% more than
that when its voltage is constant and equal to the rated value. This theoretically proves that reasonable reduc-
tion of the operating voltage can reduce the no-load electric energy loss of the distribution transformer.
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6.2.2 Square Expression

The dielectric losses in the power cable and high-voltage bushing are in direct proportion to the voltages
squared and can be calculated respectively as per the following two formulas:

AAcuo=3U%0Cotan 5T x 1073 68
AApyno = U2wCtan 8T x 1073 :

Wherein Cj — capacitance per unit length of power cable (uF/km);
C — capacitance of high-voltage bushing (pF);
tand — tangent of dielectric loss angle of power cable and high-voltage bushing.

Here concepts in the loss factor method can be used again to analyze the no-load dielectric loss of the high-
voltage bushing under voltage change, so the formula below is derived:

T

AApysh.0 =wC tan 5JU2(t)dt x1073
0

=wC'tan 6U2, F,Tx 1073

max

‘When the deviation of operating voltage is not more than £5% Uy, as mentioned above 3, = 0.905, f, = 0.952,
while F, = 0.907 1, f%, = (0.952)* = 0.906 3, so take F, ~ >, approximately. Also, as Uy = UZmaxf “us
substitute the above into this to obtain

AApysno=oCtan SUZ, T x 1073 = APy U2, T x 1073

(6.9)
APpysho =oCtan 5U1%I

Wherein U,,, — per unit value of the average operating voltage based on a rated voltage;
APyysh0 — dielectric power loss of the bushing when the operating voltage is a rated voltage (W).

According to Formula (6.9), when the voltage changes within (0.95-1.05)Uy, the no-load electric energy
losses of some power grid units can be calculated with the per unit value of average voltage.

6.2.3 Quasi Square Expression

The relationship between the no-load power loss and the voltage of a low loss series distribution transformer
whose core is made of cold-rolled silicon-steel sheet was also measured [23]. The measurement data can be
collected and used to derive the following empirical formula (see Appendix D).

APy, = 1.012U"%, (U, # 1.0, correlation coefficient r= 0.932) (6.10)

According to the above analysis, the calculation formula of no-load electric energy loss AAy (kW-h) consid-
ering the operating voltage change can be obtained

AAg=1.012U! 3 AP T x 107 (6.11)
When the operating voltage is reduced or increased by 5% less/more than the rated voltage, the difference

between the no-load electric energy loss under either of these voltages and that under the rated voltage is
smaller than that for the distribution transformer whose core is made of hot-rolled silicon-steel sheet.
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In a preliminary conclusion, other than high-loss series distribution transformers whose cores are made
of hot-rolled silicon-steel sheets, when the deviation of operating voltage is not big, the no-load electric
energy losses of general distribution transformers can be calculated by multiplying the no-load power losses
APy(U = U,,) under the average voltage by the number of hours during the measuring period.

6.3 Calculation and Analysis of Load Loss Coefficient C
6.3.1 Calculation of Load Loss Coefficient

The loss factor formula recommended in Chapter 2 and the load rate calculation formula of an equivalent load
curve proposed by the equivalent load curve method in Chapter 4 can be used to derive the calculation for-
mula of the load loss coefficient C.

If the operation meets the conditions set forth in the left column of Table 4.4, then the f calculation formula
can be rewritten to

f= %(1 +tang,, )fp =afp
(6.12)

1
a=§(l+tan(/)av)

Wherein a — calculation coefficient reflecting the average power factor.

Formulas (4.13) and (4.12) in Chapter 4 are now rewritten to

F=0.639 f° +0.361 (F + 73—

R . .
AA= U—ZanaxF x 2T x 1073

av

Substitute Formulas (6.12) and (4.13) into Formula (4.12), considering ﬂ = fp and Prax = Pmax i general

situations and Pp,x = —, to obtain the following formula after simplification:

/T

— 2 ﬁP -3 2 _ 2
—W{1.278afp+0.722a(1+ﬁp—@>} x 1073 xA2=CA (6.13)

Cc {1.278a2fp+0.722a(1 +ﬂ,,—57’;)} x1073 (6.14)

T UT

Wherein U,, — average operating voltage (kV);
C - load loss coefficient [1/(kW-h)].

According to Formula (6.14), when the resistance R of the power grid unit, the average operating voltage
U,, and the measuring period T are definite values, the load loss coefficient (hereinafter referred to as coef-
ficient C) depends on three operating parameters: the load factor fp, the average power factor within the
calculation period, and the minimum load rate fp.

For ease of application, the authors calculated C values under various voltage power grids, normal load
curve parameters, and average power factors within a measuring period of one month (7' = 720 h). See
Tables 6.1 and 6.2.
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A, RiC

— |
— |

A+A,

eq
A, RG

1 I
— I

Figure 6.1 Inclusion of coefficient C of multiple units in the same bus.

According to Tables 6.1 and 6.2, C is monotonically decreased as fp and cosg,, are increased. Loss
reduction measures can be optimized based on the change law of the C value.

6.3.2 Inclusion of Load Loss Coefficient

6.3.2.1 Calculation of Load Loss Coefficient of Equivalence C of Multiple Units
in the Same Bus

As shown in Figure 6.1, the electric supplies and coefficients C of Ry and R, are A, A, and Cy, C,, respec-
tively. Allow a = A;/A, to obtain the following formula:

Ceq(A1 +42)7 = C1A? + A2
So

=C1A%+C2A%=C102+C2
9T (Ar+4)? (a+1)?

(6.15)

Wherein  C,q — coefficient of equivalence.

According to Formula (6.15), when « is the larger, Ceq is closer to Cj, that is the total load loss coefficient
of equivalence Cq is close to the coefficient C; of the unit with higher electric supply.

When there are n units in the same point of supply, the coefficient of equivalence C.q can be calculated
as per the following formula:

n n 2
Ceq=)» _CiA} / (ZA,—) (6.16)
i=1 i=1

6.3.2.2 Calculation of Coefficient of Equivalence C.q of Multiple Units in
Adjacent Voltage Buses

As shown in Figure 6.2, there is a multi-unit system composed of adjacent voltage buses on both sides of the
transformer.
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Ay

Figure 6.2 Inclusion of coefficient C of multiple units in adjacent voltage buses.

Allow the load loss and low-voltage outgoing load losses of the transformer to be AAt, AA;, and AAj, so
AAr=CrA%, AA =C1A%, AAy=CrA3

With respect to bus a, the coefficient of equivalence of multiple units on high and low voltage sides can be
expressed by C.q, and then the following relational expression can be derived:

CegA% = CrAT + C1AT + A3

So

B A 2 A, 2
ch—CT+C1 (A—T) +C2(A—T)

When 7 units are connected in the bus on the other side of the transformer, the formula below can be derived:

n Ai 2
Coq=Cr+Y G (A ) (6.17)
i=1

T

Formulas (6.16) and (6.17) can be used to include load losses of power grid units with different connection
relations so as to calculate the load loss coefficient of equivalence Ceq.

Example 6.1 Figure 6.3 shows the 35 kV and above power supply network, line parameters, and the capac-
ity and number of main transformers for all substations of a county.

Table 6.3 lists the rated loss of each main transformer, the maximum load at each side of substations, and
load parameters fp, fp, COS@ay.

The measuring period is 10 months (7' = 7296 h). Try to use the calculation method of coefficient C to
calculate the loss rate of the whole region, and line loss rates of 35 kV and 110 kV lines, and to derive
corresponding line loss calculation formula.

Solutions
1. Calculation of line losses of 35 kV system main transformers and lines.
1.1 Line loss calculation of No. 3 substation subsystem.
As Adgap = (24 +29) x 7296 = 38.67 x 10* (kW-h), assume that the form coefficient of apparent power
is the same as that of the active power, so Ks~Kp=+/Fp /fp. Substitute f» and fp values in Table 6.3 into
Formula (2.26) to obtain Fp = 0.668 9, so Ks~+/0.668 9/0.80=1.022.
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(2)
LGJ185/12km |
I
110kV
35kV LGJ120/17.2km
No. 1
substation LGJ70/12.3km
2x20 MVA —_——
| No. 3
10kV No. 2 substation substation (7.5+10) MVA
A 110kV 1 8MVA 10kV
Ay Agp Ag
(b)
— Ay |
110 KV —e—
Ay j
[ 35kV Az
Al/ | o |
e
A/
A, Ay 2
[] Agp
10kV —o— 10kV 10kV
Adl Alr

Figure 6.3 Schematic diagram of line loss calculation of 35 kV and above power supply network of a county: (a) 35 kV
and above network connections; (b) schematic diagram of power supply flow.

Table 6.3 Rated loss and load of main transformers of each substation (7 = 7296 h).

Load of 35 kV
Rated loss (kW) dedicated line Load of 10 kV public line

Capacity of AP N
Substation  main trans- Poax Prax
number former MVA) AP, h.m h.l ml (kW) fp fp cosS@., Pp  cOosp.,, (W) fp

1 2x20 32.6 138.1 1422 101.28 8000 0.40 0.90 040 0.80 2000 0.75

2 1x1.8 8.3 24 085 030 0.75 1000 0.70

3 7.5 (a) 24 75 040 0.85 15000 0.80
10.0 (b) 29 92
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Loads undertaken by two transformers are approximately distributed by capacity to obtain the rms
load as below:

Sims.a =Ks

P, (&) 1022 15000%x0.80 7.5
cos@,, \Sz

X
0.85 175
=6183.5 (kVA)

15000%x0.80 10

Srms.p =1.022 ——=8244.7 (kVA
s 7085 175 (kVA)
5 \2
The load loss of transformers is calculated as per AALp, =APs, ( ;mb) T, that is
N

6183.5\ 2 8244.7\2
AAp 3= {75x ( 7500 > +92 x (10 000) ] x 7296

=113.52x7296=82.82x10* (kW -h)
Look for information about the LGJ120 conductor, obtaining ro = 0.27 Q/km, R = Lry = 17.2 x 0.27 =
4.644 (Q). Use fp, Bp, cos@,, values in Table 6.3 to refer to Table 6.2, and use the interpolation method to

obtain C';3 = 16.01 x 1070 [1/(kW-h)]. Considering the conversion of the two factors of measuring period
and resistance, the load loss coefficient of line L5 is obtained

To 720
=CLR==16.01x10"1"%4.644 x ——
Co =GRy % X %7296

=7.34x1071°[1/(kW -h)]
Allow the inlet electric supply of No. 3 substation to be A3, obtaining

Asp=Agz + AAsp =Agz + (AAg 3, + AAL 3p)
= (15 000x0.80% 7296) + (38.67 + 82.82 x 10*
=8755.2x 10* +121.49x 10*

=8876.69 x 10* (kW -h)

Allow the electricity line loss of L3 to be AA;3, obtaining

AAj3 = Ci3A2, =7.34x 10710 x (8876.69 x 10*)°
=578.36 x 10* (kW -h)

Allow the head end electric supply of L; to be A3, obtaining

A=Az, + AAp = (8876.69 + 578.36) x 10*
=9455.05x 10* (kW -h)
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The load loss, total loss, and respective line loss rate of No. 3 substation subsystem are

AAy 3p1=AAL 3, +AA 3
=(82.82+578.36) x 10*
=661.18 x 10*(kW -h)

AAzp = AApsb + AAL b1
=(38.67+661.18) x 10*
=699.85x 10*(kW -h)

AAg3p

AAg 3% = x 100%

_ 38.67x10*
~9455.05% 10
AAL 3p1
13
_ 661.18x10*
"~ 9455.05% 10

x100%=0.41%

AAL,3b1% = X 100%

x 100% =6.99%

SO AA3 % = AAg 301 % + AAL 35 % =0.41% + 6.99% =7.40%

1.2 Line loss calculation of No. 2 substation subsystem.
As AAgo, = 8.3 x 7296 = 6.06 x 10* (kW-h), use fp and fp to obtain Fp = 0.533 3, so

K ~+/0.533 3/0.70=1.043, thus

1000x0.70
ms.2b = 1.04 —— =973.5(kVA
Srms.20 = 1.043 % — = 973.5(kVA)
973.5\
AAy 25 =24 (@) x7296=5.12x 10*(kW -h)

AAZb =AA042b +AAL'2b = (606+512) X 104
=11.18 x 10*(kW -h)

Look for information about LGJ70 conductor, obtaining 7o = 0.46 Q/km, R = 12.3 x 0.46 =5.66 Q. Use fp,
Pp, cos@,, to refer to Table 6.2, and use the interpolation method to obtain C'j, =22.26 x 10710 [1/(kW-h)].
After conversion,

7296
=12.43x10719[1/(kW-h)]

2
C1p=2226%x10"19x% (7 0) X 5.66

Allow the inlet electric supply of No. 2 substation to be A,,, obtaining

Agp =Aep2 + AAgp
=(1000%0.70x 7296) +11.18 x 10*
=510.72x 10* +11.18 x 10*
=521.90 x 10*(kW -h)
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Allow the electric energy loss of L, to be AAj,, obtaining

AAjr=CpA%, =12.43x 107" x (521.90 x 104)2
=3.39x 10*(kW-h)

Allow the head end electric supply of L, to be Aj,, obtaining

A=Ay +AAj, =(521.90+3.39) x 10*
=525.29x 10*(kW -h)

The load loss, total loss, and respective line loss rate of No. 2 substation subsystem are

AApom =AAL +AA
=(5.12+3.39) x 10*
=8.51x10*(kW-h)

AAsp = AApap + AAL b1
=(6.06+8.51)x 10*
=14.57x 10*(kW-h)

: 10*
52502972(1)04><100%=1.15%

8.51x10*

AA %o = AAg 251 %0 + AAL 2%
=1.15%+1.62%=2.77%

AA().Zbl(% =

AAL.ZbI(% =

1.3 Line loss calculation of No. 1 substation subsystem.

1.3.1 Calculation of rated load power loss at tertiary side of main transformer.
See below for the calculation:

APy = %(Aph,m + APy — APy,

= %(138.1 +142.2-101.28) =89.51 (kW)
AP,y = %(138.1 +101.28—-142.2) =48.59(kW)
APy = %(142.2 +101.28-138.1) =52.69(kW)

1.3.2 Calculation of load loss at medium-voltage side.
Allow the outlet electric supply of 35 kV line to be A’,, obtaining

Ab=Ay+A1+A13=(8000%0.90 x 7296) + (525.29 + 9455.05) x 10*
=(5253.12+9980.34) x 10*
=15 233.46x 10*(kW -h)

www. Technicalbookspdf.com



100 Line Loss Analysis and Calculation of Electric Power Systems

If the difference between the active load rate and the average power factor at inlet and outlet ends of
the line and transformers which is caused by the electric energy loss is ignored, then the approximate
values of load factor and average power factor at the outlet end of the medium-voltage side can be
calculated according to the following formulas:

f _ Pmax.yfRy + Pmax.deP,d2 + Pmax4d3fP4d3
Pm=

Priax.y + Pmax.d2 + Pmax. 43
8000 0.9+1000x 0.7+ 15 000 x 0.80
8000+ 1000 + 15 000
Payy + Pav.az + Payya3
Payy[COS@qy.y + Pay.d2/COS @y qp + Pay.a3/COS @y 43
B 7200+700+ 12 000
7200/0.85+700/0.75 + 12 000/0.85

=0.829

€Os qoav.m =

=0.846

Approximately take pfp,, = 040, and use fp,, and fBp, to obtain Fp,, = 0.713 7, so Kg=
v0.713 7

0.829 =1.019. Then,

»
15 233.46 x 10* /7296
0.846

=1.019x24 679.9=25 148.8(kVA)

Srms.m = Kssav_m =1.019x

So

25 148.8/2
20 000

=2x14.01 x 10*=28.02 x 10*(kW - h)

2
AApLm=2x48.59x ( ) x 7296

Allow the head end electric supply of the medium-voltage winding to be A,, obtaining

A=Al +AAy = (15 233.46+28.02) x 10
=15261.48 x 10*(kW -h)

1.3.3 Calculation of load loss at low-voltage side.

Give fpq = 0.75, Bp.a = 0.40 to obtain Fp g = 0.594 1, Ks~Kp=+/0.594 1/0.75=1.028. Then, the
load loss of low-voltage winding is obtained

2000x0.75

rms. = KgSav1 =1.02 =1927.5(kVA
S, 1 sS 1 08)(( 0.80 ) 975( )

1927.5/2

AAp 1 =2%52.69 % (W

2
) 7296 = 1785(kW -h)

Allow the head end electric supply of the low-voltage winding to be A3, obtaining

Az =Aq +AAL 1 =2000%0.75 %7296 + 1785
=1094.4x 10* +0.18 x 10*
=1094.58 x 10* (kW -h)
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1.3.4 Calculation of load loss at high-voltage side.
The weighted average method can still be used to calculate the approximate values of fp) and
COS@Pav.n

_ COS (ﬂavAthavAzh + Pmax,dlﬁil

fP.h =
CoSs (/)av_thav.xh /fp.xh + Pmax.dl

_ 0.846x24 679.9 +2000x0.75

0.846 %24 679.9

0.829

cos (/’av.mSav.m + Pmax.dlfdl
Sav,m + Pmax.dlfdl/cos Pav.dl
_ 0.846x24 679.9+2000x0.75
- 2000x0.75

0.80

=0.823

+2000

COS@Payn =

=0.843

24 679.9+

Approximately take Bp;, = 0.40 to obtain Fpy, = 0.704 3, Ks~Kp=+/0.704 3/0.823 =1.020.
Allow the outlet electric supply of the high-voltage winding to be A’}, obtaining

A=Ay +A;=(15261.48+1094.58) x 10*
=16 356.06 x 10* (kW -h)

Based on this, the load loss of the high-voltage winding can be obtained

16 356.06 x 10* /7296

rms.h = KgSayn =1.021
Sees = KoSan =1.020 % 0.843

=27 124.8(kVA)

27 124.3/2
20 000

=60.06 x 10* (kW -h)

2
AApLR=2%89.51x ( ) x 7296

1.3.5 Calculation of inlet electric supply of 110 kV main transformers.
See below for the calculation:

AAg.1p=2%32.6x7296
=47.57x 10*(kW -h)

AALb =AALL +AALm +AAL,
=(60.06+28.02+0.18) x 10*
=88.26x 10*(kW -h)

Allow the inlet electric supply of the 110 kV main transformers to be A;, obtaining

A=Al +AAg 1+ AALy
= (16 356.06 +47.57 + 60.06) x 10*
=16 463.69 x 10*(kW -h)
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1.3.6 Calculation of electric energy loss of 110 kV line.
Look for information about the LGJ185 conductor, obtaining ro = 0.17 Q/km, R = 12 x 0.17 = 2.04 Q.
frn=0.823, coS@ay.o = 0.843 and Sp, = 0.40 are obtained. Use these value to obtain C'y; = 1.657 x 10710

[1/(kW-h)] as per Table 6.2. Considering the two factors of measuring period and resistance, the following is
obtained through conversion:

Cin=(1.657x107""x720/7296) x 2.04
=0.334x 1071°[1/(kW -h)]

The electric energy loss of the line is calculated as per the following formula:

AAy = A2 =0.334x 10710 x (16 463.69 x 10*)°
=90.52 x 10*(kW -h)

The load loss of 110 kV system is AA; 1, = AApy + AAjy, so

AAL 15 = (60.06+90.52) x 10*
=150.58 x 10*(kW -h)

The head end electric supply of the line is

A =A; + A4y = (16 463.69 +90.52) x 10*
=16 554.21 x 10*(kW -h)

1.4 Calculation of partial voltage line loss rate.
1.4.1 Calculation of 35 kV line loss rate.

The total electric energy losses of the 35 kV transformers of No. 2 and No. 3 substation subsystems as
well as the medium-voltage windings of the main transformers in No. 1 substation are

AAzs =AAg3s + AAL3s
=(AAg3p +AAgop) + (AAL3p + AAL o + AAL )
= (38.67+6.06) x 10* + (661.18 +8.51 +28.02) x 10*
=44.73x10* +697.71 x 10*
=742.44x10*(kW-h)

742 .44 x 10*

5 26128 10 x 100% =4.86%

AA
AA3s% = =3 % 100% =
Ay

Wherein
4473 x 10*
AAg35s%=——"—"——x100%=0.29%
15261.48% 10
697.71 x 10*
AAL.35%= x100%=4.57%

15 261.48 x 10*
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Allow the total load loss coefficient of the 35 kV system to be C3s, obtaining

AAL 35 697.1x10*
C35 = 5 = 2
A3 (15261.48x10%)

=2.996x 1071°[1/(kW -h)]

The electricity line loss of the 35 kV system is
AA3s=44.73%10*+2.996x 10710 x A3
The line loss rate of the 35 kV system is
AA35%=0.29%+2.996 x 107" x A,

1.4.2 Calculation of 110 kV line loss rate.
See below for the calculation:

AAj10=AAp 110+ AAL b1 = (4757+ 15058) X 104
=198.15x 10*(kW-h)

AA
AAy10% = Ano

x 100%
11

198.15 x 10*

=16 554 21 < 10° x100%=1.197%

Wherein
47.57x10%
AAg 0% = ——————— x100%=0.287%
16 554.21x 10
150.58 x 10*
AAL 0% = — 20X Y 100% = 0.910%

16 554.21 x 10*

The load loss coefficient of the 110 kV system is

AApyo 15058 x 107
AL (16554.21x10%)°

=0.549x 1071°[1 /(kW -h)]

The electricity line loss of the 110 kV system is
AA;19=47.57x10*+0.549 x 10710 x A2,
The line loss rate of the 110 kV system is

AA110%=0.29%+0.549x 10719 x Ay,
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1.4.3 Calculation of line loss rate of the whole network.
See below for the calculation:

AAy=AAps+AALx
=(44.73 +47.57) x 10* + (697.71 + 150.58) x 10*
=92.30x 10* + 848.29 x 10*
=940.59 x 10*(kW -h)
AAs% = Ay x 100%
A

940.59 x 10*

=16 554 21 < 10F x100% =5.68%

‘Wherein
92.30x 10*
Aos%h= ——""""7 % 100%=0.56%
02716 554.21 x 10 0 0
48.29 x 10*
AL %= 82900002 5.10%

16 554.21 x 10*

Allow the load loss coefficient of the losses of the whole network to be Cs, obtaining

Cs=
A

_ 848.29x10*
(16 544.21 x 10%)

=3.096x1071°[1/(kW -h)]
The electricity line loss of the whole network is
AAy=92.30x10*+3.096x 10710 x A%
The line loss rate of the whole network is

AAs%=0.56%+3.096x 1071 x Ay,

The load loss coefficient of losses of the whole network can also be calculated as per Formula (6.17), that is

A\? Az’
Cys=C Cy5| — Cio|—
= 110+ 35(AH) + 10(Al

15 261.48x 10*
=0.549x 10710 +2.996 x 10710 x M
16 544.21x 10

=0.549x 1079 +2.546 x 10719 +0.000 65 x 10710
=3.096x 1071°[1/(kW -h)]

2 4\ 2
1094.58 x 1

£0.148 9x 10710 x (102438 X107
16 544.21x 10
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Wherein

AAL,  0.178 5x10*
Cl(): 2 = N2
43 (109458 x10%)

=0.148 9x 1071°[1/(kW -h)]

The calculation shows that both methods derive the same Cs.

6.4 Determination of Voltage Level by Loss Reduction Requirement

6.4.1 Voltage Characteristics of Various Loads and Comprehensive
Loads of Distribution Lines

According to relevant domestic analyses of measured data [23, 24], the voltage characteristics of power loads
represented by asynchronous motors and illumination loads represented by incandescent and fluorescent
lamps are generally expressed by exponential functions, and the no-load current and voltage of distribution
transformers present a higher-power relation. Using formulas for these voltage characteristics, the voltage
characteristic of comprehensive loads of distribution lines can be calculated based on a certain proportion
of load combinations and by considering the difference in power factors. The calculation result shows that
the voltage characteristic of comprehensive loads of distribution lines is also a kind of exponential function.
The difference in the voltage index for the voltage characteristic of comprehensive loads of distribution
lines is about 0.10-0.17 when including and excluding the no-load current of distribution transformers.
See Table 6.4 for relevant formulas.

Some Chinese electricity workers once measured the voltage characteristic of distribution lines. See
Table 6.5 for collected data and analysis results.

According to Table 6.5, the approximate formula of voltage characteristic of 10 kV distribution lines is

I.=1.0U%% (6.18)
When the no-load current of distribution transformers is excluded, the voltage power exponent in the empir-
ical formula of I(U) characteristic of comprehensive loads should be reduced by 0.10-0.17. Therefore, to

analyze how to control voltage and reduce line loss, the voltage characteristic of comprehensive loads
can be approximately taken as

I,=1.00%° (6.19)

Table 6.4 Voltage characteristics of various loads and comprehensive loads of distribution lines.

Type Voltage characteristic /(U)  Description
Asynchronous Load rate 25% I, =1.023U,°%°7° Calculated by measured data in Reference [24]
motor Load rate 50% I, =1.00U,%*7
Incandescent lamp I, =1.00U,%°"3 Calculated by measured data of the author
Fluorescent lamp I, =1.006U,>¢7 Calculated by measured data in Reference [24]
Distribution transformer It =1.00U0,> Calculated by measured data in Reference [23]
Including It I, =1.004U,"%%¢ Calculated by a certain proportion of load

Distribution line Excluding I~ 1, =1.003U,%87! combinations
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Table 6.5 Measurement and analysis of voltage characteristic of distribution lines.

Actual measurement of line

Measured data

Approximate formula

10 kV line supplying electric-
ity for small and medium-sized
industries and urban life; at
night, when U= Uy, [=472 A.
See Reference [24]

Total loads of four 10 kV rural
trunk lines, mainly including
power loads. In the daytime,
when U =9.9 kV, I =260 A.
See Reference [23]

0.981 0.97 1.0

0.934 3
0.953 8

0.95 1.0 1.015

1.011

09596 09848 1.0
09615 09731 1.0

1.05
1.032

1.08
1.08

I, = 1.010,%%%
Correlation coefficient
r=0.9356

I, = 0.9910,%6%8
Correlation coefficient
r=0.9214

6.4.2 Control of Voltage Level and Reduction of Electric Energy Loss

When the voltage changes within (0.90-1.10) Uy, the no-load electric energy loss of a high-loss distribution
transformer can be calculated as per the approximate Formula (6.7), that is AAy = 1.103 vt ravAPoT % 1073,
Allow AAg, = AAy/AAg., as AAgn = APoT x 107, obtaining

AAg=1.103U% AApx

(6.20)

When the voltage changes or is controlled within a certain range, the load loss also changes with the voltage.
Substitute Formula (6.19) into Formula (1.39) to obtain

AAL =312, (U)FRTx107*

So

=3(1.0U% gn) FRT x 1073

=U*(

372

FRT x107%)

max.N

U2 max

1
AAL~ —AA
L Uy LN

1 R ., .
*ﬁx(—Pz F><2T><10’3>
(Uav/Un) N

According to Formula (6.2), the calculation formula of line loss rate is as below:

A% =—+

AAy  AA;
A A

7=AA0%+AAL%

Substitute Formulas (6.20) and (6.21) into the above formula to obtain

AA% =1.103U*

AA().N% +

*av U*av

AALNT
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Change Law for the Electric Energy Losses of Power Grids 107

Take differential of the line loss rate AA% to obtain the following approximate formula

AUy
A(AA%) = (4AA0Y%— AAL %) S22
*av
= AAL%(46-1)5U, 00 (6.22)
= AAO% = iy OUsay = AUsm
AAL%  CA? Uy

Wherein 0 — loss constituent ratio between no-load line loss rate and load line loss rate;
6U..., — rate of change in voltage level.

The following conclusions can be reached according to Formula (6.22):

1. When 0 > 0.25 and 6U.,,, <0, d(AA%) < 0. This indicates that when the no-load loss is larger than one-
quarter of the load loss (the no-load loss is larger than one-fifth of the total loss), the reduction of voltage
level can reduce the line loss rate.

2. When 0 < 0.25 and 6U,,, >0, d(AA%) < 0. This indicates that when the no-load loss is smaller than one-
quarter of the load loss (the no-load loss is smaller than one-fifth of the total loss), the increase in voltage
level can reduce the line loss rate.

3. When 0> 0.25 and 6U.,,, > 0, or when 6 < 0.25 and 6U.,,, <0, d(AA%) > 0. This indicates that when the
no-load loss is larger than one-quarter of the load loss, the increase in voltage level can increase the line
loss rate; when the no-load loss is smaller than one-quarter of the load loss, the reduction of voltage level
can also increase the line loss rate.

For electrical heating lines or rectification load lines, P = aUz, I=aU, so I, =U,. As mentioned above,

U R .o . _3
_ZU_ZPmﬂXszTX 10
N Yav

U 2
AAL=3 (Imax_e—) FRTx 1073 =
Un

1 R .o . _ 1
=WXU_§PmaXFXZTXIO 3=UTAAL‘N

*av

(6.23)

*av

A(AA%) = (4 x Ado% — 2AAL %) x S0

*av

= AALY%(40 = 2) X 8U, 4y

The following similar conclusions can also be reached according to Formula (6.23):

1. When 6> 0.50 and 6U,,, <0, d(AA%) < 0, indicating that when the no-load loss is larger than one-half of
the load loss, the reduction of voltage level can reduce the line loss rate.

2. When 0 <0.50 and 6U..,, >0, d(AA%) < 0, indicating that when the no-load loss is smaller than one-half of
the load loss, the increase in voltage level can reduce the line loss rate.

3. When 6 > 0.50 and 6U.,,, >0, or when € < 0.50 and §U..,, <0, d(AA%) > 0. This indicates that when the
no-load loss is larger than one-half of the load loss, the increase in voltage level can increase the line loss
rate; when the no-load loss is smaller than one-half of the load loss, the reduction of voltage level can also
increase the line loss rate.

In preliminary conclusion, because the no-load loss of a distribution transformer is in direct proportion to
higher power of the voltage, while the voltage characteristic 1,(U..) of comprehensive loads of a distribution
line is an exponential function with power exponent of 0.5-1.0, when the no-load electric energy loss
accounts for 20-33% of the total loss, the reduction of operating voltage level (below the rated value)
can reduce the total loss; when the no-load electric energy loss is smaller than 20-33% of the total loss,
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the increase in operating voltage level (above the rated value) can reduce the total loss. The former case often
occurs in agricultural electric lines, while the latter case usually exists in urban distribution lines. For specific
lines, the statistical calculation of line losses can be used to estimate the loss constituent ratio €, so as to cor-
rectly control the level of operating voltage and reduce line losses. Note that the operating voltage should be
adjusted within a reasonable range.
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Analysis and Control of Line Loss
Rate Indicators of Power Grids

7.1 Analysis of Line Loss Rate Composition

For regional power grids, it is necessary to analyze the composition of line loss rate by voltage class and the
composition of line loss rate by category.

7.1.1 Line Loss Rates and Total Line Loss Rate of Different Voltage Grids

Regional power grids are generally composed of power transmission grids and power distribution grids, so it
is necessary to analyze the relationship between the line loss rates and total line loss rate of the two relevant
voltage power grids.

Assume that the line loss rates of two relevant voltage grids are AA;% and AA,%, and their power sales
quantities are A; and A,. If the ratio of power sales quantities is A,/A; = a, when the electric supply of
the lower class voltage grids is input from the higher class voltage grids, the schematic diagram of electric
flows under different voltages is shown in Figure 7.1.

AA AA
According to Figure 7.1, if AA; % = TI x 100%, and AA,% = A—’2 x 100%, then the total line loss rate is

AA|+AA A'AALY
A g g ABAT

A =
=% A A

As A" = A(1 — AA,%) — A,, substitute it into the above formula to obtain
A
AAs%=AA % + (1—AA|%)AA2%—XI x AA>%

Wherein, the third term is

A] _ Al

A A ) a7
_(1-AAs%)AAY%
- 1+a

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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U U,

A4, AA,

I R

Figure 7.1 Schematic diagram of electric flows under different voltages.

Substitute it into the AAx% formula and obtain the following formula after transposition and simplification:

1
AA1%+AA2%(1—AA17—m)
AAs% = AT (7.1)
1-
l+a

According to Formula (7.1): when a—0, AAs% = AA%; when a—oo, A;—0, AAs% = AA% +
AA;%(1 — AA1%); when « is any other value, AA% < AAs% < [AA1% + AA%(1 — AA,%)]; when a is
the larger, the total line loss rate is closer to the upper limit of line loss rate.

7.1.2 No-load Line Loss Rate and Load Line Loss Rate

To analyze the relationship between the ratio of the no-load line loss rate to the load line loss rate of whole
grids (i.e. the loss constituent ratio fy) and the line loss rates of different voltage grids, it is necessary to ana-
lyze the no-load line loss rate and the load line loss rate, respectively. For the two relevant voltage grids shown
in Figure 7.1, the total load line loss rate can be expressed by

AAL 1 +AA
AA 5% = L1 L2
A
A/
=AAL.1%+AAL.2%Z
A(1-AA %) -A
=AAL %o+ AALL T {%}

The total line loss rate and the partial voltage line loss rate of U, grid can be expressed by the following two
formulas:

AAz%=AAL,z%(1 +9);), AA]%=AAL41%(1 +91)

After derivation and simplification,

AALAI%“'AALQ%[]—AAL.I%(] +01)_%}

+a
AALz%= 1+0s
1- AAL_z%
l+a
_ T (7.2)
1+6
1-—2AALL%
l+a

1
TzAALl%"'AAL,z% |:1 —AALAl%(l +91)—m:|

Wherein, T — designation of numerator polynomial.
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Likewise, the formula of the total no-load line loss rate can be obtained

1 1
AA()}]% + AA()Q% [1 —AA()']% (0— + 1> - —:|
AAgs%= :

1—AA()}2%(9—12+ ])/(1 +a)
_ S (7.3)
1-AA2% (é+ 1)/(1 +a)

1 1
S=AAg 1% +AAGL % [ 1-AAg o —+1 | ———
91 l+a

Wherein, S — designation of numerator polynomial.

AAO.):%
As Oy = ——,
i AALs%
s 1-AAL%(1+605)/(1+a)
0):= 1 X T
1—AAO‘2% (— + 1) /(1 +(1)
O
After simplification,
S(l— AALQ%) —TAAO'Z%
s = 1+a l+a
*TT+SAALL%/(1+a)-TAAL %/ (1 +a) (7.4)

_ S[(] + a)—AAL'z%]—TAA()‘z%

T(1+a)+SAAL%—TAA 2%

If the no-load and load line loss rates of different voltage grids are AAg %, AAL ,% and AA %, AAg 1%,
then 7 and S of polynomials can be calculated, and @5 can be calculated as per Formula (7.4). Then, the total
load line loss rate AA; % and the total no-load line loss rate AAy x% can be calculated as per Formulas (7.2)
and (7.3). According to Formula (7.4), the loss constituent ratio Ox of power grids in the entire region depends
on no-load line loss rates and load line loss rates under various classes of voltages as well as the ratio of power
sales quantities of different voltage grids.

Example 7.1 In Example 6.1, no-load line loss rates, load line loss rates, and total line loss rates of
35, 110 kV systems, and the entire region were calculated, as shown in Table 7.1.

The schematic diagram of electric flows under different classes of voltages is shown in Figure 7.2.

Try to use Formulas (7.2) to (7.4) to calculate line loss rates AAy =% and AA; =% of the entire region as
well as the loss constituent ratio 0, and compare them with values given in Table 7.1.

Table 7.1 Calculation of regional line loss rates and loss constituent ratio.

AAgy AA; A

Item (x10* kW-h) (x10*kW-h)  (x10°kW-h)  AA% AAL% AA 0

35 kV 44.73 697.71 15 261.48 0290 457 486  0.063 46
110 kV 47.57 150.58 16 554.2 0287 0910 1.197 03154
Entire system 92.30 848.29 16 554.2 0.560  5.12 568  0.109 4
Calculation by formulas 0.554 5.123 5.677  0.108 1
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Figure 7.2 Schematic diagram of electric flows under different classes of voltages.

Solution
According to Example 6.1, the total power sales quantity of the 35 kV system is

Ass =Ay +Ap +Ag
= (8000 % 0.90 x 7296) + (510.72 +8755.2) x 10*
=14 519.04 x 10*(kW -h)

The power sales quantity (deemed as the direct power sales quantity of a 110 kV system) of the 10 kV system
of No. 1 substation is

Agq1 =1094.4 % 10* (kW -h)
The ratio between the power sales quantities of the 35 kV and 110 kV systems is

_14519.04x10*

=" " 1327
1094.4 x 10*

According to Formula (7.1),

Adr%o= 1-4.86%/(1+13.27)

_5.658%

0.096 6~ >007%

This is basically consistent with AAs% = 5.68%, as calculated in Example 6.1. According to Formula (7.2),

1
T=091%+4.57%x [1-0.91%x (1+0.315 4)—m

=0.91%+4.57%x%0.917 9
=5.105%
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According to Formula (7.3),

1 1
§=0.287%+0.29% x {1 —-0.287% % (0.3154 + 1) P 13.27}

=0.287%+0.29% % 0.9179=0.553%

Substitute 7" and S into Formula (7.4) to obtain

@, ={0.005 53 x [(1+13.27)=0.045 7]-0.051 05 x0.002 9}/

[0.051 05 % (1+13.27) +0.005 53 x0.045 7—0.051 05 % 0.002 9]

~0.078 51

=0728 59 59=O.107 76

Substitute this 8’y into Formulas (7.2)~(7.3) to obtain AA;,.s% and AAy %

5.105%
1+0.107 66

120000 604
171307 <007

_5.105%
7 0.996 45

AALZAE%J =

=5.123%

0.553%
1+1/0.107 76
1+13.27

_0.553%
70.997 9

AAos% =

x0.002 9

=0.554%

So Oy is calculated

Os =AAgx%/AALs T
=0.554%/5.123%=0.108 1
AAs% is also calculated
AAsTo=AAgs%+ AALs %
=0.554%+5.123%=5.671%

This is exactly the same as the result calculated by Formula (7.1).

According to the comparison of line loss rates AAg.s%, AAg, % and AAs% for the entire region as well as
05 calculated by Formulas (7.1) to (7.4) with the values obtained in Example 6.1, the errors are very small,
indicating that Formulas (7.1) to (7.4) are correct. These formulas are helpful to make line loss rate analysis
programs of microcomputers to analyze whether partial voltage line loss rates are “consistent”.

7.2 Analysis of Influence of Grid Electric Supply Structure on
Line Loss Rate

7.2.1 Repeated Electric Supply Rate

For ease of analysis, the schematic diagram of electric flow of three voltage systems is shown in Figure 7.3.
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Ay
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10kV
system

(Ap4+DAg4)

Figure 7.3 Schematic diagram of the electric flow of three voltage systems.

35kV and 10 kV systems have no electric input from any power plant or external grids, so the following
expression formula of electric quantity balance is obtained

An—(A2+A3)=An0+AA
Ar—Ay=Ass + AAss
A3 +Ay=A0+Aps+AA+AAg4

If the repeated electric supply rate is defined as

electric supply of two continuous voltage drops

7= sum of electric supply of two classes of voltage systems

Ayq
Ay +A3.

If the input electric quantity of the 110 kV system is Aj;, then the total line loss rate of 10 kV and above
power grids can be calculated as per the following formula

According to Figure 7.3, y =

AAz% = [AA“()%)AH + AA35%A2 + (A3 +A4)AA10%]/A11
AA35% A2 AAlo% .A3 +A4

=AA; 0% |1+ S
1oz AA % An o AAg% An
Ay Az AA3s% AA % L
If—=a, —=m, =a, =b, then the above formula can be simplified to
Ar U AL TP MLY% AA110% P
AAs%=AA0%[1 + (aoy +baz) +yb(ay + a2)] (7.6)
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According to Formula (7.6), the total line loss rate depends on the output electric quantities at medium voltage
side and low voltage side of the 110 kV system, ratios @; and a, between such output electric quantities and
input electric quantities, ratios a and b of line loss rates of various voltage systems, and the repeated electric
supply rate y. Obviously, when other ratios except y are constant values, the smaller y is, the smaller the total
line loss rate is, so are total line losses; and vice versa.

7.2.2  Calculation of Loss Reduction Effect of Reducing Repeated
Electric Supply Rate

Formula (7.6) can be used to check the total line loss rate of regional power grids and also calculate the loss
reduction effect which may be achieved by reducing the repeated electric supply rate.

Example 7.2 If the line loss rate of the 10 kV system is 10% in Example 6.1, try to use the direct cal-
culation method and Formula (7.6) to calculate the total line loss rate of 10 kV and above systems in the
entire region. If the repeated electric supply rate is reduced by 50%, how much is the total line loss rate
reduced?

Solution
1. Calculation of the total line loss rate by direct method. The total electric supply of the 10 kV system is

Aro=As +As=1094.58 x 10* +9265.92 x 10*
=10 360.50 x 10*(kW -h)

Wherein

Ay=Agp+Agi=(510.72+8755.2) x 10*
=9265.92 x 10*(kW-h)

AAyy=A19AA10% = 10 360.50 x 10* x 10%
=1036.05 x 10*(kW -h)

According to Example 6.1, the electricity losses of exceed by 10 kV systems are 940.59 x 10* kW-h, so the
total electricity losses of 10 kV and above systems are

AAs =940.59 x 10* +1036.05 x 10*
=1976.64 x 10* (kW -h)

So

AA
AAs% = """ x 100%
An

_ 1976.64x 10*
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2. Calculation of the total line loss rate by Formula (7.6). According to the data listed in Table 7.1 and the
calculation results in Example 6.1,

e AA3s%  4.86%
T A% 1.197%

be A% 100%
T A% 1.197%
Ay 15261.48x 10"
Ay~ 16 544.2x 10
Az 1094.58 x 10*
==
Ay 16 544.2x10

A 9265.92x 10*

"T A +A; (1526148 +1094.58) x 107

a = =0.922

=0.066

=0.566 5

Substitute the above values into Formula (7.6) to obtain

AAs%=1.197%x [1 + (4.07%0.922 +8.35 % 0.066) + 0.566 5 x 8.35 x (0.922 +0.066)] = 11.94%
As a result, the result calculated by Formula (7.6) is the same as that calculated by direct method.
3. Calculation of the total line loss rate when y is reduced by 50%. Letters with “”” on the top refer to
calculation values after y is reduced. When y is changed, the reduced A, electric quantity is transferred
to Az, so a; and a, are also changed. Then,

, 1
Ay=7(Ar+A3)= 5 X 0.566 5 (15 261.48 +1094.58) x 10*

=4632.85x 10*(kW -h)
A(Ag) =As—Ay = (9265.92-4632.85) x 10*
=4633.07 x 10*(kW -h)
A3=A3+9(As) = (1094.58 +4633.07) x 10*
=5727.65x 10*(kW -h)
Ay=Ay—d(Aq) = (15 261.48-4633.07) x 10*
=10 628.41 x 10*(kW-h)

So
A, 10 628.41x10*
a1=_2=7x 1 =O642
Ayl 16 554.2x10
A 27. 10*
S _ 5727.65% 10 0.346

AL 165542x10°

Because the electric supply of the 35 kV system is reduced, the line loss rate of the 35 kV system is certainly
reduced. The calculation formula of the electricity line losses of the 35 kV system is given in Example 6.1

AA3s=44.73x10*+2.996 x 10710 x A3

After transfer of electric quantity, A, = 10 628.41 x 10* kW-h. So

44,73 % 10*
10 628.41 x 10*
=0.42% +3.18%=3.60%

AA3s %= +2.996x 107 (10 628.41 x 10*)

www. Technicalbookspdf.com



Analysis and Control of Line Loss Rate Indicators of Power Grids 117

As Aj is increased, low-voltage winding load losses of the main transformer of No. 1 substation are

increased. >
As C19=0.148 9 x 107" 1/(kW-h) is calculated in Example 6.1, AAg, 4= Cjpd; =0.148 9 x 107" x
(5727.65 x 101% = 4.88 x 10* (KkW-h), d(AAy, o) = (4.88 — 0.18) x 10* = 4.7 x 10* (kW-h). Then,

(1036.05+4.7) x 10*

AA %= - x 100% =10.04%
(10 360.5+4.7) x 10
So
3.6% . 10.04%
= =J). b: =83
4= 1197% b= o7, =83

Substitute the values into Formula (7.6) to obtain

AAs%=1.197% x [1+(3.01  0.642 +8.39 x 0.346) + 0.566 5% 0.5 x 8.39 x (0.642 +0.346)
=9.69%

The relative reduction rate of the total line loss rate is

9.69-11.94
11.94

=18.8%

S(AAs%) = ‘ ‘ x 100%

The above analysis results show that the improvement in the electric supply structure can reduce the total
line loss rate, but the percentage of reduction is smaller than the percentage of reduction of the repeated
electric supply rate.

It should be noted that the optimization of electric supply structure and the reduction of repeated electric
supply rate are always influenced by the geographical distribution of loads and line routes, and thus
should be considered in the planning of power grids and the earlier stage feasibility study of substations.
To change the electric supply structure of power grids that have been put into operation, it is necessary
to conduct economic and technical comparison for making the right decision.

7.3 Analysis of Power Sales Quantity Composition

Because power supply enterprises use different metering methods for consumers, such as power sales quan-
tity without loss, or power sales quantity with loss, the comprehensive line loss rate obtained by statistics is
smaller than the line loss rate with loss (see below for its definition). Some power supply enterprises under-
take transit electric supply, so their comprehensive line loss rate is increased. This section will conduct a
quantitative analysis of the two problems.

7.3.1 Influence of Power Sales Quantity without Loss or Power Sales
Quantity with Loss on Line Loss Rate

The power sales quantity of dedicated lines supplying electricity to consumers can be measured in the

substations of power supply enterprises, or measured by meters installed for consumers. But in the latter

case, electricity losses in the lines should be added in the consumers’ power sales quantity. In both cases,
the electric energy losses of the lines should be borne by the consumers, and consumers are usually known
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pAZ (l_p)AZ

Figure 7.4 Schematic diagram of electric flow considering power sales quantity without loss.

as “consumers without loss” and “consumers with loss”. In line loss management, the line loss rate including
power sales quantity without loss is called a comprehensive line loss rate, and the line loss rate excluding
power sales quantity without loss is called a line loss rate with loss. Obviously, the comprehensive line loss
rate is smaller than the line loss rate with loss. To know the difference between the two line loss rates, it is
necessary to analyze the relationship between them.

The schematic diagram of electric flow considering the power sales quantity without loss is shown in
Figure 7.4.

Assume that the total electric supply with loss of a system is A; the sum of electricity losses is AA; the total
power sales quantity is Ay; the ratio of the power sales quantity without loss to the total power sales quantity
is p. Then, the line loss rate with loss AA% meets (1 — AA%)A = (1 — p)As, so

1-AA%)A
o2 (1284%0
I-p
Because the comprehensive line loss rate is AA’'% = AToAs substitute the Ay formula into it to obtain
pPAx
AA
AA'% =
A= AA%A
A+p
I-p
(7.7)
_AA%
1+ IL(l — AA%)
When AA% < 10%, Formula (7.7) can be simplified to
AA' %~ (1-p)AA% = AA% —pAA% (7.8)

According to Formula (7.8), the difference between the line loss rate with loss and the comprehensive line loss
rate is approximately equal to the product of the rate of power sales quantity without loss and the line loss rate
with loss.
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7.3.2  Calculation of Influence of Transit Electric Supply on Line Loss Rate

Assume that the transit electric supply of a voltage system is A, and the power sales quantity at current class
of voltage is Ay, as shown in Figure 7.5. Assume the rate of transit electric supply is ¢, that is g= KZ Not

considering the transit electric supply, the line loss rate with loss is

AA% = AA % + CA
=AAL% % (1+0)

When the transit electric supply A, passes and it is assumed that the load loss coefficient of the current class of
voltage grid is constant, the comprehensive line loss rate is

AAY%A
AA'% = C(A+A
h=aia, TCA+A)
AA
_ 8% +CA(1+q) = A% + AAL %
l1+g¢q
AA] AA 1+
The loss constituent ratio considering the transit electric quantity is ' = AAEZZ’ so 0= C(‘)ZEE{ (Jrq)q) =
W. Due to AA'% = AA' (1 + 0"), and AA'L % = AAL%(1 + q),
+q
, 0
AA % =AAL%(1+q) |1+ 3
(1+9)
(1+9)*+6
=AML % |———
l+g¢q
A/ A2
— ] AA" % -
Ay
A
— AA%
Ay

Figure 7.5 Influence of transit electric supply.
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Table 7.2 Calculation table of line loss rate increment function ¢(q, 6).

q
o 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
0.10 1.0329 1.049 4 1.066 0 1.082 6 1.099 4 1.116 1 1.1329 1.149 8 1.166 7
0.15 1.029 8 1.044 8 1.059 9 1.075 1 1.090 4 1.105 7 1.121 1 1.136 6 1.1522
0.20 1.026 9 1.040 6 1.054 3 1.068 2 1.082 1 1.096 2 1.110 3 1.124 6 1.138 9
0.25 1.024 3 1.036 7 1.049 2 1.061 8 1.074 6 1.087 4 1.100 4 1.113 5 1.126 7
0.30 1.021 9 1.033 1 1.044 4 1.0559 1.067 6 1.079 4 1.091 2 1.103 3 1.115 4
0.35 1.0197 1.029 8 1.040 1 1.050 5 1.061 1 1.071 9 1.082 8 1.093 8 1.104 9
A
1.18
1.16 //
114 0=0.1 /
. 3 7
1.10 =03 A L
1.08 ///
1.06 A A
A
1.04 <
Zaid
1.02
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
q
Figure 7.6 Calculation curve of line loss rate increment function.
AA%
Substitute AA; % = 1 +6(’) into the above formula to obtain
1+9)*+6
AA"7=(7AA‘7= ,0)AA 7.9
= rgra ™" »(q,0)AA% (7.9)
Wherein
(4.0)= (1+q)2+0 (7.10)
PET= g (1+0) '

Wherein ¢(q, 6) — line loss rate increment function considering the influence of transit electric quantity; this
is related to the rate of transit electric supply ¢ and the loss constituent ratio € of grids without transit

electric quantity.

According to Formula (7.10), the calculation cable (see Table 7.2) and calculation curve (see Figure 7.6) of
the increment function ¢(qg, 0) can be made. According to Table 7.2, when ¢ is certain, the increment function
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increases as 6 decreases. This is because the smaller @ is, the larger the load line loss rate of the system is than
the no-load line loss rate. With the transit electric supply, the load line loss rate of the system is greatly
increased, while the no-load line loss rate is slightly decreased.

Example 7.3 In Example 7.1 if the 35 kV bus of the 110 kV substation has 2000 x 10* kW-h
transit electric supply within the same measuring period, how much is the comprehensive line loss
rate of the 110 kV system increased? What is the total line loss rate of 35 kV and above systems in the
entire region?

Solution

The transit electric supply is A, = 2000 x 10* kW-h, and the electric supply of the original 110 kV
. 4 2000 x 10* .

system is A = 16 554.2 x 10" kW-h, so g=—————5=0.120 8. According to Example 7.1, 6 =

16 554.2x10*
0.3154, AA% = 1.197%. Substitute the above values into Formula (7.10) to obtain ¢(g,0)=

(1+0.120 8)*+0.315 4
(1+0.120 8) x (1+0.315 4)
by 6.6%. AA'% = p(q, 0) x AA% = 1.066 x 1.197% = 1.276%. Through calculation, the increased losses
of medium-voltage windings as a result of the transit electric supply are J(AA;_,,) =7.85 x 10* kW-h. Accord-
ing to the output electric quantity and transit electric supply under medium and low voltages of the 110 kV
substation, the input electric quantity at the 110 kV side after the transit electric supply is added is

=1.066, indicating that the line loss rate of the 110 kV system is increased

A= Az +A3 +Ag +0—)(AAL<m)
110 1-AA%

(15 261.48 + 1094.58 +2000 + 7.85) x 10*
1-1.276%

_ 18363.91x10*

—_— 4 .
iarey = 1860126104 (kW h)

The electricity losses of the 110 kV system are

AA) o= (18 601.26-18 363.91) x 10*
=237.35x10*(kW-h)

According to Example 7.1, AAss = (44.73 + 697.71) x 10* = 742.44 x 10* (KW-h). After d (AAL ) is
included, the total line loss rate of 35 kV and above buses in the entire region is

! !
AA) o+ AAs
!

AllO

237.35x10* +(742.44+7.85) x 10°
- 18 601.26 x 10*

AALY% = x 100%

x 100%

=5.29%

The above calculation results show that although the line loss rate of the 110 kV system is increased due to the
transit electric supply, the total line loss rate of the entire regions is reduced because of the large increment in
the electric supply.

It should be noted that the above calculations are made under certain assumptions. Because g is generally
small, they are within the allowable range of engineering calculation despite certain errors as compared with
accurate calculation.
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7.4 Multiple-factor Analysis of Changes in Electricity Line Losses
Based on the line loss binomial AA = B + CA?, this section introduces the concept of loss structure function

H(B, C, A) and puts forward the method for calculating changes in electricity line losses.

7.4.1 Loss Structure Coefficient and Electricity Line Loss Increase
Rate Function

7.4.1.1 Loss Structure Coefficient

Use the line loss binomial to calculate the rate of change in electricity line losses to the electric supply:

M:ZCA

The electric energy loss structure coefficient H is defined as the rate of change in the electricity line losses to
the electric supply per unit of line loss rate, that is

yod(ad)/da_ 2ca _ 2

AA% §+CA 0+1
A (7.11)
__B__AA%
T CA2T MLY%

Wherein 0 — loss constituent ratio.

According to Formula 6.3, when the minimum condition of line loss rate is satistied, # = 1.0. So at this time,
H=1.0,d(AA)/dA = AA%, that is the rate of change in the electricity line losses to the electric supply is equal
to the line loss rate.

In general situations, 8 < 1, H> 1, d(AA)/dA > dA%, that is no-load losses are smaller than load losses, and
the rate of change in the electricity line losses to the electric supply is larger than the line loss rate.

When the mode of connection and equipment conditions (i.e. grid structure) of power grids are not obvi-
ously changed, € and H can be deemed as basically constant. According to the definition of loss structure
coefficient in Formula (7.11),

d(AA) ~ HAA%dA (7.12)
So the following formula can be approximately obtained
AA; - AA; =HAAY%(A,-Ay)

According to Formula (7.12), the quantity of change in electricity line losses is approximately equal to the
product of the electric energy loss structure coefficient, the original line loss rate and the quantity of change in
the electric supply, so this formula can be called the constraint condition of change in electricity line losses
within a short period. Based on this, the line loss rate obtained through statistics within a measuring period can
be checked for reasonability, and electricity line losses corresponding to the increase in the electric supply
within the next measuring period can be predicted.

7.4.1.2 Electricity Line Loss Increase Rate Function

Assume that the rate of increase in electricity line losses is y and the rate of increase in the electric supply is x.
According to the concept of rate of increase, y = d(AA)/AA, x = dA/A. Then,
_2CAdA 2

_2eAld 2y 7.13
Y Brcar T og+1X T (7.13)

www. Technicalbookspdf.com



Analysis and Control of Line Loss Rate Indicators of Power Grids 123

According to Formula (7.13), the rate of increase in electricity line losses is in linear function of the rate
of increase in the electric supply, and the proportionality coefficient is the loss structure coefficient H.

In two continuous measuring periods, if the grid structure and load conditions are not obviously changed,
then @ can be deemed as unchanged. Formula (7.13) is applicable to any system with a certain class of voltage
or any regional power grids composed of several voltages, so it not only predicts the quantity of change
in electricity line losses by class of voltage, but also predicts the changes in electricity line losses of power
grids in the entire region.

Example 7.4 See Table 7.3 for the results of theoretical calculation of line losses in 10 kV power distri-
bution lines located in a mountainous place in some month during 1974.

1. The electric supply of No. 1 and No. 5 lines is increased by 3000 kW-h, respectively. Try to calculate the
increase in line losses of the two lines.

2. Calculate the electricity line loss increase rate function of 10 kV grids in the entire region. If the electric
supply is increased by 10% in the entire region, is the line loss rate increased or reduced?

Solution

B
1. See Table 7.3 for the loss constituent ratios € and loss structure coefficients H calculated by 6= Az and

Formula (7.11). The increase in line losses of the two lines when the electric supply is increased by
3000 kW-h can be calculated as per Formula (7.12):

For No. 1 line AA;—AA; =1.44x0.086 5x3000=374 (kW-h)
For No. 5 line AA;—AA; =0.337x0.236 8 x3000=239 (kW -h)

The above results indicate that although the increase in electric supply is the same for the two lines,
the increase in line losses for the line with larger 6 is smaller. This is because no-load losses which
account for a large proportion do not change with the increase in electric supply. When @ is small, load
losses are much greater than no-load losses, and load losses caused by the increase in electric supply are
largely increased.

2. The loss structure coefficient of 10 kV grids in the entire region is H = 0.69, so the electricity line loss
increase rate function is y = 0.69x. x = 0.10 is given and substituted into it to obtain

y=0.69x0.10=0.069

So

(AAy—AA,)/AA; =0.069

After transposition of terms,

AA; =1.069AA, =1.069 x 68 484 =73 209(kW -h)

AA, 73 209
A% =222 5 100% = — 22 41009
2= = x 100% = 175" <58 600 = 1007

=11.11% < AA % =11.44%

According to the above results, although the electric supply is increased by 10% in the entire region,
the line loss rate of the entire region is slightly reduced. For agricultural electric lines, the frequent
case is AAg% > AA; %. At this time, the total line loss rate will be reduced when the electric supply
is increased.
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7.4.2  Loss Structure Function and Calculation of Increase in
Electricity Line Losses

When the interval between two measuring periods for comparison is very long, not only is the electric supply
largely changed, but also the power grid conditions are greatly changed, so it is necessary to conduct multiple-
factor analysis of changes in electricity line losses.

7.4.2.1 Loss Structure Function

Take the total derivative of Formula (6.1) to obtain

d(AA):a(;;)dB+&(aACI,4)dC+a(aAAA)dA
=dB+A%dC +2CAdA

Connect the total derivative d(AA) with the increase in the electric supply dA and the line loss rate AA%, and
use the definition of the rate of change in the electricity line losses to the electric supply per unit of line loss
rate to obtain the loss structure function

d(AA)/dA
HB.C.A) ==
_3B/sA 5C/6A 2 (7.14)
1 0+1  6+1
—+1
6

SB=dB/B, 5C=dC/C, sA=dA/A

Wherein 6B — relative quantity of change in no-load losses;
0C — relative quantity of change in load loss coefficient;
0A — relative quantity of change in electric supply.

When dB and dC are both equal to 0, H(B,C,A) = 92?, that is the above-mentioned loss structure coef-

ficient H. Obviously, Formula (7.11) is a special case of Formula (7.14).

7.4.2.2 Calculation of Increase in Electricity Line Losses

Considering the influence of multiple factors, the loss structure function can be used to calculate the increase
in electricity line losses, that is

d(AA)=H(B,C,A)AA%dA

7.15
=dB+ (6C/5A + i) AA%dA ( )

0+1 0O6+1

According to Formula (7.15), the increase in electricity line losses is composed of the increase in no-load
losses and the increase in load losses, the latter of which depends on the change in the load loss coefficient
(reflecting changes in the loss calculation resistance, load factor and power factor) and the change in the
electric supply.
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It is well-known that the differential dx is approximately equal to Ax only when the increase is very small as
compared with the original value, so when Formula (7.15) is used to predict the increase in electricity line
losses, the increase in three variables (B, C, A) must be much smaller than the original values. Otherwise,
larger prediction errors will be caused.

Formula (7.15) can be used to estimate the increase in electricity line losses based on the given data of
AA%, B, C, A within a measuring period and the predicted electric supply; it can also be used for
recursive rolling prediction. The shorter the recursive period is, the more accurate the prediction is. In addi-
tion, Formula (7.15) can be used to determine the technical requirements for loss reduction measures (such
as replacement of conductor to reduce resistance) according to the loss reduction electric quantity, and deter-
mine the specific requirements for operated loss reduction measures (such as improvement in load factor
or power factor).

7.5 Marginal Line Loss Rate and Optimal Distribution
of Increase in Electric Supply

7.5.1 Marginal Line Loss Rate

According to Example 7.4, when the increase in the electric supply is the same, the increase in line losses of
lines with different loss structure coefficients varies. Therefore, for a new consumer, if lines connected to it
are optional within a certain scope, the principle that the increase in line losses is the minimum with each per
unit increase in the electric supply should be used for judgment. Then, the concept of marginal line loss rate is
introduced.

The increase in line losses of a power grid unit with each per unit increase in the electric supply is called the
marginal line loss rate, that is (AA%),,. According to Formula (7.12),

(M%)mz%zHM% (7.16)

According to the line loss binomial in Formula (6.1),

d(B+ CA?)

(MA%),, = =2CA=2AAL% (7.17)

According to Formulas (7.16) and (7.17), the marginal line loss rate is equal to the product of the loss structure
coefficient and the line loss rate, and also equal to two times the load line loss rate.

According to the principle of minimum marginal line loss rate, that is the principle of minimum load line
loss rate, the distribution of the increase in the electric supply can be optimized to realize the objective of
minimum increase in line losses.

7.5.2  Optimal Distribution of Increase in Electric Supply

The electric supply in each region is generally increased year by year. For all lines connected to the same
voltage bus, the increase in the electric supply of regional customers generally cannot be controlled. However,
for new consumers for which connection lines are optional, if the electric supply is undertaken by a line with a
small marginal line loss rate, the effect of a smaller increase in total electricity line losses can be achieved.
Under certain conditions, the optimal calculation of the increase in electric supply can be conducted based on
the increment size and to a certain degree.

The following part proves optimal distribution conditions of the increase in electric supply.

www. Technicalbookspdf.com



Analysis and Control of Line Loss Rate Indicators of Power Grids 127

The load losses of the first line are AA; ; = C;A,2, and the load losses of the second line are AA; » = CoA52%,
with 2C1A; < 2C,A,. If the increase in the electric supply is D, try to determine the distribution conditions
of the increase in electric supply under which the total increase in load line losses is minimal.

Assume that the increase in electric supply for the first line is D, and D — D, for the second line. Load
losses of the two lines are

AA}, =Cy (A1 +D))*, AAj,=C; (Ay+D-D;)*

After expansion and addition,
AA[, +AA, =Cy (A} +2A, Dy + D7) + G5 [A3 +2A5(D—Dy) + D*~2DD; + Dj]

If the change in total load losses before and after the increase in electric supply is 6(AAy), then

S(AAL) = (AAL, +AAL, ) —(AAL +AAL,)
=2CyA;D + C2D? +2A,C1 D1 —2A,C2D1 —2C,DD) + C,D? + C1 D?

To have a minimal value of 6(AAL ), calculate the derivative of the variable D, and make it equal to O, that is d
(6AAL)/dD; = 0, obtaining

2A1C1 —2A2C2—2C2D+2C2D1 +2C1D1 =0

then

2A1C1=24,C>=2C,(D-D;)=2C Dy

When 2A,C; = 2A,C; and (D — D1)/D; = C1/C,, the above formula is satisfied. Therefore, the optimal dis-
tribution of the increase in electric supply has two equal conditions: (i) the marginal line loss rates are equal;
(ii) the distribution is in inverse proportion to the load loss coefficient. Condition (ii) is consistent with the
distribution of current of DC parallel circuits in inverse proportion to resistance.

When the increase in electric supply is large, the electric supply can be increased in line with the minimum
load line loss rate, until the load line loss rate of the line is increased to the subminimum load line loss rate.
If there is a margin for the increase in electric supply, it is distributed in two lines whose load line loss rates are
equal, and alike. Marginal line loss rates in increasing order are (AA%) 1, (AA%)mo, and so on. The first
increase in the electric supply of the line with minimum marginal line loss rate is dA 1, and the second increase
is dA1,, and so on. After the increase in the electric supply of the line with minimum marginal line loss rate, its
marginal line loss rate is increased and equal to the subminimum value, so

2(&1411 +A1)C1 =2A,C,
Then
AyCr-ACy
Cy

_ 1(AA%) 1y = (AAT) 1y
2 C

Ay =
(7.18)

When the margin of the increase in electric supply is small, it should be distributed in two lines whose mar-
ginal line loss rates are equal in inverse proportion to the load loss coefficient, so that marginal line loss rates
of the two lines are still equal after the increase in electric supply.
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Example 7.5 The increase in the electric supply of the distribution system in Example 7.4 is expected to
be dAs = 10 x 10* (kW-h). It can be randomly distributed in lines. Try to do the calculation of optimal
distribution.

Solution

Arrange the marginal line loss rates of lines listed in Table 7.3 in increasing order, and list the calculation
results of electric supply and load loss coefficient C in Table 7.4.

1. First distribution. As

1 0.058-0.053
0Aj1 ==

X ——— = =1.906 x 10*(kW-h
271311 9%x1077 ( )

The marginal of the increase in electric supply is

JAs) =9dAs—dA;; = (10-1.906) x 10*
=8.094 x 10*(kW -h)

2. Second distribution.

a. First calculation. Continue to increase the electric supply of No. 6 line, so

1 0.078-0.058
9A12 ==X

At this time, the marginal of the increase in electric supply is
OAs: = (8.094-7.623) x 10* =0.471 x 10* (kW - h)

The marginal line loss rate of No. 6 line is (AA%) ,; = 0.078, and the marginal line loss rate of No. 2
line is (AA%),, = 0.058. The electric supply of No. 2 line should be increase, so

I 0.078-0.058
Ghy = Ay 0078-0.058
2=3%3008 3% 1077

=3.228 x 10*(kW-h)

It can be found that dA,; > dAs,. That is, the increase in electric supply required for No. 2 line is larger
than the marginal of the increase in electric supply, so the increase in electric supply should be
redistributed.

b. Second calculation. The following two conditions should be satisfied at the same time.

JA1y +dAy =JAs) =8.094 x 10% (kW -h)
dAy Cp1.3119x1077

dA Gy 3.0983x1077

So

{9A21 _ Ci+C _ 1.311 9+3.098 3

=1.423
dA1, G 3.098 3
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Substitute dAy; and dAsx,/0A ;5 into it to obtain (8.094 x 10*)/9A, = 1.423, so A, = 5.688 x 10*
(KW-h), 9A 5 = 2.406 x 10* (kW-h).

After the distribution of the increase in electric supply is conducted by the above method, the
marginal line loss rates can be calculated as per Formula (7.18), that is

(AA%)! | =2(0A1; +JA1 +A;)C
=2(1.906+5.688 +20.2) x 10* x 1.311 9x 1077
=0.072 9

(AA%) ,=2(0Az +A;5)Ca
=2(2.406+9.36) x 10*x 3.098 3x 107 =0.072 9

The calculation shows that, after the distribution of the total increase in electric supply, the current
marginal line loss rate of the two lines whose original marginal line loss rates are minimum and sub-
minimum have increased to the same value, but are still smaller than the marginal line loss rate of the
line ranked third in the increasing order. The checking calculation indicates that the distribution of the
increase in the electric supply as listed in Table 7.4 can realize the objective of a minimum increase in
the total line losses.

Table 7.4 lists the calculation results of load line loss rate, no-load line loss rate, total line loss rate and loss
constituent ratio of lines after the optimal distribution of the increase in electric supply. The marginal line loss
rate calculated by Formula (7.16) is the same as that calculated by Formula (7.17). Example 7.5 shows that, to
distribute the increase in electric supply, it is necessary to compare the margin of the increase in electric sup-
ply with the increase in electric supply distributed to a line, and to adopt two different calculation methods
according to the comparison results. If simple computer programs are worked out, a microcomputer can be
used to do the calculation of optimal distribution of the increase in electric supply.
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Theoretical Calculation of Electric
Energy Losses of Power Grid Units

Previous chapters have respectively explained methods of line loss calculation according to current load curve
parameters and of line loss calculation considering power factor for no-branch lines, as well as the change law
for electric energy losses of power grids, providing conditions for the theoretical calculation of the line losses
of various power grid units. This chapter will briefly introduce the calculation of electric energy losses of
overhead lines, cable lines, main transformers, and other power grid units.

8.1 Classification of Electric Energy Losses

8.1.1 Classification of Electric Energy Losses by Whether Theoretical
Calculation is Feasible

1. Unknown losses which are difficult to calculate These losses consist of unknown management losses and
unknown technical losses. Unknown technical losses include leakage losses caused by poor line insulation
and electric energy losses caused by equipment grounding or short-circuit faults.

2. Technical losses which can be calculated These losses can be obtained by theoretical calculation, so they
are also known as theoretical line losses. Technical losses include resistance heat losses, dielectric mag-
netization losses, dielectric polarization loss, and corona losses.

8.1.2  Classification of Calculable Technical Losses by Change Law

1. No-load losses These losses are independent from the current passing power grid units, but are related to
the voltage withstood by the power grid units. Customarily, no-load losses are also called fixed losses.

2. Load losses These are in direct proportion to the square of load power or current passing the power grid
units. Customarily, load losses are also called variable losses.

8.1.3  Classification of Electric Energy Losses by Different Power Grid Units

Electric energy losses can be divided into line losses, transformer losses, and other power grid unit losses by
different power grid units.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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1. Line losses include overhead line losses and cable line losses. Overhead line losses consist of power
transmission line losses, power distribution line losses, and low-voltage line losses. Cable line losses
are composed of three-phase cable losses and single-phase cable losses.

2. Transformer losses include main transformer losses and distribution transformer losses. Main transformer
losses consist of two-winding transformer losses and three-winding transformer losses.

3. Other power grid unit losses include reactive compensation equipment (capacitor and synchronous com-
pensator) losses, reactor (high-voltage and low-voltage reactor) losses, transformer (current transformer
and voltage transformer) losses, switch equipment (switching device and high-voltage bushing) losses,
and measuring meter (indicating meter and watt-hour meter) losses.

The following sections will respectively describe the calculation methods of electric energy losses of
various power grid units.

8.2 Calculation of Electric Energy Losses of Overhead Lines
8.2.1 Calculation of Corona Losses of Power Transmission Lines

As is known to all, an incomplete self-excited discharge concentrated around an electrode with a larger cur-
vature is called a “corona”. For overhead lines, when the operating electric field intensity on the conductor
surface of high-voltage power transmission lines exceeds the air breakdown strength, corona discharge will
occur. Corona discharge increases the active power and electric energy losses of the lines, so the calculation
result of corona losses of high-voltage power transmission lines serves as one of the important bases to verify
whether the conductor selection is economical and reasonable. This verification adopts not only the limit on
the absolute value (kW/km) of annual average corona power loss per unit line length, but also the comparison
between the corona losses and resistance heat losses of the lines. In general, corona losses should be smaller
than 10% of resistance heat losses.

8.2.1.1 Calculation for Comparison Between Critical Field Intensity that Starts to
Cause Corona and Conductor Surface Maximum Operating Field Intensity

When the conductor surface maximum operating field intensity is smaller than the critical field intensity that
causes a corona, corona discharge can be avoided. Therefore, in the line design stage, such two intensities
must be calculated according to meteorological conditions in regions where the high-voltage power transmis-
sion lines pass, as well as selected conductors and conductor arrangements.

1. Calculation of critical field intensity that starts to cause corona
The Northwest Electric Power Design Institute of China and the Xi’an High Voltage Apparatus
Research Institute, considering to our country’s situation, put forward a corrected Peek Formula [20] used
to calculate the critical field intensity E, (kV/cm) that starts to cause a corona, that is

E0=30.3M\/5(1+ \3%) (8.1)
ro

Wherein M — conductor surface roughness coefficient; when there are more than 24 conductors in the
outer layer, the coefficient of 0.9 conforms to the actual situation;
ro — conductor radius (cm);
6 — relative air density.
It is basically consistent with the formula set forth in the former Soviet Union’s corona calculation
guideline.
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Table 8.1 &, values at various altitudes.

H (m) 0 500 1000 1500 2000 2500 3000 3500
h 1 0.955 0.908 5 0.865 0.824 0.784 0.745 0.708
0.299
E0=30.1M\/5<1 + ) (8.2)
Vo

With atmospheric pressure p (MPa) at temperature 7 (°C), the relative air density can be calculated as per
the following formula:

2892p
= 8.3
CT273 41 (83)
For high-altitude regions, the relative air density can be calculated as per the following formula:
1\ 426
8 =00 (1 + 0’—) (8.4)
To
Wherein §, — relative air density under standard state;
H — altitude (m);
a — temperature gradient of air, about 0.006 5 °C/m;
T, — absolute temperature under standard state; 7 = 273 + 20 = 293 (K).
See Table 8.1 for d;, values under various altitudes calculated as per Formula (8.4).
2. Calculation of conductor surface maximum field intensity Ey; (kV/cm)
For single-conductor lines,
CwUn
Ey=0.0147 Wr (8.5)
For bundled-conductor lines,
CwUn
Ey=Kx0.014 72> (8.6)
nr
When bundled conductors are arranged in the form of regular polygon,
2
K=1+"(n-1)xsin-
a n
24.1
Cav = —Dav (87)
tan
Teq

D, = \/3 Dy DpcDca (88)

Wherein U, —actual maximum operating voltage of a line (for a line length < 100 km, it takes 1.1 times
the rated voltage; for a line length > 100 km, it takes 1.1 times the rated voltage in the former
half section and 1.05 times the rated voltage in the latter half section; kV);

r — calculated radius of the conductor (cm);
Cw — working capacitance of conductors of various phase (pF/m; for side phase conductors,
Cw = 1.03C,,; for medium phase conductors, Cy = 1.10C,,);
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Table 8.2 Mean geometrical spacing between bundled conductors (cm).

n 2 3 4 5 6

a 40 40 44.8 50.8 56

Pi

C., — average capacitance of three-phase transposition overhead power transmission lines;
D,, — mean geometrical distance between three-phase conductors (cm);
Dy, Dy, D, — distances between three-phase conductors (cm);
Teq — €quivalent radius of conductors of each phase (for single-phase conductors, rq = r; for
bundled conductors, req = {/ral;!; cm);
a,, — mean geometrical distance between bundled conductors (when the distance between two
adjacent bundled conductors is @ = 40 cm and the number of bundled conductors n varies, see
Table 8.2 for a,,);
K — coefficient used to calculate bundled conductor surface maximum field intensity;
a — split spacing between bundled conductors (cm).
3. Comparison criteria
According to actual comparisons between the design and operation of high-voltage power transmission
lines in high-altitude regions of China, regarding the calculation as per Formulas (8.1), (8.5), or (8.6), if the
conductor surface maximum operating field intensity does not exceed 85% of the critical field intensity that
starts to cause a corona, that is Eyy/E( < 0.85, then no corona will occur in the line under normal weather.

8.2.1.2 Calculation of Corona Losses of Operating Lines

As there are many factors that affect corona losses, an accurate calculation formula has not yet been theo-
retically derived. An empirical formula derived from measured test data or general calculation curves is nor-
mally used for an approximate calculation. The former Wuhan High Voltage Research Institute collected and
analyzed studies of the corona discharge mechanism of conductors and measured data from test lines of single
and double bundled conductors, thereby drawing a set of curves of corona loss power APy, which are divided
into four categories by different climatic conditions: (i) icy and snowy days, including rime, glaze, wet snow,
and dry snow; (ii) rainy days, including drizzle and weather with various rainfall intensities; (iii) foggy days,
including weather with various fog intensities, frosty and frosted days; and (iv) good days, other than the
above three types of weather. See Appendix A for the set of curves. It should be pointed out that the above
calculation curves are only applicable to single-conductor and double bundled-conductor lines, and are only
for reference for triplicate and above bundled-conductor lines.

The corona loss power of each conductor per phase P, [kW/(km-phase)] has a functional relationship with
the relative air density J,, the calculation radius of the conductor r, and the conductor surface maximum elec-
tric field intensity Eyy, that is

A

P = :° =f (8, Em/&) (8.9)

. AP, . .
Wherein P, or — — corona loss power of each conductor per phase and per kilometer under various
n

weather conditions (kW);
6, — relative air density, calculated as per Formula (8.3);
n — number of bundled conductors.

When three-phase conductors are horizontally arranged, the corona electricity loss AA, (kW-h) within the
measuring period can be calculated as per the following formula:

AA.=n[25(PiT}) +(PaT))IL (8.10)
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Wherein n — number of bundled conductors;
T, — duration of a weather condition (h);
L — line length (km);
Py, — corona loss power of each conductor per side phase and per kilometer under a weather
condition [with calculated 6 and E\/d;, refer to the corresponding corona loss calculation curve
to obtain P;; kW/(km-phase)];
P, — corona loss power of each conductor per medium phase and per kilometer under a weather
condition [kW/(km-phase)].

8.2.1.3 Calculation of Corona Losses of DC Lines

China’s first £500 kV remote DC power transmission line, the Gezhou Dam-Nangqiao line, was formally put
into operation in September 1987. In the early 1990s, Chinese scientific and technical workers made in-depth
studies into corona losses of the Gezhou Dam—-Nangqiao line and obtained the corrected Anneberg Formula for
calculating corona power losses of monopolar lines by means of least square fitting of the measured results:

P =K UnrzbEm=14)

Wherein U — operating voltage of the line (kV);
n — number of bundled conductors;
r — sub-conductor radius (cm);
8max — conductor surface maximum field intensity go = 14 kV/cm is the conductor surface starting
field intensity measured by some foreign researchers on lines (kV/cm);
K., b — empirical coefficients related to conductor surface condition, conductor structure, and
weather condition.

The Gezhou Dam—-Nangqiao line uses 4xL.GJQ300 conductors, with a spacing between sub-conductors of
0.45 m. When there is no rain in the line, K. = 0.121, b = 0.226; when there is rain in one-third of the line,
K. =0.206, b = 0.200.

According to domestic and foreign measured data, grounding corona losses of bipolar lines in parallel con-
nection are approximately two times those of monopolar lines, and operating corona losses of bipolar lines are
generally four times those of monopolar lines. Corona losses in rainy days are 2.0~4.0 times those of fine
days. As to the actual measurement of the +500 kV Gezhou Dam-Nangqiao line, its grounding corona losses
of bipolar lines in parallel connection are 4.28 W/m. The loads in the whole line are 4.47 MW, accounting for
0.75% of monopolar operating full loads (600 MW) and 19.9% of resistance losses (22.5 MW) in the whole
line. Obviously, such a ratio is much higher than the ratio of corona losses of an AC power transmission line to
its resistance losses.

The actual measurement also indicates that corona losses of monopolar lines are in direct proportion to
about biquadratic of operating voltage. When the lines are operating under low loads, a reduction of voltage
can reduce the corona losses of DC power transmission lines and mitigate the influence on the environment.

Example 8.1 330kV lineis located in a region with an altitude of 3500 m and has a length of about 100 km,
with 2xL.GJQ400 conductors, = 1.41 cm. According to the statistics of local weather stations, the entire year
sees 7632 h fine days, 708 h rainy days, 60 h foggy days, and 360 h snowy days. Try fo calculate the corona
losses of a whole year.

Solution

According to Formula (8.6), the maximum field intensity of side conductors is Eyy; = 22.25 kV/cm, and the
maximum field intensity of medium-phase conductors is E,,, = 23.5 kV/cm. Refer to Table 7.1 to obtain 6, =
0.708, 50 6;r=0.708 x 1.41 =0.998 ~ 1.0, Enp1/6, = 31.42 kV/cm, Epp/6; = 33.19 kV/em. Refer to the corona
loss calculation curves in Appendix A to obtain Py, and P,,. Based on the durations of four known climatic
conditions, annual corona losses can be calculated, as shown in Table 8.3.
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Table 8.3 Calculation table of annual corona losses.

Climatic conditions Snowy days, t Rainy days, t, Foggy days, t3 Fine days, #4 Total
Py, [kW/(km-phase)] 7.5 4.0 3.0 0.33

Py [kW/(km-phase)] 15.5 6.7 5.8 0.78

Duration T, (h) 360 708 60 7632 8760
2(Py To+(PyTy) (kW) 10 980 10 408 708 10 990 33 086

Because the conductors are double bundled conductors, n = 2. Use Formula (8.10) to calculate the annual
corona electricity losses of the line are

AA=225(Py\T}) + Z(PyT))|L
=2x33 086x 100
=661.72 x 10*(kW-h)

The corona loss power (annual average) per unit length is

AP, =33 086/8760 = 3.78 [kW/(km-three-phase)]

8.2.2 Calculation of Resistance Heat Losses of Overhead Lines
8.2.2.1 Correction of Calculation Resistance

To calculate the electric energy losses of overhead lines, the influence of the temperature rise caused by the
load current and the ambient air temperature on resistance change should be considered, so the calculation
resistance R (Q2) needs to be corrected as below:

R=Roo(1+p+p) (8.11)
I 2
B =o.2( ‘“) (8.12)
Iad
By =a(Tay—20) (8.13)

Wherein R, — resistance of conductors per phase at 20°C (Q);
1 — correction coefficient considering the influence of conductor temperature rise on resistance;
1,4 — allowable constant current when conductors reach the allowable temperature under the ambi-
ent air temperature of 20°C (A);
P> — correction coefficient considering the influence of the ambient air temperature on resistance;
T,, — average ambient temperature within the line loss measuring period (°C);
o — temperature coefficient of conductor resistance (for aluminum wires or steel-cored aluminum
wires, a = 0.004).

According to Formula (8.13), when the mean monthly temperature in summer exceeds 32.5 °C, the resistance
heat losses corrected by considering the influence of ambient temperature on calculation resistance are 5%
larger than those not corrected. When the mean monthly temperature in winter is below 7.5 °C, the resistance
heat losses corrected by considering the influence of ambient temperature on calculation resistance are 5%
smaller than those not corrected. Generally, when the mean monthly temperature range is 12-28 °C, the influ-
ence of ambient temperature on calculation resistance are not considered.
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8.2.2.2 Calculation of Resistance Heat Losses of No-branch Lines

If operating data in the measuring period are given, Formula (8.1) can be used to calculate resistance heat
losses AA (kW-h), that is

AA=3[% RTx107°
Wherein [, — rms current in the measuring period (A);
R — calculation resistance of no-branch lines, which is corrected by considering all factors (L);
T — measuring period (h).

When the rms current is calculated based on current data recorded in typical days, it should be corrected
according to Formula (2.2) with the square of the ratio between average daily electric supplies within the
measuring period and electric supplies of typical days.

If the minimum current, maximum current, and load factor within the measuring period are given, the loss
factor F can be calculated as per the loss factor Formula (2.28), and the resistance heat losses AA (kW-h) can
be calculated according to Formula (1.39), that is

AA=3[% FRTx107°
If the active electricity, reactive electricity, average voltage, maximum current, and minimum current within
the measuring period are given, the average current /,,, within the measuring period can be calculated first, and
then the load factor fand minimum load rate f are calculated. Next, the loss factor is calculated as per Formula
(2.28) and the resistance heat losses are finally calculated as per Formula (2.4):

F ,
AA=3I§Vf—2RTx10 3
. \/AR+A}

Y VBULT
leav/lmax

Wherein  Ap, Ap — active electricity (kW-h) and reactive electricity (kvar-h) passing no-branch lines within
the measuring period;
U,, — average voltage within the measuring period (kV);
T — duration of the measuring period (h);
f— current load factor within the measuring period, which is calculated with I,, and 7,,x.

For the calculation of electric energy losses of no-branch lines during the planning and design stages of power
grids, refer to the method introduced in Section 5.3 of Chapter 5.

8.2.2.3 Calculation of Resistance Heat Losses of Multi-branch Distribution Lines

Various methods introduced in Chapter 9 can be used, but the calculation should be based on the calculation
resistance corrected according to Formula (8.11) by considering various factors.

8.2.3 Calculation of Electric Energy Losses of Low-voltage Lines

Low-voltage lines are widely distributed and lack complete and accurate line parameters and load informa-
tion, so it is very difficult to calculate the electric energy losses of low-voltage lines in a detailed and accurate
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manner. An approximate simplified calculation method is generally used. Section 9.5 in Chapter 9 introduces
a method of approximately calculating the line loss rate of low-voltage lines by the voltage loss rate at a time
of maximum load.

The approximate calculation method introduced below considers four factors, namely, the number
of directions of low-voltage lines in a distribution transformer, the power supply structure of low-
voltage lines, the imbalance of current in all line directions, and the distribution of line current in each
direction.

1. Low-voltage lines probably do not supply electricity in one direction. In cities the most common case is
that low-voltage lines supply electricity in two directions, followed by three or four directions. The number
of directions of power supply is N, 1 < N < 4 in general.

2. The structure of low-voltage lines also affects line losses. For a single-phase two-wire system line, phase
conductors and neutral conductors generally have the same sectional area and equal current, so electric
energy losses of such a single-phase line are two times those of a conductor. If the structure of a low-
voltage line is a three-phase four-wire system, then neutral conductors have a smaller sectional area
and smaller current than phase conductors, so electric energy losses of such line are 3.5 times those of
a conductor.

3. In fact, current at the start end of each direction in a low-voltage line is not equal. To calculate the electric
energy losses of the low-voltage line in a distribution transformer, line losses can be first calculated based
on the assumption that current at the start end of each direction in the line is equal. But it needs to be
multiplied with the correction coefficient K; considering the imbalance of current distribution at the start
end of each direction in the line. First of all, the imbalance coefficient K, of current at the start end of each
power supply direction of the low-voltage line is defined as the ratio between the maximum difference and
the average, that is

Trnax — I
Kubl — mﬂXI min (8. 14)
av

Wherein I ax, Inin, [oy — maximum value, minimum value and average of the current in the start end of
each power supply direction of the low-voltage line (A).

The relation between the correction coefficient K; and the imbalance coefficient K., can be
identified by analytical methods. Assume that the shape of the current load curve in each power
supply direction is the same, and that the sum of rms current in each direction of the low-voltage
line within the measuring period is equal to the sum of rms current in the low-voltage side of the
distribution transformer; also assume that the resistance in each power supply direction of the low-
voltage line is the same. For example, as for a single-phase line, the unbalanced current distribu-
tion set randomly in each power supply direction is used to calculate K., and Kj, and then the
analytical method or curve fitting method is used to identify the relational expression between K,
and Kubl-

a. If the number of power supply directions of the low-voltage line is N = 2, and assuming that the rms
current at the start end of Line A and Line B is respectively I a4 and Ly g, and Lys. g = a(A), Lis.a =
na(A), then use Formula (8.14) to calculate K, that is

(n-la  2(n-1)
Ky = =
05(n+1)a n+l

According to the definition of the correction coefficient K,

R+

rms.A

(s

rms.B

R) — Kl ) (Irms.B ;Irms.A) 2R
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SO

K, = (Ir2ms.B +Ir2ms.A)

1 2
2 |:§ (Irms.B + Irms.A):l

a2 + nzaz

2(n*+1)
C (n+1)?

1
§(n+ 1)2d?

As Ky =

2(n—-1 2+K
(n+ I ), son= > KUbl, and substitute it into the above formula and obtain the following
— Aubl

formula after simplification:

K =1+0.25K3, (8.15)

. If the number of power supply directions of the low-voltage line is N = 3, and assuming that the

rms current at the start end in the three directions is respectively s as Lims.Bs Lrms.co and Lys.c =
a(A), Limss = ma(A), Ims o = na(A), then the calculation formulas of Ky, and K are obtained:

_ 3(n-1)

Tn+m+1

3 +m?+1)

(n+m+1)*

ubl
K, =
When n and m are different values, corresponding K,,; and K| values are obtained as shown in Table 8.4.

According to the K;,; and K data listed in Table 8.4, the curve fitting method is used to obtain the
following approximate formula:

Ki = 1.067 = 0.113K,; + 0.236K> 4 (correlation coefficient r = 0.98) (8.16)

Figure 8.1 shows 17 data points and curve fitting.

4. The electric energy losses of a low-voltage line are also related to the load distribution in each direction of
the line. If the electric energy losses are calculated based on the current at the start end in each direction
of the low-voltage line and its resistance, the calculated result should be multiplied with the correction
coefficient K. Section 9.4 of Chapter 9 will compare the electric energy losses of multi-branch lines
in a case of uneven load distribution with those in cases of even load distribution or loads concentrating
at the tail end. According to the actual situation of a low-voltage grid, distribution transformers are
equipped in the center of loads, and loads in the start-end section of low-voltage lines are generally larger
than those in the tail-end section, so it is advisable to take the correction coefficient K, as 0.25-0.30.

Table 8.4 Calculation table of K, and K.

n 1 3 5 7 9 2 3 5 7

m 1 1 1 1 1 2 2 2 2
Kool 0 1.20 1.714 2.0 2.182 0.60 1.0 1.50 1.80
K 1 1.32 1.653 1.889 2.058 1.08 1.167 1.406 1.62
n 9 3 5 7 9 11 13 15

m 2 3 3 3 3 3 3 3
Kuon 2.0 0.857 1.333 1.636 1.846 2.0 2.118 2211
K, 1.792 1.163 1.296 1.463 1.615 1.747 1.858 1.953
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Figure 8.1 K;(K,y) fitting curve.

According to the above description, the electricity losses AA.q (kW-h) of low-voltage lines in a distribution
transformer within the measuring period can be calculated as per the following formula:

I 2/R
AAey = MNK; K, ( “Zbd) (W) Tx1073 (8.17)

Wherein M — constant considering the structure of low-voltage line (for single-phase two-wire system,
M = 2; for three-phase four-wire system, M = 3.5);
N — number of power supply directions of low-voltage line;
K, — correction coefficient considering unequal current in the start end of each power supply direc-
tion, which can be calculated as per Formulas (8.15) or (8.16);
K, — correction coefficient considering uneven load distribution in each power supply direction of
the line, generally in the range 0.25-0.30;
Imspa — rms current in the low-voltage side of the distribution transformer within the measuring
period, which can be obtained by multiplying the rms current in the high-voltage side of the dis-
tribution transformer within the measuring period by the ratio of transformation (A);
R, — average of total resistance of per phase conductor of the low-voltage line, which is obtained
based on the statistics of distribution transformers of the same capacity and the same load type (£2).

Due to the large quantity of common distribution transformers, it is impossible to calculate electric energy
losses of the low-voltage line in each distribution transformer by the above method. To regularly conduct
theoretical calculation of line losses in the whole region, first of all, select several kinds of representative
distribution transformers for detailed calculation of low-voltage lines. Then, compare the total low-
voltage rms current of various kinds of distribution transformers with the low-voltage rms current of repre-
sentative distribution transformers and calculate the ratio between the two. Next, multiply the square of this
ratio by the losses of low-voltage lines of representative distribution transformers to obtain electric energy
losses of low-voltage lines of the same kind of distribution transformers. Add up the electric energy losses of
low-voltage lines of several kinds of distribution transformers to obtain the total electric energy losses of
low-voltage lines in the whole region.
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8.3 Calculation of Electric Energy Losses of Cable Lines

Due to complex structures, power cables have resistance heat losses in conductors, dielectric losses in insu-
lating layers, and sheath losses and armor losses in sheathed, armored, and reinforced layers. The calculation
of no-load losses and load losses of cable lines will be introduced below.

8.3.1 Calculation of No-load Losses (Dielectric Losses in Insulating Layers)
of Cable Lines

When the operating voltage of oil impregnated paper insulated cables exceeds 30 kV and the operating volt-
age of PVC insulated cables exceeds 6 kV, that is when the operating voltage of cables is high, the dielectric
losses in insulating layers are of significance. Dielectric losses are independent of the cable load, but are
related to the cable operating voltage, so dielectric losses are regarded as a kind of no-load losses. The die-
lectric losses AAq (KW-h/km) per unit length of per phase cable are calculated as per the following formula':

AAG=3U}, , @CotansT x 107 (8.18)
& x 10°

Co=2" (8.19)
18In"2

r

Wherein Uy, oy — average phase voltage of cable lines within the measuring period (kV);
@ — AC angular frequency (when AC frequency is 50 Hz, » = 2xnf = 21 x 50 = 314);
Cy — operating capacitance per unit length of cable, which can be found in the product category of
cables (pF/km);
e — relative dielectric constant of insulating material (for oil impregnated paper insulated
cables, €, = 3.55)
r1, 121 — outside radius of cable core and outside radius of insulating layer (cm);
tand — tangent of dielectric loss angle of insulating material in cable, which is related to the mate-
rial, structure and rated voltage of cable. See Table 8.5 for ¢, and tand values of common insulating
materials used in cables.

According to the factory technical parameters of 630 mm? copper cables, calculations as per Formulas (1.6)
and (1.7) indicate that the percentage of dielectric losses of cross-linked cables in resistance losses changes
significantly with the operating voltage. The percentage of 610 kV cross-linked cables is below 1 x 107,
approximately 5.3 x 10~ for 35 kV cables, around 15 x 107 for 66 kV cables, and up to 69 x 10~ for 110 kV
cables. This percentage is dramatically reduced as the quality of insulating materials is improved. For urban
power grids with intensive new and old high-voltage cable, no-load losses of cables should be particularly
considered for the calculation and analysis of line losses and should not be mistakenly included in “unknown
losses” due to omission. Refer to Appendix A and see Example 2-1 in Reference [65] for these calculations.

8.3.2  Calculation of Load Losses of Cable Lines
8.3.2.1 Calculation of Resistance Heat Losses of Cable Cores

Because each phase of the cores of three-phase cables is close, an obvious skin effect and proximity effect
occur so that the AC resistance of cores is increased. If the AC resistance considering the temperature influ-
ence around the cores is R', then

R' =Ry (1+p,)

(8.20)
ﬂz =0 (QC —20)

"In Formula (1.7), & = &¢,. Substitute £, = 8.86 x 1072 F/m into it and divide by the length / to obtain Formula (8.19).
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Table 8.5 ¢, and tan§ values of common insulating materials used in cables.

Cable type &’ Tans “
Viscous impregnated, pre-impregnated, or non-draining insulated cable 4 0.01
Low-pressure oil-filled cable 33 0.004
High-pressure oil-filled cable 35 0.004 5°
Steel pipe type oil-filled cable 3.7 0.0045
Pressure cable 35 0.0045
Gas-filled cable 34 0.0045
Butyl rubber insulated cable 4.0 0.05
Ethylene propylene rubber (EPR) cable 0 0.003
PVC insulated cable 5.0 0.07
Polyethylene insulated cable 2.3 0.0005
Cross-linked polyethylene insulated cable 2.3 0.0005
“20°C, 50 Hz.

b This value is greater than that of high-pressure oil-filled cable, which is attributable to the different paper used, not the

different pressure.

Wherein R, — DC resistance of cores at 20 °C (Q);

P> — correction coefficient considering the influence of temperature around cores on resistance;
o — temperature coefficient of resistance of core conductor material at 20 °C (for copper, azg =

0.003 93 1/°C; for aluminum, a,g = 0. 004 03 1/°C);
6. — core temperature (°C).

Considering the skin effect and proximity effect, the AC resistance of three-phase AC cable is calculated as

per the following formula:
R=R/(1 + K3 +K4)

X

Ky=—3
7T 192+0.8x2

0.66X? (D.\* D\ > 1.18
K, 74<—) x 0.312<—> —

T 192+08X2\'S S X2
44027
192+0.8X2

-
Xy= 2 1070
R/
8xf _
X4= prw o

Wherein K3 — coefficient of skin effect;
K, — coefficient of proximity effect;
X3 — calculation coefficient;
X, — calculation coefficient;

(8.21)

(8.22)

(8.23)

kp — coefficient changing with core structure (for dry impregnated paper insulated cables,

kp = 0.80; for non-dry impregnated paper insulated cables, k, = 1.0);
D, — outer diameter of core (cm);
S — spacing between cores (cm).
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According to the calculation result for 10 kV three-core sector-shaped cables, the sum of K3 and K, coeffi-
cients of both copper cables with a sectional area of 240 mm? and above and aluminum cables with a sectional
area of 400 mm? and above exceeds 5%, so the influences of skin effect and proximity effect must be con-
sidered so as to avoid a smaller calculation of electric energy losses.

8.3.2.2 Calculation of Cable Sheath Losses

The quantity of losses in the metal sheaths of cables depends on the cable structure and the sheath connection.
Sheath losses are in direct proportion to the square of current in the cores, so the ratio between sheath losses
and core losses is a constant, that is AA, = 11 AA. 4, is called the loss coefficient of the metal sheaths of cables.

1. The coefficient of sheath losses of 10 kV three-phase integrated steel tape armored cables can be calculated
as per the following formula:

JZ7A%
8.24)
Ry (2 ? 1 (
><O.94—h( r‘”) ;
R\ Dn J 1+(1.59R, x 10%/f)
A
Ag=——
k TI:Dk

Wherein D, — average diameter of metal sheath (cm);
D, — average diameter of armor (cm);
r, — radius of circumference surrounding three-phase sector-shaped core (cm);
t — insulation thickness between cores (cm);
y — average permeance coefficient of steel tape, u =~ 300;
Ay — equivalent thickness of armor (cm);
A — sectional area of armor (cm?).

According to the calculation, 4, is generally smaller than 1% for common 10 kV steel tape armored cables,
so it can be ignored.

2. The the coefficient of sheath losses is calculated when single-core cables are laid with both ends of the
sheathes being directly interconnected, not transposed, and linearly and equidistantly arranged. In some
special cases (such as submarine cable lines), metal sheaths cannot be cross-connected and can only be
directly connected in both ends. In such cases, wherein a closed loop is formed within the sheathes,
induced electromotive forces in metal sheaths will produce a sheath current whose direction is opposite
to the core current, thereby leading to larger sheath losses. In this case, the per phase equivalent coefficient
of the sheath losses of three-phase cables can be calculated as per the following formula:

1 2
IR | OeXa) (9-5%-)

= 8.25
'T2R R+ (Xn+Xn) 1.\ (8.25)
Ry Xn=3Xm

2
Xn = (Za)lnD—S) x107°, Xm=2wIn2x107° (8.26)
h
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N Vv
N

Figure 8.2 Non-transposed and cross-connected cables.

Wherein R — effective resistance per unit length of core [€2/cm; calculated as per Formula (8.23)];
R, — effective resistance per unit length of sheath (€2/cm);
X}, — reactance per unit length of sheath (€2/cm);
S — center distance between two cables (cm);
Dy, — diameter of metal sheath (cm);
® — AC angular frequency;
X — calculation reactance per unit length (when the AC frequency is 50 Hz, X, = 4.35 x
107 Q/cm).

According to the calculation, when both ends of sheaths of single-core cables are directly interconnected,
the sheath losses may be very large.
3. When the sheaths of single-core cables are single-point interconnected or cross-connected, and are laid in
the form of a linear and equidistant arrangement (see Figure 8.2), the cable sheath losses are very small.
Current-circulation losses 4’| are generally ignored and the coefficient of eddy-current losses A7 [21]
is only calculated as per the following formula:

Ry (Do/28) [1+As(Dy/25)?
R R(Ryx 10’ )+ (1/5)(25/Dy)

"_
1=

Wherein R, — resistance per unit length of metal sheath (Q/cm);
R — resistance per unit length of conductor (£/cm);
Dy, — average diameter of metal sheath (cm);
S — spacing between center axes of cable conductors (cm);
A1, A, —calculation coefficients related to the way of laying of cables (when cables are arranged
in a regular triangle manner, A; = 3, A, = 0.417; when cables are arranged equidistantly and in
parallel, A; = 1.5, A, = 0.27 for side phase, and A; = 6, A, = 0.083 for medium-phase).

For example for 110 kV and 240 mm? oil-filled cables, when the phase spacing is 40 cm, 2", = 2.12% in
the case of regular triangle arrangement of three-phase cables; side phase | = 1.04% and medium phase
A" =4.14% in the case of horizontal arrangement. According to the comparison, when the phase spacing
is the same, the eddy-current losses of sheaths arranged horizontally are approximately 2.5 times those of
sheaths arranged in the form of a regular triangle.

4. The coefficient of sheath losses of split-phase lead-sheathed armored cables can be calculated as per the
following formula:

Ry 17X7

"R R+X?

1 (8.27)

8.3.2.3 Calculation of Cable Armored Losses

Losses caused by hysteresis and eddy current in armored layers and reinforced layers of cables are known as
armored losses, AAy, which are in direct proportion to the square of current in the cores, that is AA, =1,AA. A,
is called the coefficient of cable armored losses.
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For split-phase lead-sheathed wire-armored cables, 4, can be calculated as per the following formula:

R 2 1
/12=1.23(1—/11)—k4—c-—2 (8.28)
R Dx (44Rx10°/f)" +1

Wherein 4; — coefficient of sheath losses calculated as per Formula (8.27);
Ry — resistance per unit length of armor (/cm);
D, — average diameter of armor (cm);
C — distance between cable center and core center (cm).

According to the calculations of Formulas (8.27) and (8.28), the sheath losses and armored losses of split-
phase lead-sheathed cables are large, and the sum of the two may reach over 15% of core losses. Therefore,
such two losses must be considered for the calculation of line losses in these cable lines.

8.3.2.4 Other Losses in Cable Lines

1. Additional losses caused by unequal lengths of cross-connected sections. Single-core high-voltage cables
use the cross-connected grounding mode which requires equal lengths of three sections in a unit system.
However, due to the limit on setting of junction manhole in engineering practice, sections may have
unequal lengths. At this time, additional losses of metal sheathes can be calculated as per the following
formula [66]

AP =AW, (AL/L)?

Wherein AP, — additional loss rate of cable metal sheath (%);
AW, —ratio of current-circulation losses of metal sheaths to cable core losses when both ends of
metal sheaths are completed grounded;
AL — difference between maximum length and minimum length of three sections of the unit
system (m);
L — sum of lengths of three sections of the unit system (m).

The writers of Reference [66] found during their surveys that AP, of a 66 kV cable line with L =770 m
and AL = 160 m was about 4.32% of the current-circulation losses as calculated as per the above formula.
Because the current-circulation losses of the cable line were small after cross-connection, unequal lengths
of section did lead to additional losses which, however, were very small and thus generally can be ignored.

2. Eddy-current losses of brackets. According to Japan’s relevant literature dated July 1983, when the oper-
ating current of AC single-phase large cross-section cables reaches 1450 A, losses in steel cable brackets
will be produced due to an eddy effect, which are 160 W/m for three-phase triangular configuration and
530 W/m for split-phase (horizontal) configuration, approximately accounting for 20-70% of cable losses.
To avoid such bracket losses, non-magnetic material such as stainless steel, glass steel, or aluminum alloy
have been used at both home and abroad to produce brackets of large cross-section single-core cables.

8.4 Calculation of Electric Energy Losses of Main Transformers
8.4.1 Active Power Losses of Main Transformers
8.4.1.1 No-load Losses of Main Transformers

When the secondary winding of a main transformer is in open circuit and a rated voltage of a rated frequency
is applied in its primary winding, the current passing the primary winding is called the no-load current. The
active component of the no-load current is called the loss current, and the active power supplied by the loss
current are called no-load losses, which are generally expressed by AP,. No-load losses ignoring resistance
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losses of primary winding are also called iron core losses. In the calculation of line losses, iron core losses are
usually regarded as equal to no-load losses APy(W), which can be calculated as per the following formula:

APy =Kop.G, (8.29)

Wherein K, — processing increase coefficient, taking 1.2-1.5;
P — unit loss of magnetic flux density of iron core (W/kg);
G, — mass of iron core (kg).

8.4.1.2 Load losses of Main Transformers

When the secondary winding of a transformer is in short circuit and a rated current passes the secondary
winding, the voltage applied in the primary winding is called the short-circuit voltage or impedance voltage
of the transformer. Losses produced at this time are called rated load losses, which are usually expressed by
AP\, and are divided into resistance losses and additional losses of the winding. Additional losses include
eddy-current losses of the winding, current-circulation losses of shunt winding, structure losses, and lead
losses. Considering the additional losses, load losses can be calculated based on 1.05-1.15 times resistance
losses.

Resistance losses AP (W), also known as copper losses or aluminum losses, can be calculated as per the
following formula:

AP, =K,j*G (8.30)

Wherein K, — coefficient (2.4 for copper wires; 13.22 for aluminum wires);
j — current density of winding conductors at 75 °C (A/mm?);
G — total mass of winding conductors (kg).

8.4.2 Calculation of Electric Energy Losses of Main Transformers

If, within the measuring period 7, the average voltage at the primary side of the transformer is U,, and the rms
current is /., then the electric energy losses AA (kW-h) of the three-winding transformer are calculated as per
the following formula:

AA=AAg+AAL =

f N

Un\’ Lms )
APO(U"‘V) +APLN(;‘“°) }Tx10‘3 (8.31)

Wherein AP, — rated no-load losses of the transformer, when rated voltage is applied in the transformer
which is operating in the tapping point (W);
Ur — voltage of operating tapping point of the transformer (kV);
APy N — rated load losses of the transformer (W);
Iy — rated current at primary side of the transformer (A).

If the maximum load current /,,,,, minimum load current /..,;,, and average current (obtained from readings of
active and reactive watt-hour meters) within the measuring period are given, the loss factor can also be cal-
culated with the load factor f and the minimum load rate as per Formula (2.26), and then the electric energy
losses AA (kW-h) of the main transformer can be calculated as per the following formula:

U\’ Tnax \ 2
APO(U‘“) +APLN(’1““) F]Tx10‘3 (8.32)

f N

AA=
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For a three-winding transformer, electricity losses in each winding should be calculated and are added up to
obtain the load electricity losses of the three-winding transformer. Subscripts /4, m, and [ are used below to
represent windings at high-voltage, medium-voltage, and low-voltage sides. When 100% rated current passes
each winding, if the rated load losses among windings are known, then the rated load losses of each winding
can be calculated as per the following formula:

1

AP\ = E(APhAm + APy —APn)) (8.33)
1

APmNzE(APh.m"'APm.]_APh.I) (8.34)
1

APlNzE(APh.l"'APm.l_APh,m) (835)

Wherein APy, ,,, APy, AP, — rated load losses of high voltage-medium voltage, high voltage—low volt-
age, and medium voltage—low voltage windings, which are included to the rated capacity of the
main transformer.

If the rms current passing each winding within the measuring period is calculated according to measured
load records, that is /s, Lormss [3mms, and the rms current included in the high-voltage side winding is /s,
I’ 3rms> I'3rms, then the electricity losses of each winding are

[ rms 2
AA; = APy (1—) Tx1073 (8.36)
Iin
L \?
AAy = APon <2—m> Tx1073 (8.37)
Iin
Lo\’
AA3=APy (—;Tmb) Tx107 (8.38)
IN

No-load electric energy losses of the three-winding transformer are calculated in the same way as that of the
two-winding transformer, so electric energy losses of the three-winding transformer can be calculated as per
the following formula:

AA=AP, (U
U,

2
) Tx 1073+ AA; + AAy + AA; (8.39)
f

Wherein AA;, AA,, AA;—electric energy losses of each winding, which are calculated as per Formulas 8.36
to (8.38).

8.4.3 Calculation of Electric Energy Losses of Main Transformers
in Parallel Operation

When two main transformers are in parallel operation, if the total rms current at the primary side or the sec-
ondary side is given, then the rms current passing each transformer can be determined by the following

approximate formula:
X2

Lins1 = Lins
X1t
Lims2 = Llrms
X112
AugU2x 10
e
NI (8.40)
Auyo UI%I x 10
e
N2
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Wherein y4, y» — reactance of two transformers (L);
Auyy, Auy, — percentage of short-circuit voltage of two transformers;
Uy — rated voltage of transformer (kV);
Sn — rated capacity of transformer (kVA).

The total electric energy losses AAy (kW-h) of the two transformers can be calculated as per the following
formula:

AAEZ

Uw\’ Tomst )2 i
(AP01+AP02)( “) +APLN("““) +APLN2<‘““2) Tx1073 (8.41)
U I Inz

f

Wherein Iy, Inz — rated current of two transformers (A).

8.5 Calculation of Electric Energy Losses of Other Electrical Equipment
8.5.1 Shunt Capacitors

Electric energy losses of shunt capacitors can be determined by the tangent measurement of loss angle (tand)
of the capacitor, and this measurement is one of the items required to be tested in the factory test of the capac-
itor. For 1 kV and below non-self-healing shunt capacitors, Reference [67] stipulates that tand values of capa-
citors under voltages of (0.9—1.1)Uy and frequencies of (0.8—1.2)fy should be measured before and after the
thermal stability test, and that tand measurements should not guarantee values given by manufacturers under
the test temperature and voltage or values agreed by manufacturers and purchasers.

Reference [68] specifies that measurement of the tand value of a capacitor, as one of the routine test items,
should be conducted under 0.9-1.1 times the rated voltage and in a method that can eliminate errors caused by
harmonics. The accuracy of the measuring method and the relationship between it and the measurements
under the rated voltage and rated frequency should be identified. For multiphase capacitors, the measuring
voltage should be adjusted so that each unit can be subject to 0.9—1.1 times the rated voltage. The old version
of this standard (dated 2001) stipulates that the requirement for capacitor losses (or tand) should be discussed
and determined by manufacturers and purchasers, while the new version [68] (dated 2010) explicitly stipu-
lates that the tand of all film dielectric capacitors should not exceed 0.000 5. If there is a case for a lower
requirement than this, the manufacturers and purchasers should have a discussion to determine it. According
to the comparison, given the requirement for loss reduction and energy conservation in electric power sys-
tems, the new version puts forward higher requirements for the standard of energy consumption of widely
used shunt capacitors having a rated voltage above 1000 V.

The new version [68] also stipulates that losses caused by all accessories such as external fuse protectors
and reactors should be included when calculating the total losses of a bank of capacitors. As agreed, man-
ufacturers should provide curve graphs or data tables indicating the changes in capacitance and tand with
temperature under rated capacity steady-state conditions. Such provisions of the new version provide basic
conditions for the correct calculation of the electric energy losses of shunt capacitors considering various
influence factors.

Therefore, the electricity losses AA (kW-h) of shunt capacitors within the measuring period 7 can be cal-
culated as per the following formula:

AA=QctandT x 1073 = U wCtan T x 1073 (8.42)

Wherein Q¢ — average of total capacity of shunt capacitors put into operation within the measuring
period (kvar);
U, - line voltage (kV);
C — capacitance corresponding to the average of total capacity of capacitors put into opera-
tion (uF).
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8.5.2  Shunt Reactors and Series Current-limiting Reactors
8.5.2.1 Shunt Reactors

Shunt reactors are used for ultra-high voltage remote power transmission lines to absorb the capacitive
charging power of line capacitance, so as to stabilize the system voltage and improve system stability.

Similar to transformers operating with no loads, the power losses of shunt reactors depend on the operating
voltage. Using factory test data [i.e. the power losses AP, (three-phase average) of reactors under the rated
voltage] provided by manufacturers, the average voltage within the operating period and the operating period
T can be used to calculate electric energy losses as per the following formula:

U 2
AA=3AP, (—‘"‘) Tx1073 (8.43)
Un

Wherein U,,, Un — average voltage of reactors within the operating period and the rated voltage of the
system to which reactors are connected (kV).

8.5.2.2 Series Current-limiting Reactors

Series current-limiting reactors are generally installed in loops of substation transformers, buses, power trans-
mission lines, or high-voltage distribution lines, and current passing the reactors within the measuring period
is directly or indirectly measured and recorded. Therefore, the electric energy losses of a series current-
limiting reactor can be calculated as per the following formula:

2

Irms -

AA=3<—I )APrelTxlo 3 (8.44)
N

Wherein I, — rms current passing the reactor (A);
Iy — rated current of the reactor (A);
AP, —power losses of the single-phase reactor at 75 °C (W; this can be found in factory data; if no
data can be found, refer to [69]).

8.5.3  Synchronous Compensator

The losses of a synchronous compensator are losses of the main engine and can be generally divided into basic
losses, additional losses, and mechanical losses. Basic losses include basic iron losses, basic copper losses,
and excitation losses. Additional losses include rotor surface losses, additional losses produced in the stator
by higher harmonic in the rotor magnetic field, pulsating losses in stator teeth, additional copper losses in
stator winding conductors, and losses produced in the rotor surface by harmonic magnetic potential and flux
of the stator. The former three losses exist when the synchronous compensator is operating with no loads and
can be regarded as no-load losses, while the latter two losses are in direct proportion to the square of stator
current and can be regarded as load losses. Mechanical losses include mechanical friction losses of the bearing
and electric brush, and friction losses of ventilation; they are basically independent of the loads of the syn-
chronous compensator and account for over half of the total losses.

According to the power loss percentage Ap% (provided by the manufacturer) of a synchronous compen-
sator under rated loads and the ratio between no-load losses and load losses, the electric energy losses
AA (kW-h) of the synchronous compensator within the measuring period can be calculated as per the follow-
ing formula:

AA:Ap%SNT{k+(1—k) (SS“S)Z} (8.45)

N

www. Technicalbookspdf.com



150 Line Loss Analysis and Calculation of Electric Power Systems

0.2
Stms = 7 +0.88,y (846)

Wherein Sy — rated capacity of the synchronous compensator (kVA);
Srms — 'ms loads of the synchronous compensator with the operating period 7 (kVA);
k — ratio of no-load losses to load losses; k£ > 0.5 in general;
T — operating period of the synchronous compensator (h).

The synchronous compensator should be equipped with a low power factor watt-hour meter that can measure
consumed electrical energy for the purpose of making a statistical collection of electricity losses of the syn-
chronous compensator. This watt-hour meter allows recording readings at the beginning and end of operation,
thus determining the electric energy consumed by the synchronous compensator within the operating period.

8.5.4 Watt-hour Meter and Other Instruments

Electric energy losses in the current coils of watt-hour meters are generally much smaller than those in voltage
coils and iron cores, so the upper limit of no-load losses can be used for calculating the electricity losses of
watt-hour meters, as a step of considering ignored load losses.

The no-load power losses of a single-phase watt-hour meter generally do not exceed 1.5 W, so the monthly
electricity losses of a single-phase watt-hour meter can be taken as 1 kW-h. The monthly losses of a three-
phase watt-hour meter with two units can be taken as 2 kW-h. If the number of single- and three-phase watt-
hour meters is given, then the total electricity losses of watt-hour meters within a measuring period can be
obtained.

The power consumed by the voltage coil of various measuring instruments or electromagnetic relays is
generally not more than 5 W; and the power consumed by the voltage coil of some automatic recording instru-
ments may reach 6 or 13 W. The power consumed by each current coil under full loads is generally not
more than 1 W; and the power consumed by the current coil of some automatic recording instruments
may reach 6 W.

On average, the power losses in each current transformer are not more than 20-50 W. The losses of a volt-
age transformer are mainly no-load losses and depend on the model and capacity of the voltage transformer.
For a general electromagnetic voltage transformer, its no-load losses approximately account for 10% of its
capacity. A theoretical calculation of the line losses of some power grids indicates that the total electricity
losses in the current transformer, voltage transformer, electromagnetic relay, and measuring instrument only
account for 0.1-0.4% of total line losses and thus can be ignored in general. In addition, the electricity used by
a substation is mainly for the inside and outside lighting of the substation, cooling the main transformer (fan,
oil-submerged pump), auxiliary engine, synchronous compensator and AC + DC operation, control and pro-
tection, and the power supply of the signal power source. Some substations use electric boilers with a larger
power consumption, leading to a higher electricity usage. Watt-hour meters should be installed to measure the
electricity required for operation, and an electricity rating should be established, depending on the scale of the
substation, and be strictly assessed.
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Calculation of Electric Energy
Losses of Multi-branch Lines

Power transmission lines connected with a number of concentrated loads, 6-10 kV distribution lines con-
nected with many high-voltage customers and dedicated or common distribution transformers, and 380/
220 V low-voltage distribution lines connected with a lot of low-voltage power and lighting customers
are all multi-branch lines. Because of the different shapes of load curves, power factors and voltages at dif-
ferent load points, it is very difficult to accurately calculate the electric energy losses of multi-branch lines.
Various simplified methods have to be used for the theoretical calculation of line losses of distribution lines
with many branch lines. These methods need less original operating data and less calculation workload while
producing highly accurate calculation results. This chapter will introduce several methods for calculating the
electric energy losses of multi-branch lines.

9.1 Basic Method for Calculating Electric Energy Losses of
Multi-branch Lines

9.1.1 Weighted Average Method

A planned or designed 35 kV power transmission line is always connected with several concentrated loads,
as shown in Figure 9.1.
Electric energy losses of the whole line can be calculated as per the following formula:

AA=AA3+AA) + AA|

SSmax : SZmax : S] max :
= F3+ F+ F
|:( Ud ) r3r3 Uc i) Ub rir

S3max = Sd,maxa SZmax = SSmax + ASS + Sc,max

Tx1073

Sl max =S2max + ASZ +Sb,mux
U.=Ug+ AUz, Uy=U.+ AU, U,=Uy + AU,

AU=Pmaxr+Qmax)(
U

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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Figure 9.1 Line connected with three loads.

Wherein  S3maxs S2max> S1max — Maximum values of input value at nodes a, b, and c;
AS,, AS3 — power losses in sections 2 and 3;
U,, U, Uy — voltages at nodes d, ¢, and b (if Uy or U, is given, they can be obtained with volt-
age loss);
AU - voltage loss (without considering the transverse component of the voltage losses in each
section, AU can be calculated based on the maximum load rate passing each section and the
impedance of each section);
r3, Fa, I — resistance of each section (Q);
X3, X5, X1 — reactance of each section (Q);
F3, F», F —loss factor of each section [calculated by formulas listed in Table 4.4 (Chapter 4) and
Formula (4.13) based on the load factor and power factor of each section];
T — calculation period (h).

To derive the load curves and operating parameters as a result of the superposition of several concentrated

loads, concepts of the weighted average load factor [Formula (9.1)] and the weighted average power factor
[Formula (9.2)] can be quoted, that is

fwczE(Pmax.iﬁ)/ZPmax.i (91)

COS Pyye = Z(Smax.i COS @;) / S max.i (9.2)

For the multi-branch line shown in Figure 9.1,

f _ Pmax.dfd +Pmax.cfc
we2= "~
Pmax.d + Pmax,c
Fuel = Prnax.a fa + Pmax.c fo + Pmaxb fo
wel =
Pmax.d + Pmax,c + Pmax.b
O, = COS P Smax.d + COS P Smax.c
e2 —
h Smax.d + Smax,c
_ COS@ySmax.d + COS PcSmax.c T COS P, Smax b
COSPyer =

Smax,d + Smax.c + Smax.b

The loss factors F3, F,, and F can be found according to the calculation curves of electric energy losses
shown in Figure 5.4 based on the three sets of parameters of (fg, cOs@q), (fwe2, COSPwe2), and (fye1, COSPyer)-

According to Formulas (9.1) and (9.2), the weighted average method is on the premise that the shapes of
load curves of all branch loads are the same. Actually, the superposition of load curves with different shapes
causes a staggered peak, so f;,. calculated by Formula (9.1) is smaller than the actual operating value. The
weighted average method may produce larger electric energy losses of multi-branch lines.
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9.1.2  Point by Point Section Simplification Method

To calculate electric energy losses of a 6-10 kV high-voltage distribution line, the following original data
should be generally collected:

1. Single line connection diagram of the distribution line, indicating the conductor model and length of each
section, and the capacities of all connected distribution transformers.

2. Records of monthly active electricity and reactive electricity at the start end and high-voltage customers of
the distribution line.

3. Records of 24 h current or active electricity and reactive electricity at the start end and high-voltage
customers of the distribution line on a representative day.

4. Classification of common distribution transformers, and actual measuring records of current of each type
of distribution transformer on a representative day.

5. Voltage curve at the start end of the distribution line on a representative day.

To simplify the calculation, the point by point section simplification method needs the following two basic
assumptions:

1. The power factor at each load point is approximately equal to the power factor at the start end.
2. The influence of the voltage change along the multi-branch line on electric energy losses is ignored.

If the average voltage at the start end on a representative day is regarded as U,,, and the monthly average
power factor is regarded as cos@,,, then

Uy =2U;/24
COSQ,, =Ap/1 /A%,+A2Q

Wherein  Ap, Ap — monthly active electricity (kW-h) and reactive electricity (kvar-h).
Due to assumption (1), for each load point,

Ap.i
Lyi= % (\/§ COs @y, Uav>
Due to assumption (2),

S =% |:A;.i / <\/§ COS @y, Uav>:|
= (ZAP.i)%/(\/gCOS(paVUaV)

A
= % (\/§ COS @,y Uav) =l

Wherein Ap, I,y o — monthly active electricity (kW-h) and monthly average current (A) at the start end of
the line.

The above formula indicates that, because of the above two basic assumptions, the average current at the
start end of the line is equal to the sum of average current at all load points.

Because of the difference in the shapes of load curves of 6-10 kV customers connected in the 6-10 kV
distribution line and in the shapes of load curves of various types of common distribution transformers, loss
factors of different sections of the line are also different.

If the rms current of each section of the line is used to calculate line losses, the form coefficient of each
section must be calculated after the distribution of average current is obtained. As there are many load points
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in the distribution line, the maximum load duration of each section load curve is very short due to staggering
peak of loads, so Formula (2.16) can be selected to calculate the form coefficient of each section, that is

K=+F/f=+/0.2f +0.82/f
=/02/f+038

According to Formula (9.3), the form coefficient of each section of the 6—10 kV multi-branch distribution line
is deemed as only relevant to the load factor. Therefore, the average current and load rates of a load point and
the section behind the point can be used to calculate the weighted average load factor f. ; of the section before
the point as per Formula (9.1), and then f,. ; is substituted into Formula (9.3) to obtain the form coefficient K.

The point by point section simplification method follows the steps below to calculate electric energy losses
of the distribution line:

(9.3)

1. Determine the number of sections in the line and the resistance of each section, and draw the single line
diagram used for calculating line losses.

2. Calculate the average voltage U,, within the measuring period based on the voltage records at the start end
of the line on the representative day.

3. Calculate the monthly average current at the start end and high-voltage customers of the line based
on the monthly active electricity and reactive electricity at the start end and high-voltage customers,
that is

Lvo=\[Ap + A/ (V3ULT)

Iav.m = A%‘m +A2Q.m/ (\/gUaVT)

Wherein subscript 0, m — start end of the line, and number of each high-voltage customer.
4. Calculate the monthly average current of each common distribution transformer by means of capacity
assignment, that is

lay = (IaVAO _Zlav,n)/zwn
Loy.n = Whiay

Wherein i, —monthly average current assigned to each common distribution transformer per kVA rated
capacity (A/kVA);
W,, — rated capacity of each common distribution transformer (kVA);
1., — monthly average current assigned to each common distribution transformer (A).

Do an algebraic addition section by section from the tail ends of main line and branch line to the start end,
and calculate the average current of each section. Mark them on the single line diagram.

5. Calculate the load factor f;, of each common distribution transformer according to typical surveys or rep-
resentative day records of each common distribution transformer; calculate the load factor f,, of each high-
voltage customer based on load records of the customer on the representative day; calculate the weighted
average load factor fy. ; of each section according to the distribution of average current and load factor at
all load points as per Formula (9.1); calculate the form coefficient K; of each section as per Formula (9.3);
and finally obtain the rms current of each section I, ; = K;l,y ;- Fill in the data in the calculation table.

6. Calculate the monthly electric energy losses of the whole line by means of the point by point
section simplification method and accumulation:

AA =3(2I

rms.i

R)Tx107° (9.4)
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Figure 9.2 Connection diagram of high-voltage distribution line [I and II are high-voltage customers; the numerator
in each number beside a transformer is the rated capacity (kVA), and the denominator is the load factor].

Example 9.1 There is a 10 kV high-voltage distribution line whose connection is shown in Figure 9.2.

Known data for calculating line losses of this line include: (i) conductor model and length of each section of
the line, (ii) capacity of each common distribution transformer in the line, (iii) active electricity and reactive
electricity at the start end of the line and two high-voltage customers (I and II) within the measuring period
(one month), (iv) load factor of the two high-voltage customers and common distribution transformers which
are calculated based on load data on the representative day, and (v) average voltage at the start end of the line
during the measuring period. Try to calculate the monthly theoretical electricity line losses of this line and its
line loss rate.

Solution

1. Determine the number of sections in the line and the resistance of each section.
The whole line is divided into 15 sections according to the distribution of load points. Calculate the resist-
ance of each section based on the conductor model and length of each section. The resistance values are
marked in the single line diagram for calculation, as shown in Figure 9.3.

2. Determine the distribution of average current.
The monthly average voltage at the start end of the line is U,, = 10 kV, and the monthly active electricity
and reactive electricity are 94.6 x 10* kW-h and 60.46 x 10* kvarh, respectively. For high-voltage
customer I, the monthly electric supply is 28.54 x 10* kW-h and cosg,, = 0.92. For high-voltage
customer II, the monthly electric supply is 34.52 x 10* kW-h and cosg,, = 0.86. According to the above
known data, calculate the monthly average current at the start end of the line and the two high-voltage
customers:

o= (V94.67+60.46%) x 10/ (v3x 10 720)
=112.27% 10*/1.247 x 10* =90.03(A)

L1 =28.5%10%/ <\/§>< 10x0.92 ><720) =25(A)

Ly =34.52x10*/ (\/ix 10x0.86 x 720) =32(A)
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Figure 9.3 Single line diagram for calculating electricity line losses of the high-voltage distribution line [The number
under the arrow is the average current (A) at each load point; the number above a section (left) is the resistance () of
the section; the number under a section (right) is the average current (A) of the section].

The average current of each common distribution transformer can be assigned by capacity, that is

_90.03-(25+32)

oy 350 =0.025 8(A/KVA)

The average current of each common distribution transformer is calculated as per I,y ,, = W,,i,y. Do a point
by point calculation from the load points of the tail ends of main line and branch line to the start end, to
obtain the average current of each section. The results are marked in Figure 9.3.

3. Calculate the weighted average load rate of each section.
It is known that 30 kVA and 50 kVA common distribution transformers supply loads only for
lighting, with the load factor f; = 0.26, and distribution transformers with other capacities supply
urban common loads, with the load factor of f, = 0.32; high-voltage customer I is a two-shift com-
pany, with the load factorof f; = 0.55; and high-voltage customer II is a three-shift company, with
the load factor of fi; = 0.89. The load factor of all load points are marked in the single line dia-
gram. According to the distribution of average current shown in Figure 9.3, calculate the weighted
average loadfactor fy.; and the form coefficient K; of each section. See columns 4 and 5 of
Table 9.1 for the calculation results.

4. Calculate electric energy losses.
Calculate Izrms,,-Ri section by section for the 15 sections. According to Table 9.1, lerms.iRi =11764.36 (W),
so the monthly electricity losses are

AA;=3x%x11764.36x720% 1073
=25 411(kW-h)

The monthly line loss rate of the line is
25 411

A= — " % 10%=2.69
Vo= Srexior < 10%=269%
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Table 9.1 Calculation table of line losses of high-voltage distribution line through point by point section simplification.

Average
current rms Power
Section for section Weighted Form current losses Calculation of
Section resistance calculation average load coefficient  of section of section weighted average
numbers (£2) (A) factor fye.; of section K; I (A)  FPims.Ri (W) load factor fye;
0-1 0.2 90.02 0.582 1.069 96.23 1852.04  (0.609 - 81.76 +0.32 - 8.26)/
(81.76 + 8.26) = 0.582
1-2 0.3 81.76 0.609 1.062 86.83 2226.83  (0.626-77.12+0.32 - 4.64)/
(77.12 + 4.64) = 0.609
2-3 0.5 77.12 0.626 1.058 81.59 3328.46  (0.637-74.54 +0.32-2.58)/
(74.54 + 2.58) = 0.626
34 0.2 74.54 0.637 1.055 78.64 1236.85  (0.26-5.41+0.732-44.13 +
0.55 -25) /74.54 = 0.637
4-5 1.0 5.41 0.26 1.253 6.78 45.97
5-6 0.6 4.12 0.26 1.253 5.16 15.98
6-7 0.8 2.83 0.26 1.253 3.55 10.08
7-8 1.2 2.06 0.26 1.253 2.58 7.99
89 1.5 0.77 0.26 1.253 0.96 1.38
7-15 0.1 0.77 0.26 1.253 0.96 0.09
4-10 0.6 44.13 0.732 1.036 45.72 1254.9 (0.827 -35.87 +0.32 - 8.26)/
(35.87 + 8.26) = 0.732
10-11 0.8 35.87 0.827 1.02 1 36.62 1072.82  (0.866-33.29+0.32 - 2.58)/
(33.29 + 2.58) = 0.827
11-12 0.5 33.29 0.866 1.0 15 33.79 570.88  (0.89-32 + 0.26- 1.29)/
(32 + 1.29) = 0.866
12-13 0.1 32.0 0.89 1.0 12 32.38 104.85
11-14 0.1 2.58 0.32 1.194 3.08 0.95

S P iRi = 11764.36(W)

According to Example 9.1, because high-voltage customers and various common distribution transfor-
mers have different shapes of load curves and load factors, the weighted average method can be used to
calculate the load rate and form a coefficient for each section after the distribution of average current is
obtained, thereby obtaining the distribution of rms current and finally calculating the electric energy losses
of the whole line. This point by point section simplification method can be called a double current (average
current and rms current) distribution simplification method.

9.2 Equivalent Resistance Method and Calculation of Electric Energy
Losses of Distribution Transformers

9.2.1 Egquivalent Resistance of a Line

The electric energy losses of the multi-branch line shown in Figure 9.4 are

AA =3(12, oRo+ZI%, ;R)Tx107°
I\ 2 (9.5)
=32, R0+2(ﬂ) R;|Tx1073
o Irms40
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Figure 9.4 Schematic diagram of multi-branch line.

The concept and calculation expression of equivalent resistance can be obtained from Formula (9.5):

o \2
Reqi =Ro +z<ﬂ) R; (9.6)
ms.0
Wherein R, R; — resistances of the start-end section and section i ().
A;/T
Due t0 Iims; = Kily i =K; #, substitute this into Formula (9.6) to obtain
V/3U;cos p;

Reqi =Ro+ED?R; (9.7)

_Ki A Upcosp _ Lins.i

' K()A() Ui COS @; Irms.O
Wherein D; — conversion coefficient of section resistance.
Example 9.2 Use the calculation results in Table 9.1.

1. Try to calculate the equivalent resistances of Sections 4-13 and 4-9 in [Example 9.1], and compare them
with the actual resistances.
2. Calculate the equivalent resistance of the whole line.

Solution
1. According to Table 9.1, the rms current at the start end of Section 4-13 is ;.0 =45.72 A, and power losses

of this section are 3P R; = (1254.19 + 1072.82 + 570.88 + 104.85 + 0.95) = 3003.69 (W). Then, the
equivalent resistance of Section 4-13 can be obtained as per Formula (9.5):

3003.69

Reqia13=

The actual resistance of the section is R4 13 = 2.0 €, and the ratio i Reqi4.13/R4.13 = 1.437/2 = 0.72.
2. As for Section 4-9, according to Table 9.1,

Tms 0 =6.78A
SI2  Ri=(45.97+15.98 +10.08 +7.99 + 1.38 +0.09) = 81.49(W)

So, the equivalent resistance is obtained

81.49

eqld.9 =
The actual resistance of the section is R4o = 5.1 €, and the ratio is Requ4.9/R40 = 1.77/5.1 = 0.35.

The comparison shows that, if loads tend to be distributed at the tail end of the line, the ratio R.qi/R is
close to one; if loads tend to be distributed evenly, the ratio is close to one-third.
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3. The rms current and power losses at the start end of the whole line can be obtained according to Table 9.1,
so the equivalent resistance of the whole line can be calculated as per Formula (9.5):

11 764.36

eql =

Replace Sections 4-13 and 4-9 with equivalent resistances and use Formula (9.6) to calculate the
equivalent resistance of the whole line, that is

I ) 2
ch1=R0+Z( ‘“) R;
Irms.O

86.83\2 81.59\° 78.64\ °
=02+ (96.23) x0.3+ (96.23) 0.5+ (96.23)

45.72\* 6.78 \°
24 (202) graz7e (20 4.
x0 +(96.23) % 37+(96.23) x1.77

=0.2+0.244+0.359+0.134 +0.324 +0.009
=127(Q)

The result is exactly the same as that calculated by Formula (9.5).

9.2.2 Calculation of Electric Energy Losses of Distribution Transformers

It is widely known that the electric energy losses of a single distribution transformer can be calculated by the
following formula:

AAto=AAro0+AAroL =

Irm% 2
AP0+APLN(I ) }waﬂ* (9.9)
N

Wherein APy, APy — no-load active power losses and rated load power losses of the distribution trans-
former (W);
Ims — rms current of the distribution transformer within the measuring period (A);
Iy — rated current of the distribution transformer (A).

If a multi-branch line is connected with several distribution transformers, then the electric energy losses of all
distribution transformers can be calculated as per the following formula:

AAT=AAT)+ AATL
2

I 9.10
= {EAPM +3 (APLN,n ;mS-") } Tx1073 (9:10)

2
N.n

Wherein AAr,, AAr — no-load and load electric energy losses of common distribution transformers.

9.2.3 Equivalent Resistance and Equal Resistance of Common
Distribution Transformers

Similar to the definition of the equivalent resistance of the line, the equivalent resistance of all common
distribution transformer windings in the line can be defined as

_ A x10°

R = 9.11
T 3 (S )T 11
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Substitute AA; in Formula (9.10) into Formula (9.11) to obtain

AP,
Ryp=—"—""_ 9.12
3 (D) .12)

2

I
AP, =APiNg ;r;s'"
N.n

Wherein AP, — actual load power losses of each common distribution transformer (W).

To measure the utilization of the rated capacities of all common distribution transformers, an equivalent
distribution transformer with constant total capacities and total rated load losses can be used to replace all
common distribution transformers, and the resistance of this equivalent distribution transformer is called
the equal resistance of all common distribution transformers, that is

_ ZAPIN,

= 9.13
! 3(EINAH)2 ( )

o . e Zlims
Allow the total utilization ratio of common distribution transformers to be a= ;m”', and Formulas (9.12)
N.n

AP, R
a= [t e (9.14)
ZAPLNJI Req.T
Example 9.3 As stated in Example 9.1, the rated capacity, no-load losses and rated load losses of each

common distribution transformer are given, as shown in columns 1, 3 and 4 of Table 9.2.
The load factor of various common distribution transformers are marked in Figure 9.2. Try to calculate:

and (9.13) can be used to obtain

1. Monthly electric energy losses of all common distribution transformers.
2. Equivalent resistance, equal resistance and total utilization ratio of common distribution transformers.
3. Total monthly electric energy losses and line loss rate of the line.

Solution
1. List the average current of each common distribution transformer as calculated in Example 9.1 in column 6
of Table 9.2.
According to Example 9.1, the loads rates of two types of common distribution transformers are f; =
0.32, £, = 0.26, with corresponding form coefficients of load curves of K| = 1.194, K, = 1.253 which are
listed in column 7 of Table 9.2. Due to Iy, = Kil,,.,, calculate I, in column 8. According to

2
1, . . . .
APy ,=APiNn (%) , calculate the load losses of various distribution transformers, which are listed
N.n

in column 9 of Table 9.2.
The monthly electric energy losses of all common distribution transformers are
AAr=(ZAPy, +ZAPL )T x 1073
=(8880+8211)x720x 1073
=12305.5(kW-h)

Wherein, no-load electric energy losses are AAtg = 6393.6 kW-h, and load electric energy losses are
AA1r, = 5911.9 kW-h. The ratio between them is AAro/AAT. = 6393.6/5911.9 = 1.082.
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Table 9.2 Calculation table of electric energy losses of common distribution transformers.

Average
Rated  current for Load losses
Capacity of Load current calculation rms of each
distribution No-load  losses at high- as assigned Form current for distribution
transformer losses AP voltage by capacity  coefficient calculation transformer
kVA) Quantity APy (W) (W) side (A) Ly, (A) K, Limsn (A) AP, (W) Remarks
1 2 3 4 5 6 7 8 9 10
320 2 1900 6200 18.5 8.26 1.194 9.86 1761
180 1 1200 4000 10.4 4.64 1.194 5.54 1135
100 2 730 2400 5.8 2.58 1.194 3.08 677
50 4 440 1325 2.88 1.29 1.253 1.62 419
30 2 330 850 1.73 0.77 1.253 0.96 262 39.82
Total 11 8880 28200 73.98 33.02 1.206 39.82 8211 Kox = 33.02
=1.206
. 8211 .
2. According to Formula (9.12), Req.T= %3985 =1.73(Q); according to Formula (9.13),
% 39.
28200 8211 1.72
Reg=————=1.72(Q); according to Formula (9.14), a= x —==0.538.
7 3%73.98? © £ ©-149) 28200 173

3. As AA; =25411kW-his calculated in Example 9.1, and AA, = 12 305.5 kW-h is calculated in this exam-
ple, the electric energy losses and line loss rate of the whole line are

AA=AA,; +AAb
=25411+12305.5=37716.5 (kW-h)
37716.5
AA% = 22 5 100% = 3.99%
94.6x 10
6393.6
AAg%h = ——"_ % 100% = 0.68%
94.6x 10

9.2.4  Calculation of Electric Energy Losses by Equivalent Resistance Method

If the electric quantity and power factor at the start end of the line change, the line losses of the whole line also
change. If the range of change in the electric quantity is close at all load points on the whole line, then it can be
assumed that the equivalent resistance of the line and the total equivalent resistance of common distribution
transformers remain unchanged, so the electric energy losses of the whole line can be calculated as per the
following formula:

AA=AArg+ AA;| + AAr = | ZAPg, + 312 (Req1 + 3(z1rms,n)2Req,T] Tx1073 (9.15)

rms.0

Wherein > I, — sum of rms current of n common distribution transformers (A).

Example 9.4 The line connection and the number and capacities of common distribution transformers in
Example 9.1 remain unchanged; the monthly electric supply at the start end is increased by 20% and the
average power factor at the start end remains unchanged; the electric supply of high-voltage customer I is
increased by 13% and the electric supply of high-voltage customer II is increased by 16%, but their average
power factors remain the same. Calculate the monthly line loss rate of the line and its range of change.
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Solution
Symbols with ['] on the top right corner indicate various calculation items under new conditions.

1. The form coefficient and power factor at the start end of the line remain unchanged, so the percentage of
increase in its average current and rms current is the same as the percentage of increase in the electric
supply, so

I0=126ms0=12x96.23=115.48 (A)

rms.!

I, ,=1.2x90.02=108.02 (A)

For high-voltage customer I, I’;,; = 1.13 x 25 = 28.25 (A); for high-voltage customer II, 7',y = 1.16 X
32 =37.12 (A).
2. The sum of average current of common distribution transformers can be calculated as per the following
formula:
P

av.Tn

=108.02—(28.25+37.12) =42.65(A)

Suppose the load rates of common distribution transformers remain the same, so the form coefficient of
the equivalent distribution transformer also remains the same, that is K .q = K.q = 1.206 (see Table 9.2 for
the calculation table of K.q). Then, the sum of rms current of common distribution transformers can be
calculated, that is

I

rms.Tn av.Tn

=1.206x42.65=51.44(A)

=K.2I.,

3. AsR.q1=1.27Qand Ry r=1.73 Q are calculated, the monthly electricity line losses and line loss rate after
the electric supply is increased can be obtained as per Formula (9.15):

AA’= (8880 +3x 115.482x 1.27 +3x51.447 x 1.73) x 720 x 10~
=52 864(kW-h)
52 864

A= —— % 100% = 4.66%
T 12(94.6x10%) ’ ’
Wherein
88x72
A= SS8XT0 56y,
1.2(94.6x 10%)
So

AA % =4.66%-0.56% =3.90%

According to Example 9.3, AA% =3.99%, so AA{% =3.99% —0.68% = 3.31%. Only from the perspective

AAT % 3.90%
TAAL% 3.31%
rate of loads is smaller than the range of increase in the electric supply at the start end of the line. The
relationship between the change in the line loss rate and the change in the electric supply was discussed
in Chapter 7.

of the line loss rate of loads

=1.18, indicating that the range of increase in the line loss

9.3 Double Component Balance Method

Section 9.1 mentioned two basic assumptions of the point by point section simplification method; and one of
the assumptions is that the power factor at each load point is approximately equal to the power factor at the
start end. Based on this assumption, the vector addition of current becomes an algebraic addition and thus the
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calculation can be simplified. In the practice of line loss management, to make the calculation of line losses
more accurate, the balance method of active and reactive components of current can be used to calculate line
losses. This method leads to a lower calculation workload and produces calculation results that are very ben-
eficial to the analysis of line losses.

The double component method only needs the following three kinds of information: (i) load curves of
active power and reactive power of high-voltage customers on a representative day, which are used for cal-
culating f; and f;, (ii) no-load current of common distribution transformers, and (iii) reactive load factor of
various types of common distribution transformers, which are obtained through typical surveys.

The double component balance method follows the steps below to calculate line losses:

1. Calculate the active components and reactive components of the monthly average current according to the
monthly active electricity and reactive electricity as well as the average operating voltages at the start end
of the line and high-voltage customers.

2. Calculate the distribution of active components of the monthly average current of the whole line according
to the point by point section simplification method in Section 9.1.

3. Calculate the no-load exciting current I ,, of the common distribution transformers, and then calculate the
increased monthly average reactive current (A/kVA) of each distribution transformer by capacity, that is

Iav.Q.O - ZIa\v.Q.m - ZIO.n
W,

istQ =

Wherein I, o — reactive component of monthly average current at start end of the line (A);
> Ly 0.m—sumofreactive components of monthly average current of high-voltage customers (A );
>"Ip., — sum of no-load exciting current of common distribution transformers (A), wherein the
influence of active component in no-load current is ignored.

The reactive component of monthly average current of each common distribution transformer can be cal-
culated as per the following formula:

Iav.Q.n =lpn+ ianVVn

With the calculated reactive component of monthly average current of each load point, the distribution of
reactive components of monthly average current of the whole line can be obtained.

4. Use the weighted average method to calculate the load factor of each section according to the active load
factor and reactive load factor of each load point, and then calculate the form coefficients of the active and
reactive components of each section, thereby calculating the active and reactive components of the monthly
rms current of each section and finally calculating the power losses and electric energy losses of each section.

5. Calculate the active component /iy p,, and the reactive component /s ¢ , 0f the monthly rms current of a
common distribution transformer according to the active and reactive components of its monthly average
current and its form coefficients Kp,, and K, ,,, and calculate the load losses of each common distribution
transformer as per the following formula:

12

+12
w) (9.16)

APL,=APiN ( 11%1

n

Example 9.5 Assume that the line connection and the number and capacities of common distribution
transformers in Example 9.1 remain unchanged, and that the monthly electric supplies and monthly average
power factors at the start end of the line and high-voltage customers also remain unchanged. The calculation
according to records of high-voltage customers on the representative day produces fp 1 =0.553, fp.1=0.62, fp 1 =
0.89, fo.r = 0.92. See Table 9.3 for the no-load current of common distribution transformers.

Conduct typical surveys by active and reactive watt-hour meters to obtain load curve parameters of two
types of common distribution transformers: fp; = 0.24, 1 = 0.30, fp, = 0.30, fgo = 0.35. Try to use the double
component balance method to calculate monthly electric energy losses of common distribution transformers
and the line via tables.
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Calculation of Electric Energy Losses of Multi-branch Lines 165

Solution
1. Calculate the monthly average current at the start end of the line and high-voltage customers. The monthly
average current at the start end of the line is

I e Ap 946 10* x 10
VB ULT  V3x10%x720

00 = Ag 60.46 x 107

M BULT V3% 104 %720

=75.86 (A)

=48.48 (A)

High-voltage customer |

Lav.p1 =Ly 1 cos @ =25 % 0.92=23(A)
IaVAQ,l =1I,y15in P1
=25%0.392=9.80(A)

High-voltage customer II

Ly pn=32x0.86=27.52 (A)
Lyon=32x0.51=16.33 (A)

Calculate form coefficients of two high-voltage customers according to the given load factor:

Kp1=4/0.2/0.553+0.8=1.078
Koi=1/0.2/0.62+0.8 =1.060
Kpn=+/0.2/0.89+0.8=1.012
Kon=1+/0.2/0.92+0.8=1.009

Likewise, calculate form coefficients of two types of distribution transformers:
Kp1=1278, Kp1=1.211
Kpy=1211, Kp,=1.171

2. Current of common distribution transformers is distributed by capacity for calculating their load electric
energy losses. The active component and reactive component of monthly average current of a common
distribution transformer per unit capacity are respectively calculated:

75.86—(23+27.52)

fav.p = 1280

=0.019 80(A/kVA)
L _4848-543-(9.80+16.33)
av.Q =

1280
=0.013 22(A/kVA)

Wherein Y Iy, =5.43 A is the sum of no-load current and calculated by column 6 of Table 9.3. Use i,y p,
Iy, and i, ¢ to calculate the active component and reactive component of monthly average current of each
distribution transformer, as shown in columns 9 and 7 of Table 9.3.

Use the calculated K as well as I, p and I, ¢ to calculate the active component and reactive component
of rms current, as shown in columns 12 and 13 of Table 9.3. Then, use Formula (9.16) to calculate load
losses AP, of each distribution transformer, as shown in column 14 of Table 9.3.

3. Calculate the distribution of active components and reactive components of average current and rms cur-
rent of the line, for the purpose of electric energy losses of each section. Mark active components and
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13 27.52/16.33

0.

—

27.52/16.33

12 $— 0.99/0.89

0.5 128.51/17.22

0.1 14
111
1.98/1.75
0.8 |30.49/18.97
10 $— 6.34/5.53 15—
0.59/0.56
0.6 |36.83/24.5 0.1

0.2 I 03 2 05 3 02 4 10 5 06 6 08 |[7 12 8 15 9

0
75.86 l69.52 165.96 l 63.98 4.15/3.79 l 3.16/2.90 I 2.172.01  1.58/1.45 10.59/0.56 I
| Thoas 1 Sdros 4 g4t 300

6.34/5.53 3.56/3.11 1.98/1.75  23/9.8  0.99/0.89 0.99/0.89 0.99/0.89  0.59/0.56

Figure 9.5 Single line diagram for calculating electric energy losses of high-voltage distribution line by double
component balance method. Fractions under single line (right) and load point: the numerator is the active component
of the monthly average current, and the denominator is the reactive component of the monthly average current.

reactive components of monthly average current of high-voltage customers I and II and all common dis-
tribution transformers in the single line diagram of Figure 9.5, and use the method of accumulation to
obtain the distribution of active components and reactive components of monthly average current, as listed
in columns 3 and 4 of Table 9.4.

Fill the load rates and form coefficients of Sections 4-9, Sections 11-14, and Sections 12, 13 in col-
umns 5-8 of Table 9.4, and the weighted average load rates of other sections are calculated. The calcu-
lation processes are listed in columns 13 and 14 of Table 9.4. Use the weighted average load rate to
calculate form coefficients Kp; and Ky;, and use Kp;, K; and I,y p;, Iy o; to calculate the active component
and reactive component of rms current of each section, thereby finally calculating power losses (PomeiRY)
of each section as listed in column 11 of Table 9.4. Column 12 of Table 9.4 lists losses caused by the
reactive component of monthly rms current for analysis.

4. Calculate electric energy losses of the whole line. Use the no-load losses and load losses of common
distribution transformers in Table 9.3 as well as load losses of each section in Table 9.4 to calculate
the monthly electric energy losses of the whole line:

AA=AA; +AAr
=312, ;Ri+ (ZAPg, + ZAPL,)| T x 107
=[3x 11740.7 + (8880 +8601)] x 720 x 103
=25360+ 12586

=37946(kW-h)

The line loss rate is

_ 37946
94.6x10*

=4.01%

AA% x 100%

Compared with AA, obtained in Example 9.3, the load losses of the line are slightly larger as calculated
by the point by point section simplification method and under the assumption of same power factors at all
load points.
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168 Line Loss Analysis and Calculation of Electric Power Systems

5.

According to column 12 of Table 9.4, losses caused by the reactive component of monthly rms current are
most significant for Sections 0—4 and Sections 4—12. If capacitors are considered for dispersion compen-
sation, they can be installed near the tail end of Section 4-13 and at Node 4. According to the last row
“Total” of Table 9.4, losses caused by reactive components of rms current approximately account for
30% of total losses. This indicates that reactive dispersion compensation may obtain the largest loss reduc-
tion effect, reducing the line loss rate by 30%. As a result, the double component balance method can
produce new information for selecting loss reduction measures.

9.4 Dispersion Coefficient Method

When the distribution of loads along a multi-branch line follows a certain rule, the electric energy losses
of the whole line can be obtained by mathematical analysis. If the distribution of loads in an actual line
is close to a typical distribution, then the electric energy losses of such a typical distribution can be
regarded as an approximate value of actual losses of this line. This is the essence of the dispersion coefficient
method.

9.4.1 Calculation of Power Losses of Typically Distributed Loads

Power losses of several types of typically distributed loads are analyzed first.

1.

2.

Loads are concentrated in the tail end of the line. In this case, the total power losses of three phases are
AP =3PR.

Loads are distributed uniformly. As shown in Figure 9.6, three-phase loads are distributed uniformly along
the line. If the current at the start end of the line is /, the resistance per unit length of the line being r,, and
the length of the line being L, then the current at each branch point is i, = //L, and the sum of branch current
at the position which is x away from the start end is I, = (L — x)I/L, d(AP) = P.dR = P .rodx. Power losses of
the whole line can be calculated as per the following formula:

L L
2 2 x\?
AP=3|rdy=3r, <I_Z> dy
0
=I*ryL=1*R

Loads are distributed in a linear decreasing manner. As shown in Figure 9.7, three-phase loads are dis-
tributed along the line in a linear decreasing manner.

If the current at the start end of the line is / and the branch current at the start end is iy, then the branch
current at the position which is x away from the start end is i, = ip(1 — x/L). As the sum of branch current is /,
the following formula can be obtained:

L

L
1
1= Jide=Ji0(1—l/L)dX= EiOL
0 0

So

21
io=21/L. iy=— (1—%)
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Figure 9.6 Uniform distribution.

Figure 9.7 Linear decreasing distribution.

The sum of branch current /, at the position which is x away from the start end can be calculated as per the
following formula:

x 2

X
I P A AP X
IX_I—Jsz;(_I—JZ(l—z)d;(_l(l L)
0

0

The power losses of the whole line are

L L
4
AP= 3J1jr0d;( = 3[12 (1 —%) rody
0 0

0

=0.60I°R

L 5
=3Prx < (1-%)
L L

5

4. Other typical distributions. For linear increasing distribution, AP = 1.6012R; for loads heavily distributed
in the middle, AP = 1.14F°R. See Table 9.5 for schematic diagrams of the above two distribution.

9.4.2 Dispersion Coefficient

Dispersion coefficient refers to the ratio G’ between the power losses of a multi-branch line and the power
losses when loads are concentrated at the tail end of the line (or the ratio G between the power losses of a
multi-branch line and the power losses when loads are distributed uniformly). Dispersion coefficients G’ and
G are listed in Table 9.5.
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Table 9.5 Dispersion coefficients of typically distributed loads.

No. Type of load distribution Schematic diagram of load distribution AP G G
1 Linear decreasing distribution 0.60I°R 0.20 0.60
[~
! j\+\‘\|\
2 Uniform distribution PR 0.333 1.0
1
3 Middle heavy distribution I 1.14°R 0.380 1.14
! /‘/( \
4 Linear increasing distribution 1.60P°R 0.533 1.60
1
5 Tail end concentrated loads 3R 1.0 3.0

9.4.3 Conversion of Length Under Different Sectional Areas of Conductors

The above calculation of dispersion coefficients is on the premise that the resistance r per unit length of the
whole line remains unchanged, that is sectional areas of conductors are the same. However, sectional areas of
conductors in each section of a multi-branch line are actually unlikely to be the same, so the concept of length
conversion is put forward.

If a line consists of three sections whose sectional areas of conductors are respectively Sy, S, and S3, and
whose lengths are respectively Ly, L,, and L3. L, and L are converted to the length equivalent to that of Sy, so

S
L,=L,-%
Sy
S
! =L -
3 3 S2
Ly S S Li+L,+L,
If L, is the length conversion coefficient, then Ly = i T S 1, SN 1, then Ly = ST T .
Ls S2 S2 Li+L,+Ls

After the length conversion, power losses of a multi-branch line in which loads are distributed differently
can be calculated as per the following formula:
AP =GP (roLLs)
=GLI*roLs
=GI’R

(9.17)

Wherein R’ — calculation resistance after length conversion.

9.4.4 Calculation of Power Losses of Complexly Distributed Loads

Any actual load distribution of a multi-branch line falls in any combinations of several typical distributions
listed in Table 9.5. The combination of uniform distribution with tail end concentrated loads is to be analyzed
below as an example, as shown in Figure 9.8.
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| I,
L |
|

Figure 9.8 Uniform distribution with tail end concentrated loads.

If the ratio between the concentrated loads at the tail end of the line and the loads at the start end of the line is

I 0— I 1 l-a

———=Iy——. The
L L

sum of branch current at the position which is x away from the start end is [, = (L—y )i, + alp =1, [l (1 —a))z(] .

a = I;/Iy, then the branch current at the position which is x away from the start end is i, =

L
The power losses of the whole line can still be calculated as per AP=3fIfr0d)(, that is
0

L

el X
AP—3JQ[1(1 @L]nﬂg
0

=H@UP—U—@L+Q%;E4

=(1+a+a®)rlL
=GIZR

G=1+a+d*

Wherein G — dispersion coefficient of uniform distribution with tail end concentrated loads. If a = 0, then
G =1, indicating uniform distribution of loads along the line; if @ = 1, then G = 3, indicating concentrated
loads at the tail end.

The derivation of several other cases is ignored, and dispersion coefficient formulas are directly listed in
Table 9.6.

According to Table 9.6, when a is large, tail end concentrated loads have a larger influence on power losses,
and G values of various complex distributions approach 3; when a is small, distributed loads have a larger
influence on power losses, and the dispersion coefficient is significantly increased, with the load distribution
tending to be on the tail end.

9.4.5 Calculation of Electric Energy Losses by Dispersion Coefficient Method

The dispersion coefficient method is a simplified calculation method based on three assumptions: (i) shapes
of load curves of differently distributed loads are the same, (ii) power factors of loads are the same, and
(iii) changes in the voltages along the line are ignored. Because this method calculates power losses and elec-
tric energy losses by comparing different types of load distributions, the accuracy of calculation results is
lower than that of the point by point section simplification method. The calculation steps of this method
are as follows:

1. Divide a multi-branch line into several sections with different types of load distributions according to the

distribution of average current within the measuring period, and calculate the dispersion coefficients of
these sections.
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Table 9.6 Dispersion coefficient formulas of complexly distributed loads.

G, Gy
(a= (a=
No.  Type of load distribution Schematic diagram of load distribution FormulaG=¢(a) 0.80) 0.4)
1 Decreasing distribution (3+4a+8a%) 2264 1.176
with tail end concentrated 5
loads
I I l
2 Uniform distribution with (1+a+a?) 2.44 1.56
tail end concentrated loads
Iy I
3 Middle heavy distribution TN (23+14a+234>) 2446 1.614
with tail end concentrated /( \h\ 20
loads
I i l
4 Increasing distribution with (8+4a+3a%) 2,624 2.016
tail end concentrated loads 5
Iy Iy l
2. Calculate the rms current at the start end of each section by the form coefficient of the load curve at the start

end of the section. Use the dispersion coefficient for each type of distribution to calculate electric energy
losses of each section, thereby obtaining the electric energy losses of the whole line, that is

AA =3G;i(Kolay.0)*RiT x 1073 (9.18)

Wherein G; — dispersion coefficient of a section;
K, — form coefficient at the start end of the line;
Ly0.; — average current at the start end of a section (A);
R; — resistance of a section (€2).

Example 9.6 If the line connection and the conditions of high-voltage customers and common
distribution transformers in Example 9.1 remain unchanged, then try to use the dispersion coefficient method
to calculate the monthly electric energy losses of the line.

Solution

1.

Determine the type of load distribution of each section.

According to the distribution of monthly average current shown in Figure 9.3, Section 0-4 is the
No. 1 section, belonging to the type of decreasing distribution with tail end concentrated loads;
Section 4-9 is the No. 2 section, approximately belonging to the type of uniform distribution;
Section 4-13 is the No. 3 section, belonging to the type of decreasing distribution with tail end concen-
trated loads. See Figure 9.9 for the schematic diagram of load distributions.

. Calculate dispersion coefficients.

According to Figure 9.3, I,y 01 = 90.02 A, Iyoo = 541 A, I,y 03 = 44.13 A, I,,; = 25 A, so the

5.41+44.13+25
ratio can be obtained as a; = o002 =0.828. The dispersion coefficient of No. 1 section is

www. Technicalbookspdf.com



Calculation of Electric Energy Losses of Multi-branch Lines 173

13 " Lwa=32

No. 3 section

4
44.13
5.41
0 No. 1 section 4 4 No. 2 section 9

1 25

avel

Figure 9.9 Schematic diagram of load distributions.

G1=(3+4x0.828 + 8 x 0.8282)/5 = 2.359; No. 2 section has a uniform distribution with G, = 1.0; No. 3
section has concentrated loads at the tail end, 7,,, ;=32 A, so a3 =32/44.13 =0.725, obtaining G; = (3 + 4 x
0.725 + 8 x 0.725%)/5 =2.021.
3. Calculate electric energy losses.
According to Table 9.1 and Figure 9.3, Ky = 1.069, R, = 1.2 Q, R, = 5.1 Q, R3 = 2 Q. According to
Formula (9.18),

AA= [Gl (Kola.0.1) Ri + G (Kol 02)*Ra + G3 (Kol 03)°R3 | Tx 1073

= [2.359x (1.069%90.02)% x 1.2+ 1.0x (1.069 x 5.41)* x 5.1+2.021 x (1.069 x 44.13)> x 2| x 720 x 103

=(26214.6+170.6+8995.4) x0.72
=25474(kW-h)

Compared with the calculation result in Example 9.1, the calculation error is

25474-25 411
AA) o= ——— X1
5(AA)% 25411 x 100%

=0.25%

According to the calculation in Example 9.6, as long as the type of load distribution is correctly deter-
mined, the accuracy of electric energy losses of a multi-branch line as calculated by the dispersion coef-
ficient method can be satisfactory.

9.5 Calculation of Electric Energy Losses of Multi-branch Lines by
Voltage Drop Method

9.5.1 Calculation of Line Loss Rate by Proportionality Coefficient Method

‘When the load curve shapes for all load points of a multi-branch line are the same, the electric energy losses of
the line are calculated with the maximum current /,,,,, at the start end of the line and equivalence resistance
Reqg, that is AA = 31, FR.,T x 107, and the line loss rate is AA% = AA/A, so
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AA— 312, FReqx 1073

A/T
_F APy,
" Pay/Prax Prna
—_ FS

- f_PAPmax%

Wherein AP,.x% — active power loss rate at the time of maximum load.
Allow the proportionality coefficient to be Kp = AP ,.x%/AUp - 12x%, and then the above formula can be
rewritten to

F
AA%=f—SKpAUp=max% (9.19)
P

Wherein  AUp_p.x% — voltage loss rate at the tail end of the line at the time of maximum load.
When loads are concentrated at the tail end of the line, APy % = 3P maxRAV 3 max Ucosg), while

X
AUpmax% = V3 (Imax Ucos@R + I, UsingX)/ U?= \/glmachosgo(l + tang E)/ U, so the proportionality coef-

ficient Kp can be obtained

APmax%
Kp=——
Al]P= max%
_ V3R u
h X
Ucosp \/§Imachos¢ (1 +tan(pE)
1

X
2p( 1+tanp—
cos (p< an(pR)

Wherein cosg, tang — power factor and corresponding tangent value at the time of maximum load;
X, R — reactance and resistance of the line (Q).

The analysis of several typically distributed loads can lead to Kp formulas, as shown in Table 9.7.
If the five distributions of No. 2 to No. 6 in Table 9.7 account for the same percentage, then the average Kp
of multi-branch lines within a region can be calculated as per Kp_,, = > Kp/n.

X
Substitute Kp ,, ~ O.75/[cos2go(1+ tan(pE)] into Formula (9.19) to obtain

0.75
cos?¢(1+tanpX /R)

AA%=(F5/fp) AU[’:max(%

Given the large quantity of loads in the multi-branch line, the load combined effect leads to extremely short
maximum load duration. So allow Fp = 0.2fp + 0.8f 2, and substitute this F into the above formula. Allow
Fg ~ Fp to obtain

(0.15+0.60f ) AUp  1max %

AAY = 2
% cos?@(1 +tanpX/R) (9:20)

For a 10 kV distribution line, X/R generally ranges within 0.37-1.60 and changes with the conductor model
and spacing. Use Formula (9.20) to estimate the line loss rate of the line based on the parameter cosg at the
time of maximum load and the measurement of AUp_,.x%.
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For a 0.38/0.22 kV low-voltage line, X is so small that the influence of reactance can be ignored; for a pure
lighting line, f = 0.26; for a low-voltage line for combined lighting and power, f = 0.32. Then, calculation
formulas of the line loss rate can be respectively obtained:

0.30AUp = max %

A%~ lighting li
% coslp (lighting line)
0.35AUp = man % 21
AA% = ;;:maxo (combined load line)
cos2p

Because the power factor of a low-voltage line at the time of maximum load is generally not large, this
factor must be considered. When the power factor the low-voltage line is small, AA% may be greater than
AUP:mz\x%~

9.5.2 Calculation of Line Losses by Voltage Drop Measurements
9.5.2.1 Calculation of Voltage Loss
It is known that the longitudinal component of voltage drop is calculated as per the following formula:
PR+ QX X
AU= TQ =v/3IRcos ¢ (l + tan(pﬁ)

For a multi-branch line, when the power factors of all sections of the line are the same and the ratios of X/R
are close, the calculation formula of voltage loss at the tail end of the line can be obtained, that is

X
SAU; =v/3cos @ <1 + tangaF) 2IR;, so

TAU;

SIR; =
" V3eosp(1 +tangX /R)

(9.22)

9.5.2.2 Bias Ratio and Voltage Loss

The degree of deviation of the load center of distributed loads to the geometric center of the line is called the
bias ratio, which can be calculated as per the following formula:

2Irms.iRi /Irms.O ij
o=l-———=1-—= 9.23
0.5R 0.5R ( )

Wherein  Ry,; — power supply radius calculated by the distribution of rms current (£2);
R — actual resistance of main line (Q2).

Bias ratios & of various typical load distributions as calculated by Formula (9.23) are listed in Table 9.7.
Substitute Formula (9.22) into Formula (9.23) to obtain the calculation formula of &:

2¥AU;
V/3cos (1 +tangX /R)Ims oR

5=1 (9.24)

Wherein Y AU, — voltage loss at the tail end of the line when the rms current at the start end of the line is

Irms.O (V)’
cosg, tang — power factor and corresponding tangent value when the load current at the start end of
the line iS s 0-
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Table 9.7 Kp formulas and eccentricity ratio 6 of typically distributed loads.

No. Type of load distribution AP SLR; Kp formula G )

1 Start end concentrated loads 0 0 — 0 1

2 Linear decreasing distribution 0.60P°R ! IR 060 0.60 0.333
3 cos?g(1+tang?)

3 Uniform distribution IR l IR & 1.0 0
2 cos?g(1+tang?)

4 Middle heavy distribution 1.14P°R ! IR & 1.14 0
2 cos?p(1 +tan %)

5 Linear increasing distribution 1.60I°R 2 IR 0.80 1.60 —-0.333
3 cos?g(1+tangZ)

6 Tail end concentrated loads 3PR IR # 3.0 -1

cos?p(1 +tang%)

1.0r .

0F
-0.2 1 1 1
-1.6 -12 -08 -04 0 0.4 08 1.2

1)

Figure 9.10 G(9) fitting curve.

9.5.2.3 Relational Expression Between Dispersion Coefficient and Bias Ratio

Use the data fitting technique to obtain the following approximate formula based on the six (G, §) data sets
listed in Table 9.7:

G=1.061 28-1.500 155+0.437 6335°

9.25
~1.06—1.505 +0.4385> (9.25)

The G(6) fitting curve is shown in Figure 9.10.

9.5.2.4 Calculation of Electric Energy Losses

According to the definition of dispersion coefficient and the selected criteria for comparison, the calculation
formula of electric energy losses for a type of load distribution can be obtained:
AA=GAAy =GI}, RTx107° (9.26)

rms.0

Wherein ~ AAjy — electric energy losses for uniform distribution of loads.
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Substitute Formula (9.24) into Formula (9.25), and then substitute the result into Formula (9.26) to obtain

0.72ZAU s 0 0.584(ZAU;)* /R

- S| Tx107° (9.27)
cosp(1+tanpX/R)  cos?g(1 +tanpX /R)

According to Formula (9.27), if the parameter X/R of the multi-branch line, the rms current /., ¢ at the start
end of the line and the power factor and tangent value at the corresponding time are given, the electric energy
losses of the main line can be directly calculated according to actual measurements of voltage loss of the main
line and via conversion by the current and the rms current at the start end of the line at the time of measuring
voltage loss.

Example 9.7 In Example 9.5, Sections 0—4—10-13 are regarded as the main line, and the resistance is R =
3.3 Q. According to Table 9.4, I15.0=96.13 A, Y I R; = 178.56 V, tang = 0.67, cosg = 0.83 are calculated.
The conductor model is LGJ50, with X/R = 0.615. Try to use the formula of voltage drop method to calculate
electric energy losses of the main line and compare the result with that in Example 9.1.

Solution

X
cosqo(l +tan(pE) =0.83x(1+0.67x0.615)=1.172

According to Formula (9.22),

X
YAU;=/3cosg (1 +tan (pE) Zlims iR;
=v3x1.172x178.56
=326.46(V)

Substitute this into Formula (9.27) to obtain

2
aa=lo72x 362.46 % 96.13 0584 362.46%/3.3
1.172 1.172?

=27 599 (kW-h)

x720% 1073

The electric energy losses of the main line as calculated by the point by point section simplification method in
Example 9.1 are

AA'=3x11682x720% 1073
=25 233 (kW-h)

According to the calculation results of the above two methods, the result calculated by the voltage drop
method is larger and the error is

!

AA-AA
5(A4) %= =——= x 100%

27 599-25 233
B 25 233

=9.38%

x 100%
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Table 9.8 Comparison table of calculation methods of line losses of multi-branch lines.

Calculation Accuracy of Example
No. Name of method Necessary assumptions workload  calculation result ~ Occasion applicable  number
1 Dispersion coefficient Same shapes of load ~ Small Not high; possible Too many load points, Example
method curves at all load points positive or negative and load distribution 9.6
Same power factors at error as compared following an obvious
all load points with calculation rule
Regardless of change in result of method 5
voltage along the line
2 Point by point Same power factors at Large High; larger Not too many load Example
section simplification all load points calculation result  points, and load 9.1
method (double Regardless of change in in general distribution not
current distribution ~ voltage along the line following an
method) obvious rule
3 Equivalent resistance Same power factors at Small Low Line connection Example
method all load points remains unchanged, 9.4
Regardless of change in while electric quantity
voltage along the line (current) at start end
of the line changes
4 Voltage drop method Same power factors at Small Low; larger Calculation of electric Example
all load points calculation result  energy losses of 9.7
Same shapes of load in general high- and low-voltage
curves at all load points distribution main lines
with many load points
5 Double component  Regardless of change in Maximum  Highest Necessary determina- Example
balance method voltage along the line tion of technical mea- 9.5

(use the average voltage
at the start end of the
line for calculation)

sures of loss reduction
or calculation of line
compensation effect

9.6 Comparison and Selection of Calculation Methods
of Electric Energy Losses of Multi-branch Lines

This chapter introduces a total of five calculation methods for the electric energy losses of multi-branch lines,
and they are listed in Table 9.8 for comparison.

The use of a general-purpose tester and data acquisition unit for distribution transformers facilitates the
acquisition of operating parameters of multi-branch lines and distribution transformers, and in combination
with the wide application of microcomputers, the double component balance method with large calculation
workload but high accuracy will be applied more often; while the voltage drop method needs less data and can
be applied in some cases.

9.7 Calculation of Loss Reduction Benefits after Connection

of Distributed Resources to System
Referring to American and German standards [70, 71], the State Grid Corporation of China formulated its
enterprise standard in 2010 [72]. Distributed resources in this Standard refer to small resources connected

to power grids of 35 kV and below, including synchronous motors, induction motors, and current
transformers.
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This Standard [72] stipulates three quantification principles for the connection to the electric power
system:

1. The total capacity of distributed resources should not exceed 25% of the maximum load in the power sup-
ply area served by the higher level transformer in principle; following this principle, electric power gen-
erated by distributed resources can be balanced within the current level of distribution area, therefore
preventing any big influence of reverse flow on the higher level power grids.

2. The ratio between the short-circuit current at the point connecting distributed resources and the rated cur-
rent of distributed resources should not be lower than 10; following this principle, the influence of power
fluctuation of distributed resources on the voltage at the point connecting distributed resources can be
reduced.

3. Distributed resources of 200 kW and below are connected to 380 V power grids; distributed resources of
200 kW and above are connected to 10(6) kV and above power grids.

In distributed resources, wind power generation, photovoltaic power generation, and biomass power gener-
ation are intermittent. In other words, within a complete measuring period (a day or a year), there is both a
generation period and a consumption period as small loads. Therefore, to analyze the loss reduction benefits
after distributed resources are connected to the system, line losses in both the generation period and the con-
sumption period should be calculated.

9.7.1 Calculation of Loss Reduction Benefits During Generation Period
of Distributed Resources

Distributed resources supply electricity to medium- and low-voltage customers nearby, eliminating the accu-
mulation of line losses caused by step-down. Thus, before calculating the loss reduction benefits, it is impor-
tant to know the line loss rates of power grids under different voltage classes.

From 500 kV high-voltage power grids to 380 V low-voltage customers, the longest step-down path is
shown in Figure 9.11. In the figure, O is the generator bus; 1# to 6# are respectively 500 to 0.38 kV buses.
If the line loss rates of power grids under different voltage classes are known, the line losses caused by step-
down from a network under a certain voltage class to the consumption point can be calculated.

According to the results of line loss theoretical calculations of all regional and provincial enterprises, as
summarized by the State Grid in 2005 [53], under large load conditions, the change in the line loss rate of each
voltage class network varies, as do the average values, as shown in Table 9.9. Formula (3.15) can be used to
calculate the expected value AA.% of the theoretical line loss rate of each network, as listed in the fourth row
of the table.

To calculate the loss reduction benefits after distributed resources are connected to the system, it is nec-
essary to compare the accumulated line loss rate from the power source point to the point connecting those
distributed resources with the line loss rate of the network in which the connection point is located. Assume
that the power source point is a large power plant supplying electricity to the 500 kV network, and the con-
nection point of photovoltaic power generation is the 0.38 kV low-voltage system. Values A with different

Ao A, A, Ay A, As Ag

Figure 9.11 Schematic diagram of step-down network.
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Table 9.9 Change in line loss rate of each voltage class network and expected line loss rate (Unit: %).

Voltage class 500 220 110 35 10 0.38
AAL %I AA %0 3.15/0.26 6.96/0.65 2.84/0.64 3.12/0.56 5.70/2.27 11.93/5.43
AAL% 1.5 2.0 1.5 1.5 4.0 8.0

AA % 1.568 2.60 1.58 1.613 3.995 8.226

subscripts refer to the power supply (sales) quantities of each network. According to the power supply (sales)
quantities and the basic relationship between line loss rates:

Ao=A1/(1=Asoo%) = Az /(1= Aasg%) /(1 - AAsoe%)
= A3/ (1= AA110%) /(1= Ao %) /(1 = Adsoo%)
= As)(1-AA3s%) /(1= DA 10%) /(1 - Aasg%) /(1 - Asog%) (9.28)
= As/(1=AA %) /(1= Aas%) /(1= AA10%) /(1 = Aax%) /(1 - Adsoo%)
= A¢/[(1- Ao 3s%) (1= A1 %) (1 - A3s%) (1= AA110%) (1 - Adas%) (1 - Adse%)]

Substitute data in the fourth row of Table 9.9 to the above formula to obtain

Ao= Ag/0.81976 = 1.223A¢;
AAr% = (Ag—Aq)/Ao
=0.233/1.233 = 0.1890 = 18.90%;

According to the comparison between the above six-level continuous step-down power supply system and the
0.38 V network which provides electricity nearby, the loss reduction benefits from planned photovoltaic
power generation can be obtained by multiplying the decrease value in the line loss rate by the on-grid energy
of photovoltaic power generation A,:

A(AAg3s) = (AAs%— AA)3%) A,
= (18.90%-8.23%) Ay = 10.67%A,;

The loss reduction benefits of distributed resources connected to the 10 kV or 35 kV network can be calcu-
lated in the similar way. If the connection point of a wind power plant is 35 kV, the original power supply
mode has two types, 500-220-110-35 kV or 500-220-35 kV. Due to many step-down levels in the former
case, the loss reduction benefits are higher provided that connection capacity is the same. For a specific dis-
tributed resource, the power supply mode of the network connecting the distributed resource and possible line
loss rates of all voltage class networks in the planning period should be considered for calculating loss reduc-
tion benefits after the distributed resource is connected to the system. As the line loss rate varies with the
electric supply, the line loss rate in the planning period should be calculated based on the expected electric
supply. See Chapter 13 for details.

When multiple distributed resources are connected to two voltage systems, whether the higher level voltage
system should be taken into account for the calculation of theoretical line losses depends on whether the
change in loads of the step-down transformer in the higher level voltage system exceeds 25% before and
after the connection. If a distributed resource is simultaneously connected to 10 kV and 35 kV networks,
referring to Example 6.1, the variable loss coefficient C method and the weighted average method mentioned
in Section 9.1 of this chapter can be used for the theoretical calculation of line losses. If a distributed resource
is simultaneously connected to 0.38 kV and 10 kV networks, referring to Example 9.5, the double component
balance method can be used for the theoretical calculation of line losses. During the above calculation, if the
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generated output and the loads in a nearby area reach a balance, then the new load or energy distribution
should be determined before the theoretical calculation of line losses.

9.7.2  Calculation of Line Loss Change During Consumption Period of
Distributed Resources

During the consumption period, distributed resources become power consumption loads, and methods men-
tioned in this chapter can be selected to calculate line losses. If a synchronous motor is in phasing operation
during this period, the double component balance method can better show the effect of loss reduction by
reactive nearby compensation. If the active load of a distributed resource is small and the original reactive
load at the connection is large, the effect of loss reduction by reactive compensation is obvious. It may be
possible that line losses of the voltage system at the connection point during the consumption period are
decreased.

9.7.3 Calculation of Loss Reduction Benefits During the Full Period of
Distributed Resources

When integrating line loss changes of the network connecting a distributed resource during the generation and
consumption periods, the loss reduction benefits during the full period can be calculated, as shown in the
formula below:

JAAs =dAA;—JAAC (9.29)

= (AAZ%—AAg%)Ag— [(AA% - AA %) Ag + AA T AC] ’
Wherein, the former part refers to reduced electricity losses during the generation period. AA;% and AA,% in
square brackets respectively refer to the line loss rates of the system at the connection point before and after
the consumption electricity Ac of the distributed resource is added. A is the power supply electricity of the
original system.

9.7.4  Benefit Evaluation of Distributed Energy System

The distributed energy system includes not only core distributed resources, but also heating, refrigeration
and other energy systems. Evaluation of the benefits of a distributed energy system requires a consideration
of the generation benefits during the peak period, the benefits of utilizing common power grids during the
valley period, and the comprehensive benefits from cogeneration cooling, heating, and power. The combined
heating and power system [56] for a gas turbine at Shanghai Pudong International Airport is composed of one
10.5kV, 4.0 MW gas turbine generator unit, one 9.7 t/h heat recovery boiler, several centrifugal refrigeration
units, and potassium bromide heating and cooling units. The cooling in summer lasts five months and the
heating in winter lasts three months. The electricity price is high during the peak period of the system,
and the gas turbine generator unit generates electricity for use by the airport itself. The price is low during
the night valley period, and the gas turbine generator unit uses common electricity. The generator unit is oper-
ating for 4200 h/year. Given depreciation, the total investment in the project is RMB 30 million, and the
payback time is about eight years. This shows that the benefits of the distributed energy system are significant.
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Calculation of High-voltage
Power Grid Losses

It is generally recognized that the calculation of losses in an electric power system has two purposes: one is to
determine the difference between theoretical losses and actual losses, to identify the reason for this difference,
and to propose loss reduction measures; the other is to estimate loss indexes according to expected load level
and generated output arrangement, and to provide a basis for planning departments to formulate various plans.
This chapter will introduce various methods for a theoretical calculation of losses, as well as comparing and
selecting these methods according to the purpose of the theoretical calculation.

10.1 Characteristics and Requirements of Loss Calculation
10.1.1 Classification of High-voltage Power Grids

Power grids above 35 kV can be classified into the following three categories according to the classification
needs of the line losses under assessment:

1. The first category is regional high-voltage power grids, including tie lines among provincial regions and
access system lines of regional large-scale power plants, whose voltage class is generally 220-500 kV.

2. The second category is regional power grids, including various voltage classes of substations within cities,
user lines and substations, as well as a few 110-220 kV power plants.

3. The third category is prefectural power grids, including some 35-110 kV substations, user lines and sub-
stations, as well as incoming and outgoing lines of a few 35 kV small hydroelectric power plants and small
thermal power plants; in some developed regions, the maximum voltage of prefectural power grids can be
up to 220 kV.

As amatter of convenience, the first and second categories are collectively referred to as regional power grids,
and the third category is called prefectural power grids.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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10.1.2  Characteristics of Regional Power Grids and Requirements
of Loss Calculation

There are many power plants, substations, and lines in regional power grids. Although the loss rate is not high,
the absolute value of electricity losses is large due to wide coverage and large load electricity. The loss cal-
culation should provide decision reference for the operation, transformation, and development of power grids.

Regional power grids also feature a coexistence of industrial loads with a high load factor and commercial,
municipal and residential loads with a low load factor, so overall loads of regional power grids have good
integrity and a relatively high load factor. The air conditioning loads of some Chinese cities in summer sky-
rocket with the rising temperature, and the maximum loads of regional power grids are concentrated within a
certain period, so the theoretical calculation of line losses of regional power grids once a year is always con-
ducted based on the load curve of a typical day in a month with maximum loads. The loss calculation of
regional power grids involves many loss calculation units whose operation modes vary significantly over
a long period, so the result calculated by a load flow calculation is generally the power loss within a time
section. To grasp the change law in the losses of regional power grids, it is important to explore the relation-
ship between the result of a load flow calculation at a finite time section and the losses during a long period.
This is a difficult problem when calculating the line losses of regional power grids.

No-load losses account for a small percentage in the structure of losses of regional power grids, so to main-
tain a high voltage level is helpful to reduce losses. To identify a reasonable voltage level within a period with
low load level and to find loss reduction measures, it is necessary to increase the loss calculations within the
period with low loads, and comprehensively to analyze the result of load flow calculations at each time sec-
tion. This is another problem to be considered in when calculating the losses of regional power grids.

10.1.3  Characteristics of Prefectural Power Grids and Requirements
of Loss Calculation

Agricultural loads account for a large proportion in most prefectural power grids with obvious seasonal char-
acteristics. To comprehensively consider loss reduction measures, it is necessary to calculate losses by sea-
son, so it is better to select a loss calculation method which has an acceptable calculation workload and
produces reliable results.

The proportion of no-load losses of main transformers and distribution transformers in prefectural power
grids is larger than that in regional power grids, and the economical operation of main transformers may be a
preferential loss reduction measure; the influence of no-load losses of distribution transformers should be
taken into account when the voltage level of prefectural power grids is controlled to reduce losses, which
is different from regional power grids.

Although a certain number of substations are arranged in prefectural power grids for concentrated com-
pensation, the overall operating power factor of prefectural power grids is smaller than that of regional power
grids due to the low number of cable lines and the lower self-generating reactive power of the lines, so it is
more imperative to look for reactive optimization approaches through the loss calculation. This results in a
special requirement for the expression of loss calculation results of prefectural power grids.

10.2 Real-time Loss Measuring Method for High-voltage Power Grids

According to Reference [30], a computerized load flow calculation method is generally adopted to calculate
the electric energy losses of high-voltage power grids of 35 kV and above, and on-line computation should be
conducted if conditions permit. As a result of the large calculation workload and the volume of operating data
required for the calculation of regional power grid losses, the work is often undertaken by professionals of
dispatching departments.
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Provincial and local dispatching departments in China generally established supervisory control and
data acquisition (SCADA) systems in the 1990s. Through years of practical operation, some dispatching
operators find that the power difference or electricity difference between both ends of grid units within a
short period can be obtained through certain processing of real-time data collected by the system, and that
real-time losses can be obtained by the storage and accumulation of such difference values required for
the loss calculation period. In the case of distorted or missing data, the arithmetic operation of long-period
measured data cannot produce final loss results, so the real-time calculation of losses, similar to other
advanced applications of a dispatching automation system, requires continuous, complete, and correct
real-time data.

10.2.1 Function and Method of State Estimation
10.2.1.1 Function of State Estimation

State estimation means real-time data processing of telemetering quantity and telemetering information at a
time section of the system. During the operation of an electric power system, a piece of complete measuring
information should include node voltage amplitude, phase angle, power, and power angle of all power plants
and substations within the dispatching jurisdiction; due to limitations on investment in tele-control equipment
and channels, measuring information collected by the dispatching center is always not complete, and the part
of the system where measuring points are not arranged cannot be measured. In addition, remote measuring
information may be subject to small interferences in various links of transmission, resulting in random errors,
and sometimes subject to big interferences (random failure of equipment), leading to big errors and bad data.
At this time, the partial measuring information received by the dispatching center cannot reflect the true con-
ditions of the system operation, which is therefore difficult to judge. Overall, the tele-control information
collected by the dispatching center can be called raw data and this is always incomplete measuring set whose
elements are not entirely accurate.

State estimation is a method used for learning the comprehensive operating conditions of the system
under incomplete measuring conditions. It is a kind of digital filtering and able to predict the state vari-
ables of the system by a mathematical method provided that measuring points are arranged reasonably
and have a certain redundancy (the number of measuring points is greater than the number of state vari-
ables of the system), thereby obtaining comprehensive operating data for the system, meaning a complete
measuring is obtained. If the measuring redundancy is large enough, it is possible to detect a sampling for
bad data, and even identify any measuring point with bad data and the degree of badness and thereby
correct the bad data.

10.2.1.2 Method of State Estimation

The difference between the state estimation algorithm and the load flow calculation is that the number of
measuring points is greater than the number of system state variables, that is the number of equations is greater
than the number of variables to be calculated. Such equations are called statically indeterminate equations in
mathematics (in mechanical structure they are called statically indeterminate structures). Due to errors in mea-
suring, these equations are mutually incompatible and cannot derive definite solutions. State estimation
adopts optimized estimation methods, and the most commonly used is the least square method which aims
to minimize the sum of squares of errors in all measuring points, thereby obtaining a set of optimal estimates
of system state variables. Results obtained from the state estimation are more accurate than measuring values
directly collected and reduce measuring errors.
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10.2.1.3 State Estimation Based on SCADA System

Currently, SCADA systems in Chinese dispatching centers of regional power grids update data every 3 s and
use two saving modes at 5 min and 1 h. Effective state estimation is realized in the saving time (5 min), which
means detecting bad data and supplementing missing data, and is limited by the grid size and computer oper-
ation speed. In recent years, progress has been made in the quick least square estimation and quick PQ decom-
position state estimation used in the calculation of state estimation [38]. For a power grid with seven load
points and one equivalent generator, when the measuring redundancy (the ratio between the number of mea-
suring vector dimensions m and the number of state dimensions n) is 1.40, if the voltage difference is used as
convergence criterion and the given error is 107*~ 107 of the reference voltage, then convergence can be
done through six to eight load flow calculations by the quick PQ decomposition state estimation method,
which needs a total time of about 5.6 ms. According to such calculations, if the number of nodes increases
by n times, then the number of required convergence iterations is generally less than n times. If the number of
grid nodes reaches the general size of a real prefectural grid, the number of required iterations is nearly 50 and
the total time is generally not more than 50.0 ms. Therefore, under the existing sampling and saving condi-
tions of a SCADA system, the quick state estimation algorithm can produce complete and correct system state
data, thus realizing the real-time calculation of losses.

10.2.2  Real-time Calculation of Losses by State Estimation
Combined with Excel

At the beginning of the twenty-first century, some Chinese regions where the level of application of SCADA
systems was high started to explore the application of state estimation in the real-time measuring of losses
[39], by following the three steps below:

1. Modify state estimation software to allow output to include power at both sides of each branch.

2. Establish a custom ACCESS database which includes the following data fields: (i) name of branch (line or
transformer), (ii) start time of loss calculation, (iii) end time of loss calculation, (iv) transmitted active
power, (v) last transmitted active power, (vi) calculated line losses, and (vii) last calculated line losses.
The seventh field acts as alternative line losses in the case of a failure in the divergence of state estimation
caused by too many errors in the telemetering data.

3. Send line losses calculated in the ACCESS database to the analysis process of line losses for further anal-
ysis. For the purpose of layered and divisional analysis of losses, conduct classified statistics of lines and
main transformers, and adopt an Excel form with strong functions to convert power to electric quantities at
the time of sampling for accumulation. Import relevant fields of the Excel form and place them adjacent to
accumulated losses, so as to conveniently and automatically calculate and display losses. See Table 10.1
for the form of real-time calculation table of losses and the samples.

According to Table 10.1, when SCADA data is very complete and correct, the accuracy of real-time cal-
culation of losses is very high, and the maintenance of simultaneity and integrity of information for a long

Table 10.1 Form of real-time calculation table of losses and samples.

Name of equipment Voltage class  Electric quantity (10* kW-h)  Electricity losses (10* kW-h)  Loss rate
220 kV 2770.656 1.047 63
110 kV 645.972 37 0.223 39
?%Sfagslfor‘“er of XX 35kV 2123.364 97 341201
4 Subtotal 2770.656 00 4.683 03 0.169%

(electric supply)
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period needs to be guaranteed by other technical means and reliable and effective state estimation. One of
the effective technical means to guarantee the measuring simultaneity is a global positioning system
(GPS) with an operating frequency of 1.5 GHz and the maximum error in pulse per second is only
10 ns (107® s); GPS can realize synchronous sampling of operating electrical quantities of power plants
and substations in power grids and mark fime tags in all collected data. In a GPS message of measuring
data, a time tag is used as a field to transmit the name of sampling quantity and measuring value to the
ACCESS database, thus realizing an arithmetic operation of simultaneous power values and completing
the real-time calculation of losses.

10.2.3  Typical Day Method Based on Actual Load Measurement
and State Estimation

To understand the maximum loads and distribution in a region and to reasonably arrange a power source
construction and power transmission and transformation projects for the next year, prefectural power grid
enterprises have conducted test work on large loads in recent years. Therefore, some prefectural dispatch-
ing departments use actual measurement data of tests on large loads, the state estimation method, and load
curves on the typical day to calculate losses by the typical day (representative day) method. The typical
day is a day when the operation mode, daily electric supply, load level, temperature conditions, and other
factors affecting losses are all typical. However, the operation mode, distribution of electric quantities,
and temperature conditions are not always typical during the measuring period of large loads, so various
factors need to be considered to adjust loss calculation parameters and to select a specific calculation
method [40].

10.2.3.1 Selection of Power Method and Electric Quantity Method

1. Calculation of losses by power method.
The current and voltage of each branch are obtained through grid analysis and load flow calculation of the
active and reactive power at the generation side and load side and the bus voltage data for one hour. Con-
sidering power grid parameters, active and reactive power losses of each branch can be calculated and
constitute electric energy losses within the hour. Such electric energy losses accumulated within 24 h
are losses on the representative day. This method has two advantages: one is that reactive power losses
are obtained at the same time so that the distribution of reactive power and its voltage conditions can be
easily analyzed; the other is that, thanks to real-time load flow records, calculated losses of each branch can
be easily checked to avoid excessive distortion of loss calculation due to any change in the grid connection.
The disadvantage of this method is that measured distribution of electric quantities for system large loads
is not used, and electricity losses cannot be directly related to electric quantities, thus affecting the reli-
ability of the calculation result of the loss rate on the typical day.

2. Calculation of losses by electric quantity method.
To maintain the distribution of electric quantities on the representative day, and reflect the typicality of
output load curves of each load and power plant, the concept of output distribution coefficient is intro-
duced. Assume that there are n loads; the maximum value of a typical load curve is p;max; the load
per hour is p; (j = 1-24); the daily electric quantity is A;; the total electric quantity of the whole grid
is Az. The output distribution coefficient of load i can be calculated as per the following formula:

As  py
Ky=—2 P8 _p g (10.1)

ZAlpi.max
i
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Wherein  f;; = p;i/p; max — instantaneous (hourly) load factor of load i;

n
ka=As/ ZAi — ratio between the total electric quantity of the whole grid on the representative
i=1
day and the sum of electric quantities of n loads on the typical load curve day; also called the
electric quantity ratio coefficient.

As for the calculation of losses by the representative day electric quantity method, loads at each load node
for 24 h can be calculated as per the following formula:

py=kipj (i=1~n, j=1~24) (10.2)

10.2.3.2 Real-time Connection Analysis and Supplement to Grid Structure Parameters

The typical day method needs 24 h load flow calculation, but the connection of the main grid may vary within
24 h. The theoretical calculation of losses should reflect loss conditions under the most frequent connection of
the main grid, so the grid connection adopted in the typical day method should be analyzed in real time,
including processing switch information in real time depending on the operation mode, and automatically
dividing any new grid connection formed by nodes of power plants and substations. Generally, there are three
steps as follows:

1. Connection analysis of power plants and substations. According to the pre-stored switch information table
and the switch switching table collected by the SCADA system, connect nodes at both sides of closed
switches based on the principle of same-name connection. Connected nodes are simplified to a node,
and substations are finally simplified into several nodes.

2. System grid analysis. According to the pre-stored branch information table and the branch switching table
collected by the SCADA system, connect nodes at both sides of switched-in branches based on the prin-
ciple of same-name connection. Connected nodes are simplified to a subsystem. The result of the system
grid analysis is to divide electrically connected nodes into a subsystem.

3. Formation of node name. Unified node names are formed for simplified nodes collected from the above
two steps in the whole grid and serve as the basis of grid structure parameters and operating data.

The load flow calculation results can lead to power losses and the theoretical calculation of line losses results
in energy losses, so the latter is related to the energy loss parameter of concentrated compensation capacitors
in substations, that is tangent of dielectric loss angle (tand). As a result, the energy loss parameter of each
concentrated compensation point in the whole grid should be supplemented for the loss calculation, so as
to ensure the integrity of grid structure parameters for the loss calculation and prevent missing of any item
for the energy loss calculation.

10.2.3.3 Adjustment of Measuring Point Configuration and Analysis
of Loss Calculation Results

For a large system with many nodes, measuring systems should be divided by subsystem, and the balance
node of each subsystem should be analyzed and determined. Input power of this node is to be determined.
When the state estimation provides incomplete or wrong data, causing insufficient input power in more than
one node of a subsystem, the load flow of this subsystem cannot be calculated and its nodes should be
reconfigured.

In the loss calculation, the 24 h load flow calculation results can be compared with the load flows recorded
in real time. If they are close to each other under maximum, minimum and normal operation modes, then the
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calculation results of the typical day method can be deemed as having higher reliability; if the difference is
larger under an operation mode, the real-time grid connection analysis should be conducted again, and the
calculation results under actual loads and those under load distribution are compared to analyze the reason for
the larger difference. Then, the connection or any measuring point is adjusted or the output distribution coef-
ficient is changed for supplementary calculation.

The typical day method requires the analysis of typicality of grid connection. This shows that the 24 h load
flow calculation on the typical day to reflect the influence of three operation modes on losses does have dif-
ficulties and deficiencies. If sections of the three different modes can be defined, the load flow calculation in
three periods (less than or equal to 24 h) is not even difficult; however, here is the second problem that how the
loss calculation results under the three modes can be integrated into losses within a long period. These two
problems will be analyzed in Section 10.4 of this chapter.

10.2.4 Comprehensive Analysis Method of Losses Based on
Real-time System Data

With the gradual improvement and practical application of the real-time dispatching system, management
information system, and electric energy metering system, several theoretical line loss values may be obtained.
So some authors proposed to utilize the dispatching automation system and management information system
to generate the theoretical line loss value based on load flow, the theoretical line loss value based on state
estimation, and the statistical line loss value based on electric energy metering system, and to use a mathe-
matical analysis method to integrate the three values [41], thus a more reliable theoretical line loss value is
expected to be obtained.

10.2.4.1 Three Theoretical Line Loss Rates Based on Real-time System Data

1. Real-time line loss calculation based on load flow. Conduct load flow calculation of real-time data of the
SCADA system, and store integral of current square ([ i2df) of each loss calculation unit and the integral of
input and output power of each bus by month, day, and hour. Invoke equipment parameters in the man-
agement information system (MIS), and calculate line and transformer losses (including no-load losses).
Summarize the total electric supply, electricity line losses and line loss rate of the whole system, as well as
the electric supply, electricity line losses, and line loss rate under various voltage classes.

2. Theoretical line loss calculation based on state estimation. State estimation is one of the advanced appli-
cation software in the energy management system (EMS). As mentioned in Section 10.2.4.2 below, state
estimation is able to identify and eliminate bad data in the real-time data of the SCADA system, and cal-
culate measuring point data which is not provided by the measuring system. The theoretical line loss value
based on state estimation can be obtained by the same method in (1) above. In the case of non-convergence
of load flow or bad data, the data of state estimation can be referenced. If the accuracy of data obtained by
state estimation is not high, the data of the load flow calculation can be used for check. Therefore, the
methods in (1) and (2) are complementary.

3. Statistical line loss calculation based on electric energy metering system. On-line statistics can produce
real-time system statistical line losses according to the data of remote meter reading system. Any error in
the metering system leads to the fluctuation in the line loss rate (see Section 2.5 in Chapter 2). Due to
management line losses and other management reasons, the error in the statistical line loss rate obtained
here may be larger than that in (1) or (2) above'.

! According to materials of the relevant R&D institution, when the real-time metering system is operating stably, the error in
the statistical line loss rate of high-voltage lines is very small.
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10.2.4.2 Calculation of Theoretical Line Loss Rate by three Value
Comprehensive Method

The three value comprehensive line loss rate is X which can be calculated as per the following formula:
X= W]X,'+W2X2+W3X3 (]03)

Wherein X, X5, X5 — theoretical line loss rate based on load flow, theoretical line loss rate based on state
estimation, and statistical line loss rate based on electric energy metering system;
W1, W,, W3 — weights of three line loss rates, which can be determined by the following conditions:

Objective function a>W? +b*W3 + W2 = min } (10.4)
Constraint condition W; + W, + W3 =1, and W;, W,, W3 >0 '
Wherein a, b, c are the differences (relative value) between three line loss rates on the last day and those on the
current day, respectively. After the weights Wy, W,, W; are obtained, the comprehensive line loss rate X can be
calculated as per Formula (10.3), that is the theoretical line loss rate whose reliability is higher than any line
loss rate. In the actual example provided in Reference [41], the six-day comprehensive line loss rate calculated
by this method acts as the accurate value, and the line loss rates from three sources are compared with this
accurate value to calculate to the sum of mean square errors of six days. It turns out that the total mean square
error in the line loss rate calculated by load flow method is the lowest, successively followed that in the sta-
tistical line loss rate and that in the line loss rate calculated by state estimation. This indicates that the loss rate
calculated by load flow method is perhaps the most close to the actual value under normal circumstances.

10.2.4.3 Comparison with other Real-time Loss Calculation Methods

This method makes the most of the information of various kinds of real-time systems and comprehensively
produces highly reliable real-time losses based on the calculation of three theoretical line loss rates. Such real-
time losses are evaluated as sufficiently reliable from the perspective of mathematical treatment. Looking
from the method itself, the analysis of its final result is hard to be connected with real-time information
on which each specific method is based, and it is difficult to analyze the influence of grid operating parameters
and connection conditions on line losses. In conclusion, this method is effective to the short-term theoretical
line loss calculation which is for the purpose of check, but not applicable to the long-term theoretical calcu-
lation of line losses.

10.3 Equivalent Node Power Method for Calculation of
High-voltage Power Grid Losses

The equivalent node power method for the calculation of high-voltage power grid losses was put forward in
Reference [29] by Professor Yang Xiutai of Chongqing University in the 1980s. Over the past 20 years, this
method has been widely used in electric power systems.

10.3.1 Egquivalent Node Power and its Distribution
10.3.1.1 Two-dimensional Array for Calculation of Losses of Power Grids

Assume that a power grid has n loss calculation units; the calculation period is 7; the time interval between
measurements is #y. Losses of the main grid within the measuring period 7 can be obtained by the accumu-
lation of electric energy losses of each unit within i(7/z) intervals in 7, or obtained by the accumulation of the
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sum of electric energy losses of all units within each measuring interval in 7. The expression by two-
dimensional array is

Unit (n) —
AA, AA,, AAy;
Time
@
l AA; AAp AA;

Losses of the power grid within 7 can be calculated as per the following formula:

n [i=T/n i=T/ty n
AAz%Z{Z (AAij)} = Z {Z (AAU)} (10.5)

10.3.1.2 Equivalent Power at Each Load Point

The calculation of losses with equivalent node power (rms average power) within the measuring period can
ensure the equivalence of losses of each unit within 7, thus ensuring the equivalence of calculation of losses of
the whole power grid. At this time, the power distribution of all load points is the distribution of equivalent
node power with constant losses of the whole power grid.

10.3.1.3 Consideration of No-load Losses of Transformers

To include no-load losses of transformers in the calculation of losses of the power grid, exciting power of trans-
formers can be treated like grounding branches in the grid in the form of constant exciting admittance, that is

. APy g%,
Yr=G-iBr= 0 N (10.6)
1000(U")* ~100(U")

When high-voltage side loads and no-load losses of a transformer are located in the same node, a small imped-
ance branch and a node can be added to separate them, as shown in Figure 10.1, wherein Ry, X1, AP, AQt
are transformer winding impedances and rated no-load losses, respectively.

10.3.2 Relationship between Power Losses and Electric Energy Losses Under
Distribution of Equivalent Node Power

10.3.2.1 Calculation of Grid Electric Energy Losses

If the calculation period of electric energy losses is one day (i.e. 24 h) then grid electric energy losses can be
calculated by the following two methods:

1. Multiply the 24 h average power losses of each loss calculation unit with time and then accumulate
them, that is

AA=Y " (APy).T
i=1
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Figure 10.1 Node connection of transformer loads and no-load losses.

2. Accumulate grid electric energy losses within each hour, that is

AA= i (a4y) = i: (; APavT>

i=1 i

According to the first method, the grid electric quantity is

n

> (Puy+APy)

j=1

T

n n n
A= (ZP) T+AA=Y " (PuT)+ Y (APy),T=
j=1 j=1 j=1

That is, grid electric quantity = (daily average power of all grid loads + daily average power losses) x loss
calculation period.
So the line loss rate is

n

> (P +APy)

j=1

n

=) (APy); / zn:(Pav + APy ); (10.7)

J

AA%=i(APav)jT/T

j=1

10.3.2.2 Power Loss Value under Distribution of Grid Equivalent Node Power

The power loss rate under the distribution of grid equivalent node power is the ratio between the sum of grid
power losses and the sum of grid equivalent average power under the distribution of equivalent node power,
that is

APeq%zz (AP, / Z (Peq.j+ APeq ) (10.8)
j=1 j=1
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10.3.2.3 Ratio between Electric Energy Loss Rate and Power Loss Rate Under
Distribution of Equivalent Node Power

Under the above definition of the power loss rate, the relationship between the electric energy loss rate and the
power loss rate under the distribution of equivalent power can be obtained, that is

n n n

Z (APav)jZ (Peqzi + APeqai) Z (PSQ»/ + APeq‘j)
AA% AP %= L SERL (10.9)
D (Pu+APL)Y (APy), Y (Pu+APy);
j=1 j=1 j=1
When the loss power is very small, the above formula can be approximated to
n n
AA%/APT%ox Y (Peg.s) / 3 Pu=Ks (10.10)
=1 =1

According to Formula (10.10), when the grid power loss rate is small, the ratio between the loss rate and the
equivalent node power loss rate is approximately equal to the form coefficient of the total power curve of the
whole grid.

To understand the principle of the equivalent power method, the example below is analyzed.

Example 10.1 A distribution line is connected with two pure resistive loads, and the voltage remains
unchanged at 10 kV within the measuring period. The step type load curves of two loads, the load curve
of the start end of the line, and the single line diagram for loss calculation are shown in Figure 10.2.

Try to calculate the daily average power loss rate, weighted average power loss rate and line loss rate
within the measuring period of the line, and analyze the relationship among the three values.

Solution
1. Calculation of daily average power losses.
According to Figure 10.2a, R; =2 Q, R, = 1 Q are marked, and U = 10 kV is given. Subscripts I and II are
used to indicate two sections of the distribution line. The average power losses within the period ¢ can be
obtained:

(AP )y =V3 (I} Rax 0.5t + I} , R, x0.5¢) /t=/3(6"Ry x 0.5 +2°R, X 0.5)
=1/3%x20x Ry =201/3 x 1073 (kW)

(AP ) =V3 (I} xR x0.5¢+ I}, xRy x0.5¢) /t
=V3(8xR; x0.5+6> xR x0.5)
=/3x50xR; =100v/3x 1073 (kW)

(AP )5 = (AP )+ (AP ) = 1201/3 x 1073 (kW)

2. Calculation of power losses under the distribution of rms current.
The rms current of unit II is

Imsi1 = \/ (67 x0.5t+22x0.5t) =18 +2=4.472(A)

The rms current of load i; is

I = 1/ (22 X0.50+42 x0.51) /1=1/2+8=3.162(A)
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Figure 10.2 Calculation of line loss rate of distributed loads: (a) single line diagram; (b) #; load curve; (c) i, load curve;
(d) start end load curve.

The distribution of rms current is

Lims1=Lmsar + Iims.i =4.472+3.162=7.634(A)

The actual rms current in section I is

Ims1=V0.5x82+0.5% 6% =/50=7.07(A)
2(APeq) =V3(I2, (R + 12,1 R2) =V3[7.6347R, +4.472°R, |

=136.56v/3 x 1073 (kW)
So

E(AP) > (AP

3. Calculation of the line loss rate.
The electric energy losses are

AA=(APy )5t = 120v3 x 1073 x 24 =4.988 (kW-h)
The electric supply is

A=Ag+AA=/3U(I}*0.5t+ I+ 0.5¢) + AA
=v3x10x (8x0.5%24+6x0.5x24) +4.988
=2909.85+4.988 =2914.83 (kW-h)

The line loss rate is

AA%=AA/ (Ao +AA)=4.988/2914.75=0.171 1%
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4. Calculation of power losses under the distribution of rms power.
The rms power at the start end of the line is

Prns1=V3Ulims1 = V3 x 10 7.634=76.34/3(kW)

The power loss rate under the distribution of equivalent power is

APeq% =2 (APeq) / [Prms1+Z(APeg)|
=0.136 6v/3/(76.34+0.136 6)v/3=0.178 6%

5. Calculation of form coefficient and error analysis. Use the start end rms current and the average current
to calculate the form coefficient of total grid loads, that is Ky = 7.634/7.0 = 1.0906, and use approximate
Formula (10.10) to calculate the line loss rate as below:

AA'% =Kz APeq%=1.090 6x0.178 6%=0.194 8%

Compared with the calculated line loss rate AA% = 0.171 1%, this line loss rate is larger and the error is
0.194 8-0.1711

According to Example 10.1, in fact except load branches, there is no distribution of rms current in the
whole grid. As for the equivalent node power method, equivalent power of load points forms the distribution
of grid rms current, and the power losses and the form coefficient are used to calculate the loss rate under the
actual current distribution. When the shapes of load curves at load points are different, the arithmetic sum of
rms current at load points of each branch is certainly greater than the actual rms current of the main line (in this
example, 7.634A > 7.07A), so the equivalent node power method is bound to produce larger calculation
results of losses. Under normal circumstances, > (APeq) > > (AP,,). Two approximations in Formulas
(10.9) and (10.10) have opposite influences on the error in the loss calculation, so the larger result of losses
calculated by the equivalent node power method can be eased. This is an inherent problem of the equivalent
node power method, which has been proved in Example 10.1.

10.3.3  Analysis of Equivalent Node Power Method

The equivalent node power method creates a virtual distribution of equivalent node power and uses the load
flow calculation to obtain power losses AP.,% which are multiplied by the form coefficient of grid loads to
obtain approximate losses AA%. The principle of the method is clear, and the degree of approximation
depends on actual losses and the difference in shape of the load curves of all load points. Compared with
other methods, this method can consider the load characteristics of all load points, and the total load level
can be compared with the maximum, minimum, and normal operation modes to determine the mode to which
losses are close. When there are many nodes and the difference in shape of the load curves of all load points is
not large, the result of losses calculated by this method is satisfactory. Due to the above advantages, this
method has been widely applied for a long time.

The disadvantage of this method is that the reliability of the calculated larger loss rate is not suffi-
ciently demonstrated. Some scholars once used this method to calculate losses in actual grids with
several typical load curves, indicating that calculation errors could be accepted [29]. However, they
did not use the international general standard multi-node grid and various typical load curves for ver-
ification calculation, so whether the larger calculation errors are acceptable in a wide range needs to be
further studied.
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10.4 Calculation of Losses of High-voltage Power Grids Based
on Power Losses under Three Modes

Section 3.4 of Chapter 3 introduced the three-mode division of long-period load curves, which provides con-
ditions for the transition from the calculation of power losses under three modes to the calculation of loss rate
within the full period.

Because the long-period three-mode section division is transited from the “multiplying probability” divi-
sion in loss curves to the division in power curves based on the condition that energy losses are constant
within the full period, typical load flow calculations are conducted in three sections under three modes, to
obtain respective average power losses under typical daily loads. Obviously, the three kinds of daily average
power losses can represent energy losses within the three mode periods. Line loss rates under the three modes
are integrated to obtain the loss rate within the full period, which is the basic concept of calculation of losses of
high-voltage power grids based on power losses under three modes to be explained in this section.

The long-period (annual or quarterly) theoretical loss calculation which serves as a check follows the
steps below:

1. Use the long-period electric quantity to obtain the average loads, and use the measured maximum loads
to obtain the long-period active load factor fp and the minimum load rate fp, thereby obtaining the
change index 1/ [as per Formula (3.8)]. Use Formulas (3.22) and (3.25) to obtain the power P, and
P.1 (per unit value)? at three-mode division points.

2. Allow the average power of three-mode sections to be Py, Ps,, P3., and then Py, = (fp + Psn)/2, P, =fp,
Py, = (P + 1.0)/2; the subscript * refers to the per unit value.

3. Select typical daily load curves of the three modes, and allow their daily maximum loads are respectively
Pimaxs Pomax and P3pax. Multiply the actual maximum load within the full period by the per unit value
of average power. Compare the daily maximum loads with the product, and take (Py.maxPy,)/P1max»
(Ps maxP2+)/Pamax and (Ps maxP3+)/P3max as proportionality coefficients for adjustment, thus obtaining
the new distributions of three-mode typical daily loads.

4. Conduct 24 h load flow calculation of the adjusted distributions of three-mode typical daily loads, to
obtain daily average power losses AP;%, AP,% and AP;%, respectively.

5. Use typical daily grid load curves under the three modes to calculate form coefficients K;, K, and K3, and
use Formula (10.10) to calculate loss rates AA %, AA,%, and AA3;% of the three-mode sections.

6. As combinations of low load factor coefficients occur in most long periods, according to Table 4.4, obtain
the ratio among electric quantities in the three-mode sections A1:A,:A3, and calculate the ratio of electric
quantities in the three-mode sections to the total electric quantity a;:a,:a3. According to calculations under
various 1/ values in Table 3.4: a;:a, = 1:2.56~1:3.0; a;:a3 = 1:0.36~1:0.522. For the four situations
where 1/4 values are smaller or larger, that is 1.0, 2.0, 5.0, 6.0, take the occurrence weight as 0.10.
For the three situations where 1/1 values are 3.0, 4.0, 4.5, take the occurrence weight as 0.20. Obtain
the weighted average of the ratio as ay:ap:a3 = 1:2.83:0.458; so a/(a; + o + a3) = 0.233.

7. Calculate the loss rate within the full period as per the following formula:

AAz% = AAz/A = (AA1(70A1 + AA2(70A2 + AA3WOA3)/(A1 +A, +A3)
Substitute the weighted average ratio into this to obtain

AAz%=O.233AA1%+O.660AA2%+0.107AA3% (10.11)

According to Formula (10.11), as the situations of the three-mode sections are different, they have different
degrees of influence on the full-period loss rate: the normal mode has the highest influence, successively
followed by the minimum mode and the maximum mode.

2 For concise expression, subscripts s, m, and b of the three section power points of division refer to minimum, normal, and
maximum in this chapter, which correspond to the subscripts x, zh, and d in Chapter 3.
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As for the loss calculation which is for the purpose of check, this method has the following characteristics:

1. The division of three-mode sections in a long-period load duration curve has been sufficiently demon-
strated in Section 3.4 of Chapter 3, and the foundation of this method is reliable.

2. There is no special difficulty in selecting typical load curves in the long period by minimum, normal and
maximum modes, and the calculated three form coefficients have stable characteristics.

3. The three-period division corresponds to the three modes, and the average power losses of the three sec-
tions fluctuate in a small range.

4. The line loss rate is large under the maximum mode, small under the minimum mode, and average under
the normal mode. The long-term loss rate is calculated based on the principle of electric quantity balance in
the long period and deemed highly reliable in the sense of statistics and probability.

5. This method adopts the concept of “output distribution coefficient” in the typical day method, and uses the
average power of the three-mode sections to adjust the distribution of typical daily loads under the three
modes. However, it adopts typical days for three modes, which is more representative than one typical day.
This is an improvement in the method. This method also uses approximate Formulas (10.9) and (10.10) of
the average power loss rate and loss rate in the equivalent node power method, and solves the transition
from the power loss rate under three modes to the loss rate. Therefore, this method is a new method for
calculating losses of high-voltage lines by making use of advantages of other methods and adopting the
principle of “multiplying probability” to resolve the difficulty in the three-mode section division.

6. This method uses the weighted average method on the ratio among electric quantities of three-mode sec-
tions to obtain Formula (10.11). The above steps can be followed to estimate the possible range of errors
caused by the weighted average method: 6(A,)% = —5.67 to +10.55%, 6(A3)% = —13.9 to +27.2%. To
avoid larger errors in total grid losses, directly use 1/4 values in the combination of low load factor para-
meters; look for corresponding aj:a,:a; ratios in Table 4.4; and modify coefficients before AA,% and
AA3% in Formula (10.11), thereby obtaining total grid losses with smaller errors.

The predicted calculation of the loss rate by the above method has the following features:

1. Predict the electric quantity according to the normal operation mode, and look for the ratio among electric
quantities of the three sections in Table 3.4 based on the predicted load change index 1/4. Determine the
electric quantities of the minimum mode section and the maximum mode section, and compare them with
the predicted total electric quantity for necessary adjustment.

2. Consider separate or comprehensive measures under three modes, such as “valley filling” under the min-
imum mode, or system input in pumped storage power stations. These measures can improve load curve
shapes and power distribution under the minimum mode and maximum mode and reduce the loss rate. The
predicted electric quantities can be used to estimate the effect of loss reduction.

3. In the middle and later time of the long period, comprehensively consider positive and negative condition
changes according to the loss rates under three modes and the total loss rate for the preceding period, and
conduct load flow calculations under the three modes in the middle and later time, thereby obtaining the
predicted total loss rate, so as to provide calculation conditions for the controllable and controlled line loss
rate in the full period.

10.5 Calculation and Analysis of Samples

10.5.1 Verification of Loss Calculation of Standard Power Grid with
39 Nodes

10.5.1.1 Connection and Parameters of Standard Power Grid with
10 Generators and 39 Nodes

1. The connection of the standard power grid with 10 generator and 39 nodes is shown in Figure 10.3.
2. Line parameters and transformer parameters are listed in Table 10.2 and Table 10.3, respectively.
3. The bus generated output and load data are shown in Table 10.4.
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Figure 10.3 Connection of standard power grid with 10 transformers and 39 nodes.

Table 10.2 Line parameters.

Line Line
Node Line Line admittance Node Line Line admittance
No. I-J resistance R reactance X  B/2 No. I-J resistance R reactance X  B/2
1-2 0.0035 0.0411 0.349 35 3-18 0.0011 0.0133 0.1069
1-39 0.001 0.025 0.375 4-5 0.0008 0.0128 0.0671
2-3 0.0013 0.0151 0.1286 4-14 0.0008 0.0129 0.0691
2-25 0.007 0.0086 0.073 5-6 0.0002 0.0026 0.0217
34 0.0013 0.0213 0.1107 5-8 0.0008 0.0112 0.0738
6-7 0.0006 0.0092 0.0565 16-21 0.0008 0.0135 0.1274
6-11 0.0007 0.0082 0.069 45 16-24 0.0003 0.0059 0.034
7-8 0.0004 0.0046 0.039 17-18 0.0007 0.0082 0.065 95
8-9 0.0023 0.0363 0.1902 17-27 0.0013 0.0173 0.1608
9-39 0.001 0.025 0.60 21-22 0.0008 0.014 0.128 25
10-11 0.0004 0.0046 0.036 45 22-23 0.0006 0.0096 0.0923
10-13 0.0004 0.0043 0.036 45 23-24 0.0022 0.035 0.1805
13-14 0.0009 0.0101 0.086 15 25-26 0.0032 0.0323 0.2565
14-15 0.0018 0.0217 0.1830 26-27 0.0014 0.0147 0.1198
15-16 0.0009 0.0094 0.0855 26-28 0.0043 0.0474 0.3901
16-17 0.0007 0.0089 0.0671 26-29 0.0057 0.0625 0.5145
16-19 0.0016 0.0195 0.1520 28-29 0.0014 0.0151 0.1245
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Table 10.3 Transformer parameters.

Node Transformer Transformer Node No-load active No-load reactive
No. I-J resistance R reactance X No. IJ power Py power Qg
11-12 0.0016 0.0435 12-40 0.0037 0.024
13-12 0.0016 0.0435 641 0.005 0.064
31-6 0.0006 0.0250 10-42 0.0072 0.0384
32-10 0.0007 0.020 19-43 0.0072 0.0384
33-19 0.0007 0.0142 20-44 0.006 25 0.0984
34-20 0.0009 0.0180 22-45 0.0072 0.0384
35-22 0.0007 0.0143 23-46 0.005 0.064
36-23 0.0005 0.0272 25-47 0.005 0.064
37-25 0.0006 0.0232 2-48 0.0034 0.0432
30-2 0.0018 0.0181 29-49 0.0102 0.120
38-29 0.0008 0.0156

20-19 0.0007 0.0138

Note: The transformer no-load power branch node 40—49 is not marked in Figure 10.3.

Table 10.4 Bus generated output and load data.

Bus No. Active output Pg Reactive output Qg Bus No. (Type) Active load P Reactive load Q.

3 ) 3.22 0.024

4 o) 5.0 1.84

7 @) 2.338 0.84

8 ©) 522 1.76

12 0.085 0.88

15 @ 32 1.53
16 ) 3.294 0.323

18 3) 1.58 0.30

30 25 1.451 20 3) 6.80 1.03
31 5.63 2.055 31 ) 0.092 0.046

32 6.5 2.057 21 @) 274 1.15
33 6.32 1.091 23 ) 2475 0.846
34 5.08 1.67 24 ) 3.086 -0.922
35 6.5 2.113 25 3) 224 0.472

36 5.6 1.005 26 ) 1.39 0.17
37 5.4 0.007 27 @) 2.81 0.755
38 8.3 0.228 28 ) 2.06 0.276
39 10.0 0.86 29 ) 2.835 0.269

39 6) 11.04 2.50

10.5.1.2 Selection of 24 h Load Curves

Load curves listed on pages 11 and 222 of Reference [29] are various load curves used in verification examples,
and their 24 h per unit values are shown in Table 10.5. See Table 10.5 for the type of loads at each node.

10.5.1.3 Reactive Load Values for Load Flow Calculation

Based on the power factor cosg calculated by basic load flow in Table 10.5, when per unit value of active load
is lower than 0.20, the power factor is also decreased. The decreased values of the power factor Acosg when
loads of the type (1) to (6) load curves are low are listed in the last row of Table 10.5.
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Table 10.5 Load curves of all load points (per unit values).

Type
Hour @D () (3) €] (5) (6)
1 0.1254 0.050 0.3713 0.5850 0.800 0.830
2 0.1254 0.050 0.3713 1.00 0.800 0.830
3 0.1254 0.050 0.3653 0.5850 0.800 0.830
4 0.1254 0.050 0.3653 0.4830 0.800 0.830
5 0.1254 0.100 0.3653 1.00 0.800 0.840
6 0.1254 0.100 0.5449 0.7551 0.800 0.840
7 0.1254 0.400 0.5449 0.3061 0.8957 0.850
8 0.1254 0.950 0.5449 0.4898 0.8957 0.850
9 0.1254 1.00 0.6467 0.4898 1.00 0.950
10 0.5017 0.960 0.8204 0.9184 0.9565 1.00
11 0.5017 0.920 1.00 0.7483 1.00 0.900
12 1.00 0.650 0.3953 0.4558 0.7826 0.850
13 1.00 0.900 0.3593 1.00 0.800 0.850
14 0.1254 0.960 0.5449 0.7483 0.800 0.950
15 0.1254 0.850 0.7246 0.5986 1.00 0.900
16 0.1254 0.750 1.00 0.2517 1.00 0.870
17 0.1627 0.650 1.00 0.8367 1.00 0.900
18 0.6610 0.100 1.00 0.6667 0.800 0.920
19 1.00 0.100 0.4551 1.00 0.800 0.900
20 0.1254 0.100 0.7246 0.5034 0.9217 0.900
21 0.2847 0.050 0.7246 0.7483 0.9130 0.900
22 0.6407 0.050 0.5569 0.7483 0.9130 0.900
23 0.6271 0.050 0.5449 1.00 0.800 0.900
24 0.1254 0.050 0.4491 0.4082 0.7913 0.850
Acosg 0.05 0.08 0.04 0.03 0.02 0.02

10.5.1.4 Results of 24 h Load Flow Calculation for 10 Generators and 39 Nodes

The PSASP program of the China Electric Power Research Institute is used to conduct the 24 h load flow
calculation for the standard test grid with 10 generators and 39 nodes, and the results are shown in Table 10.6.

1. Calculation of parameters of generated output curve

fom IPG/t 93 567.4/24
G Pomae  5250.1

B =PG.min/PG.max =2778.3/5250.1=0.529 2

=0.742 58

The load change index is
L1
o Jo—Po

2. Calculation of three-mode power points of division. Use Formulas (3.24) and (3.25) to calculate the three-
mode power points of division:
Py =0.007 7x1.206 42-0.119 4x 1.206 4+0.758 5=0.625 7
Py, =0.625 7x5250.1=3284.99 (MW)
Pube =0.004 x 1.206 4% —0.050 4% 1.206 4 +1.007 1=0.952 1
Pnp=0.952 1x5250.1=4998.62 (MW)
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Table 10.6 Results of 24 h load flow calculation for 10 generators and 39 nodes.

Hour Load Py, (MW) Generated output Pg (MW) AP (MW) AP% Number of iterations
1 2749.4 2778.3 28.9 1.04 6
2 3078.8 3106.4 27.6 0.89 6
3 2863.3 2887.4 24.1 0.83 6
4 2782.2 2806.9 24.7 0.88 7
5 3250.5 3272.6 22.1 0.68 6
6 3246.8 3266.1 19.3 0.59 6
7 3208.6 3228.2 19.6 0.61 6
8 3831.2 3885.2 54.0 1.39 6
9 4179.9 4235.8 55.9 1.32 6

10 5191.1 5250.1 59.0 1.12 6

11 5095.0 5149.3 54.3 1.05 5

12 4394.0 4433.2 39.2 0.88 6

13 5043.0 5091.9 48.9 0.96 5

14 4133.5 4168.7 35.2 0.84 7

15 4144.0 4174.4 304 0.73 6

16 4029.4 4058.6 29.2 0.72 6

17 4506.4 4537.2 30.8 0.68 7

18 4475.8 4504.3 28.5 0.63 8

19 4562.7 4598.2 35.5 0.77 7

20 3379.8 3402.7 229 0.67 6

21 3756.1 3776.4 20.3 0.54 6

22 3951.0 3984.0 33.0 0.83 6

23 4055.2 4092.1 36.9 0.90 5

24 2839.7 2879.4 39.7 1.38 8

Total 92 747.4 93 567.4 820.0 0.876

According to Table (3.4), when 1/4 = 1.0 and 1/4 = 2.0, the ratio between the electric quantities of three-
mode sections a;:az:a3 is 1:2.56:0.522 and 1:2.79:0.507, respectively. Use the interpolation method to
calculate a;:ap:a3 = 1:2.6074:0.5189 in this example, so the electric quantity of the minimum mode
section is

Ay =XPgu x 1.0(h)/(ay + oy +a3) =93 567.4/(1+2.607 4+0.518 9)
=22 675.86 (MW-h)

So

Am=2.607 44, =59 125.04 (MW-h)
Ap=0.518 94, =11 766.50 (MW-h)

3. Calculation of average power and power loss rates of three sections. The average power under the min-
imum mode is

Pyay = (BPumax + Pom) /2= (2778.3+3284.99) /2 =3031.65 (MW)

According to Table 10.7, this is close to the generated output at hour 2.
Take the power loss rate AP% = 0.89% at hour 2 to obtain

APY%=(3031.65/3106.4)> x 0.89% = 0.848%
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For the normal mode, Py, .y =fGPG.max = 0.742 58 x 5250.1 = 3898.6 (MW). According to Table 10.7,
generated output values at four time points are close to Py, ,,: hour 8/3885.2 MW, hour 16/4058.6 MW,
hour 22/3984 MW, hour 23/4092 MW. Calculate average power values and weighted average values of
power loss rates at the four time points, to obtain P, ,, = 4004.98 MW, AP,,% = 0.952 9%. Use the two
values to calculate the power loss rate under the normal mode:

AP, % = (3898.6/4004.98) x 0.9529% = 0.903%

The average power of the maximum mode section is the average values of P, and Py, that is Py ,, =
(1 +0.9521)/2 x 5250.1 = 5124.36 (MW). According to Table 10.7, the above value is close to the gen-
erated output at hour 13, and the power loss rate at this time point can be used to obtain

AP,Y% = (5124.36/5091.9) x 0.96% = 0.972%

. Calculation of loss factors F' and form coefficients K of three-mode sections. For long-period regional
power grids, use the three-mode section division method to calculate losses, and use the three-mode typ-
ical load curves to calculate the loss factor F, thus obtaining the form coefficient K. This example is only
for the purpose of verifying the correctness of the method, and can only use f'and f parameters of the three
sections to calculate F' and K. Taking the normal mode as example, its calculation process is listed:

Pm=0.6257/0.952 1=0.657 2
fn =3898.6/4998.62=0.780 0
Fin=0.639(0.78)* +0.361(0.78  0.657 2 +0.78-0.657 2) =0.618 2
Kn=+Fn/fn=+0.6182/0.78=0.786/0.78 = 1.008

In the same method, K = 1.001 and K, = 1.000 1 can be obtained.
. Calculation of electric energy losses. The sum of electric energy losses of the three-mode sections is

3
AAs = (K;AP%)A;
i=1
=1.001 x 0.848% x 22 675.86 + 1.008 x 0.903%
x59 125.04+1.000 1x0.972%x 11 766.5
=192.48+538.17+114.38

=845.035 (MW-h)
The line loss rate is

AAs% =AAs /ZPgt=(845.035/93 567.4) x 100% =0.903%

10.5.1.5 Comparison and Conclusion of Electric Energy Loss Rate (Line Loss Rate)

According to the 24 h load flow calculation, APy = 820 MW, APs% =820/93 567.4 x 100% =
0.876%

According to the generated output load curve, fg = 0.742 58, fg = 0.529 2, so the loss factor is

F5=0.639(0.742 58)2 +0.361(0.742 58 x0.529 2+0.742 58-0.529 2)=0.571 26
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The form coefficient is Kg =+/Fg/fc = \/W/O,MZ 58=1.017 8, so the actual line loss rate is
AAs%=KcAPc%=1.017 8x0.876%=0.892%
Compared with the three-mode section division method, the relative error of this method is
5(AAx)%=(0.903-0.892)/0.892 x 100% = 1.23%

According to the above calculations, the results of the 24 h load flow calculation of the world’s commonly
used standard test grid with 10 generators and 39 nodes indicate that the error of the loss calculation by the
three-mode section division method is within the allowable range. This method can be applied in the oper-
ation and management of power grids, and experience can be accumulated for improvement.

10.5.2 Three-mode Calculation Based on Total Loads and Measured
Loss Power over 24 h in one Province During 2004
Reference [42] studied the effect of secondary voltage control. This example introduced total loads and meas-

ured loss power from the reference, as shown in Table 10.7, to verify the correctness of the loss calculation by
the three-mode section division method.

1. Calculation of parameters of the total load curve. Accumulated daily electric quantities of 24 h fiducial

24
pointloadsareA =Y P;t =52 505.91 x 10*(KW-h); Py = A/24=2187.75x 10* (kW), Py =2400 x 10 KW,
1

1
f=2187.75/2400 = 0.9116; = Ppin/ Prmax = 1892.96/2400 = 0.788 7, 7= (1-H/(f-p)=(1-0.9116)/(0.911 6 -

0.788 7) = 0.719 3; the daily power loss rate is AP% = (3 _AP)/A = 457.3/525 05.91 = 0.871%.
2. Calculation of three-mode power points of division. As f=0.9116, use Formulas (3.22) and (3.23) for the
combination of high load factor to obtain

Pym. =0.008x0.719 32-0.126 6x0.719 3+0.904 3=0.817 4
Py =Py Prax =0.817 4x 2400 x 10* = 1961.76 x 10*(kW)

P =0.005 2x0.719 32-0.045 6x0.719 3+0.991 8=0.961 7
Pt =P Prnax = 0.961 7% 2400 x 10* =2308.08 x 10*(MW)

3. Calculation of average loads of each section
For the minimum mode section:
Pgav=(B+Psm)/2Pmax=(0.788 7+0.817 4) /2 x 2400 x 10*
=1927.32 x 10*(kW)

For the maximum mode section:
Poav=(Pmi1+1)/2:Pnax=(0.961 7 +1.0) /2 x 2400
=2354.04 x 10*(kW)

4. Conversion of power loss rates corresponding to average loads of three modes. Select the time points at
which measured fiducial point power values are most close to the average power values under the three
modes, and convert to corresponding power loss rates based on the square of power.

a. Pg,, under the minimum mode is most close to the power at hour 2, and the conversion of power loss
rate is as follows:

AP = AP»%(Py.4 /P> )* = (12.5/1918.31) (1927.32/1918.31)* =0.658%
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b. P,, under the normal mode is most close to the power at hour 12, so

APR% = AP %(Pay /P12)* = (17.5/2146.48) (2187.75/2146.48)* = 0.847%

C. Pax.ay Under the maximum mode is most close to the power at hour 15, so

Ppay 2 24 2354.04
APy%o=APis: i
v %0 15 % X (pls‘, > 23662 ( 2366.2

2
> =1.004%

5. Calculation of electric quantity ratio of three modes. According to the integral operation from the load
curve (Rossander Formula), for the combination of high load rate parameters, when 1/ = 0.80, the electric
quantity ratio of three modes is aj:ax:az = 1:2.803:1.628; when 1/4 = 0.60, a;:ax:a3 = 1:3.63:0.978.
According to calculation by the interpolation method, when 1/1 = 0.719 3, the electric quantity ratio
of three modes is a;:as:a3 = 1:3.30:1.366.

6. Calculation of electric energy losses of three-mode sections

For the minimum mode section:

As-a 52 505.91 x 10*
AM=—"2" APP="""—"—"""2""
o +ay+as % 1+3.30+1.366

=60.98 x 10*(kW-h)

x 0.658%

For the normal mode section:

. 4
A= As-ay APm%=52 505.91x 10* x3.30
a1 t+ox+a3 1+3.30+1.366
=259.02 x 10*(kW-h)

x0.847%

For the maximum mode section:

As-a3 52 505.91 x 10* x 1.366
AA = AP =
P o+ s b7k 1+3.30+1.366

=127.091 x 10*(kW-h)

x 1.004%

7. Calculation of total losses according to the full-period loss rate. The full-period power loss rate is APy~-% =
457.30/52 505.91 = 0.871%, and calculate the loss factor with f and § as per Formula (2.28):

F=0.639f2+0.361(f +f-p)
=0.639x0.911 6% +0.361 x (0.911 6+0.911 6x0.788 7-0.788 7)
=0.8349

The form coefficient of the total load curve is K =+/F /f =+/0.834 9/0.911 6=1.002
Use Formula (10.10) to calculate the full-period electric energy loss rate:

AAs%=KAPs%=1.002x0.871%=0.873%
AAy =AAA;% =52 505.91 x 0.873% =458.39 x 10*(kW-h)

8. Calculation of method error. There is an error between the electric energy losses of the three-mode sections
and the calculation result from the measured loss rate, as follows:

AAL = AAg + AAp + AAy = (60.98 +259.02 + 127.091) x 10*
=447.091 x 10*(kW-h)
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The relative error is

SAAL = (AAz-AAL) /AAx x 100%
=(458.39 - 447.091) /458.39 x 100% =2.46%

If the form coefficient of three modes is greater than 1.0, the relative error in the calculation of electric
energy losses may be reduced.

Example 10.2 Assume that the daily load curve in Table 10.2 lasts for 10 days. Due to the continuous
adjustment of loads, the electric quantity in the large load period of a further 10 days is increased by 5%,
while the maximum load is reduced by 1%. Try to calculate the loss rate of those further 10 days. If the
adjusted loads last for 20 days, what is the total loss rate for a total of 30 days? What is the effect of loss
reduction of the continuously adjusted loads?

Solution
1. Calculation of loss rate within the second period of 10 days.
1.1 Parameter calculation

Prax1 =0.99Pp0x0 =0.99 x (2400 x 10*) =2376 x 10* (kW)

The daily electric quantity is

Agl =0.05x [Azo-a’3/(a1 +ay +a3)] +A20

1.366
= ) =41 2505.91 » x 10*
{(005X5.666+)X5 5059}><0

=53138.84x 10*(kWh)
Py =Ax/24=53138.84x 10* /24
=2214.12x 10* (kW)
f=Pu/Pmax1=2214.12/2376=0.9319

1892.86
= Puin0o/Pmax1 = — 55— =0.7967
p 0/Pmax1 2376 0.796

1 _1-f  1-09319

=——=——+—————=0.5037
A f=p 09319-0.7967

1.2 Calculation of three section power points of division. According to Formulas (3.22) and (3.23),

Py =0.008 x0.503 72-0.126 6x0.503 7+0.904 3=0.842 6
Py =0.842 6 x 2376 x 10* =2002.02 x 10* (kW)

Prpe=0.005 2x0.503 72-0.045 6x0.503 7+0.991 8=0.970 2
P =0.970 2x2376 x 10* =2305.2 x 10*(MW)

1.3 Conversion of power loss rate. After the average power of the three sections is obtained, take the
power loss rate corresponding to the fiducial point power to which the average power is close for
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1.4

1.5

conversion: P ,, = (1892.96 + 2002.02) x 10%/2 = 1947.49 x 10* (kW). The power at hour 1
is close:

APY% = (AP%),.(Psay/P1-)* = (13.5/1952.11) (1947.49/1952.11)*
=0.692% x 0.995 2=0.689%

P = Pay = 2214.12 x 10* (KW), and the power at hour 18 is close:

APL% = (AP%), s (Pm/Pis ) = (19.75/2222.54) (2214.12/2222.54)*
=0.889% x0.992 4=0.882%

Py 2y = (2305.20 + 2376) x 10%2 = 2340.6 x 10* (kW), and the power at hour 14 is close:

APy = (AP%), 4 (Py/P14)* = (23/2334.08) (2340.6/2334.08)>
=0.985% x 1.006=0.991%

Calculation of electric quantities of three sections. According to integral operation by the
load curve (Rossander Formula), when 1/ = 0.40, a;:a:a;3 = 1:3.66:1.05; when 1/1 = 0.60,
ap:ax:as = 1:3.63:0.978. According to calculation by the interpolation method, when 1/1 = 0.503 7,
ooz = 1:3.646:1.015. The total daily electric quantity after load adjustment is calculated as
As; =53 138.84 x 10*kW-h, and then the electric quantities of three sections within the second period
of 10 days can be obtained:

Ag=As) /(o] + oz +a3) =53 138.84x 10* /(1 +3.646 + 1.015)
=9386.829 x 10*(kW-h)

Am=A; =3.646 x9386.829 x 10* =34 224.379 x 10*(kW-h)

Ap =034, =1.015x9386.829 x 10* =9527.63 x 10*(kW-h)

Calculation of electric energy losses and loss rate within the second period of 10 days. Due to limits
on calculation conditions, based on an approximate calculation, the loss rates of three sections are
regarded as the power loss rate, and the total electric energy losses are calculated as per the following
formula:

AAs = AATA + AAL Y%A + AAL YAy,
=0.689% x 9386.829 x 10* + 0.882% x 34 224.379 x 10* +0.991% x 9527.63 x 10*
=(64.675+301.859 +94.42) x 10*
=460.953 x 10*(kW-h)
AAs% = AAs /As) =460.953/53 138.84=0.867%

Calculations in this example show that the three-mode section division method can be used for
calculating the effect of any loss reduction measure taken in a mode section, such as a time-
sharing electricity price. Therefore, it can be extended into the calculation of revenue and expend-
iture changes caused by changes in electricity purchase and the sales quantities of different mode
sections. In short, the three-mode section division method provides a new calculation and analysis
method for the lean management of power grid enterprises.

Compared with the original 10 days, the increase in the daily electric energy losses is

AAs; —AAyg = (460.953-458.39) x 10* =2.56 x 10* (kW-h)
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1.6 Calculation of loss reduction effect. If no measure of load adjustment is taken, the electricity losses of
the large load section are increased in the function of the square of electric supply, that is

AAp1 = AApy = (1.057 = 1) x Adpy =0.1205 x 127.091 x 10*
=13.027 x 10*(kW-h)

After the measure of load adjustment is taken, the actual electric energy losses are reduced by
8AAz = (13.027-2.56) x 10* =10.47 x 10* (kW-h)

The ratio of loss reduction is
(6AAx)%=[10.47/(460.953 + 13.027)] x 100%=2.22%

Calculation of losses for 30 days in a month.

2.1 Calculation of electric energy losses in 30 days. The electricity losses in the latter 20 days are
AAs, = 20 x 460.953 x 10* = 921.91 x 10° (kW-h), and the total electricity losses in 30 days are
AAss = (921.91 +447.091) x 10° = 1369.0 x 10° (kW-h)

2.2 The total electric supply in 30 days. This is AAs; = (20 x 53 138.84 + 10 x 52 505.91) x 10* = 158
783.59 x 10° (kW-h)

2.3 The total loss rate in 30 days. This is AAx3% = (AAxi/As3) x 100% = (1369.0/158 783.59) x
100% = 0.862%

2.4 Calculation of loss reduction effect. If no measure of load adjustment is taken, the total loss rate in
30 days is

AA%, % =[20 % (460.953 +13.027) + 10 x 447.091] x 10*/ (158 783.59x 10°)
=0.878%

After a measurement of the loss reduction is taken, the total loss rate in the whole month is reduced by

5(AAss,) =[(0.878-0.862)/0.878] x 100% = 1.82%
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Analysis and Calculation
of Loss Allocation

The traditional integrated electric power industry structure of power generation, transmission, distribution,
and sales has been replaced by a market-oriented reform through the implementation of a separation between
power plants and power grids and the bidding on-grid of power plants. Therefore, many practical problems
arise from the planning, dispatching, production, and operation of electric power systems need to be further
studied. Loss allocation is one of these problems and has been of wide public concern in recent years.

Although many loss allocation methods have been put forward, many domestic scholars think that so far
there is no best method that is widely applicable and accepted. On the basis of extensive comparison, some
scholars propose that: (i) the average loss allocation method is recommended for the distribution network
given its complexity; (ii) the marginal loss coefficient method is recommended for the transmission network;
(iii) it is recommended that the transmission network can be divided into several regions after grids are con-
nected across the whole country, wherein the node loss coefficient method that is adjusted in real time is used
within a region, while the regional marginal loss coefficient method is used between regions; (iv) the power
flow tracing method is recommended for the loss allocation of independent power producers [43]. The
authors are in favor of the selection of different loss allocation methods as appropriate.

This chapter explores the nature of loss allocation by model analysis, summarizes four contents that are
helpful to the calculation of loss allocation, introduces the application of the regional marginal loss coefficient
method, explains the process of inter-provincial loss allocation within regional power grids and gives calcu-
lation examples, and finally analyzes the calculation of loss allocation under a complex trading setup.

11.1 Occurrence of Loss Allocation Problem and Possible Solutions

Before the electric power market-oriented reform, power supply enterprises purchased electricity from power
plants which were under the same jurisdiction of the provincial electric power bureau as power supply enter-
prises, and they supplied electricity to and charged all customers. Electric energy losses in substations and
lines were all included in the cost of power supply. After payment of electricity purchase expenses to the
provincial electric power bureau, internal profits deducting fixed expenses maintained the normal operation
of power supply enterprises. Therefore, power supply enterprises independently bore electricity line losses
and expenses before the market-oriented reform, and there was no loss allocation problem.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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210 Line Loss Analysis and Calculation of Electric Power Systems

After the electric power market-oriented reform, power grid enterprises were no longer the only electricity
purchasers. In the double load power supply model shown in Figure 11.1, direct supply customer b (indicated
by subscript b) of a power plant only has a supply—demand relationship with the power plant. At this
time, however, load b (indicated by subscript b) passes line I, resulting in variable losses which need to
be reasonably allocated between the power grid enterprise (representing the ordinary customer «a, indicated
by subscript a) and the power plant (representing the direct supply customer b).

11.1.1 Analysis of Double Load Power Supply Model

If the power factor of customers a and b is constant, that is 1.0, then iy = i, + i,. The change of iy is shown in the
dot-dashed line in Figure 11.1b. The power loss calculation formula can only derive power losses AP, and
AP, in section I which are, respectively, under situations where only load a is included and where customers
a and b are both included, as shown in Figure 11.1c.

The general formula for calculating power losses in common section I is AP = 3i%R; = 6i%. According to
Figure 11.1b indicating load changes of the three sections with only numbers (omitting current unit), the
curve i, is (2, 3, 4), curve iy, (6, 4, 2), and curve I, (8, 7, 6). Use the above formula to calculate AP, and
AP, of each section, as shown in Figure 11.1c. In addition to the electric energy losses in the dedicated line
Il established by itself, customer b must bear the increased electric energy losses after its load passes section 1.
The increased electric energy losses can be calculated based on numbers in Figure 11.1c, as follows:

aAAbzAAab_AAa
= (384+294 +216) x 8— (24 + 54+ 96) x 8
=7152-1392=5760=5.76 (kW -h)

Now assume that terminal A of the common section I is not connected with load b but connected with load ¢,
as shown in the dotted line in Figure 11.1a. Its load curve i (2, 4, 6) is shown in the short-dashed line in
Figure 11.1b. At this time, the current in section I is i,. (4, 7, 10), as shown in the multidot-dashed line
in Figure 11.1b. The corresponding power loss curve AP,. is shown in Figure 11.1c. Because i, and i, change
in the same trend, with a superposition of peak values, the maximum AP, is much larger than the maximum
AP,,. Likewise, the increased electric energy losses in the common section I after load ¢ is added are
calculated:

aAAc =AA,c—AA,
=(96+294 +600) x 8— (24 +54 +96) x 8
=7290-1392=6528=6.528 (kW -h)

According to the comparison between double load ab and double load ac, although direct supply customers
b and ¢ have the same daily electric supply, the increase in electric energy losses allocated to direct supply
customers may vary greatly due to their different load curves.

The following conclusions can be drawn from the above analysis of the double load power supply model:

1. Increased losses resulted from the high-voltage direct supply customer in the common line (section I in
Figure 11.1a) should be borne by itself, and depend on the size and change of the original common load a
as well as the size and change of the direct supply load itself.

2. Because load curves change differently, and differences in power losses under minimum, normal, and
maximum modes divided by total loads vary, power losses cannot serve as the basis of loss allocation.

3. The area under the power loss curve is the quantity of electric energy losses. The quantity of electric energy
is a scalar quantity. Differences in electric energy losses under the three modes are additive and the sum is
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Figure 11.1 Double load power supply model. (a) Single line diagram; (b) load curves; (c) power loss curves:

AP = 3R, = 6.

unique, so the nature of loss allocation is allocating increased electric energy losses AA instead of

power losses.

4. The uniqueness of the allocation of electricity losses indicates that loss allocation must be relevant to a

specific period.

11.1.2 Analysis of Triple Load Power Supply Model

When customers a, b, and ¢ in Figure 11.1a are connected at the same time, they constitute a triple load power
supply model, as shown in Figure 11.2a. Likewise, assume that the load power factor of loads a, b, and c is
constant, thatis 1.0. According to the load curves i, (2, 3, 4), i, (6, 4, 2), and i, (2, 4, 6) shown n Figure 11.1b,
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Figure 11.2 Triple load power supply model. (a) Single line diagram; (b) load curves; (c) power loss curves:
AP = 3iR; = 6/,

i1abe Where three loads are connected at the same time can be obtained, that is (10, 11, 12) as shown in
Figure 11.2b. According to the general formula of power losses, the power loss curve AP, in the common
section I when all three loads are connected simultaneously can be obtained, as shown in Figure 11.2¢. For
comparison, Figure 11.2¢ lists power loss curves AP,, and AP,. when double loads ab and ac are connected.

According to Figure 11.2c, due to the connection of the third load, electric energy losses in the common
section I are greatly increased, that is AA,,. = 8 (600 + 726 + 864) = 17520 (W-h). The loss allocation to
customers b and ¢ can be discussed as below:

1. In the first situation, assume that customers b and ¢ are connected simultaneously and share the difference
between losses when three customers are connected and losses when only load a is connected according to
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the ratio of electric supply. Because customers b and ¢ have the same daily electric supply, the increased
losses shared by them are
JAA,=0AA. =

(AAgpe—AA,) = = (17 520—1392) =8064 =8.064 (kW -h)

NS
N =

Compared with the situation where only customers a and b are connected, the losses allocated to customer
b are increased from 5.76 to 8.064 kW-h, with an increase of 6AA = (8.064 —5.76)/5.76 = 40%. This value
can be regarded as a subsidy proportion of customer b to customer c; on the contrary, it can be deemed that
customer ¢ provides subsidy for customer b, thus the percentage of increased losses allocated to it is
increased by 6AA. = (8.064 — 6.528)/6.528 = 23.5%. This shows that two simultaneously connected cus-
tomers can both claim that one provides subsidy for the other one, as is known as “cross-subsidization”.
The ratio of subsidization varies with customers’ load curves, that is, the three-mode sections have
different ratios of cross-subsidization.

2. If customer b is first connected to the system, then there are two possible allocations. The first is that
customer ¢ bears all increased losses in section I after it is connected, that is

JAA = AApe—AAp =17 520-7152=10 368 =10.368 (kW -h)

Customer ¢ bears too many increased losses. From the perspective of rights of flow in the common
section I, apparently there is a big difference in the loss allocation if the sequence of connection is different,
and this is not fair.

The second allocation is that increased losses in section I after customer c is connected are shared
by customers b and ¢ according to the ratio of electric supply. This is called the average loss rate method.
At this time, the respective losses borne by the three customers are

AA, = (24+54+96) x8=1392=1.392 (kW-h)
OAAgpe = Agpe—AA, =17 5201392 =16 128=16.128 (kW -h)

1
BAAM = (AAab —AAa) + 5 [aAAabC - (&AAb + &AAC)]
1
=5760+ (16 128~ (5760-+6528)] =7680=7.68 (kW -h)

IAAG = (AA—AA,) + % [0AA b — (JAAp +IAA,)]
=6528 +1920=8448 =8.448 (kW -h)
According to a check calculation,
AA, +IAAp +IAA=1.392+7.68+8.448=17.52 (kW-h)=AAy

The sum of increased losses in section I that are borne by three customers is equal to the actual losses in
section I, indicating that this allocation is balanced.

3. There are two possible sequences of connection for customers b and c¢. More customers lead to more com-
binations of connection sequence. To consider reasonable loss allocation under multiple combinations, the
frequency of occurrence should be used as a weight to average different increased losses. This is the Shap-
ley method, to be introduced later in this chapter.

4. Because load curves change differently, the loss allocation based on the three-mode section division of
total loads should differentiate and its comprehensive result should be more reasonable and fair. Therefore,
in the calculation of loss allocation, it is very necessary to do the respective calculations based on the three-
mode section division of the total loads.
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5. According to Figure 11.2a, sections II and III may have different impedances, so the marginal line
loss rates (the ratio between the increased line losses caused by increase in unitelectric supply and the increase
inunitelectric supply) measured from the multi-branch node A to load points B and C are different. Therefore,
the marginal line loss rate based on the grid topological structure, electrical parameters and load distribution
can also serve as an economic signal for a fair and reasonable allocation of increased losses.

11.1.3 Possible Solutions to Loss Allocation

The simple analysis of power supply models shows the complexity and difficulty of loss allocation, and also
indicates possible solutions.

1. The ranking of several loads in the same node branch according to the quantity of marginal line loss rates
in different directions at the node load side is unique.

2. The allocation of increased losses to the common branch on the left of node (power source side) and to the
selected branch on the right side (load side) with maximum marginal line loss rate is reasonable, because
this allocation leads to smaller energy losses in the branch at the load side and meets the requirement of
economic efficiency of the entire grid.

3. To allocate increased losses in a region where the transmission price varies, such as in provincial grids, it
is necessary to multiply the marginal line loss rate by the transmission price to obtain the marginal loss
electricity price. The reduction of expenses incurred by increased losses in the entire grid is used as the
only reasonable economic signal, that is, increased losses are allocated in the decreasing order of marginal
loss electricity price, to realize fair, reasonable, and unique allocation.

11.2 Theoretical Preparation for Loss Allocation
11.2.1 Three-mode Section Division of Active Load Duration Curve

Section 3.4 of Chapter 3, on the premise of multiplying probability assumption, conducted a linkage analysis
of load loss curves and active load duration curves within a full period, and obtained Formulas (3.22) to (3.25)
for calculating the three-mode section power points of division under minimum, normal, and maximum loads,
as well as the electric quantity ratio a:a:a3 of three-mode sections (see Table 3.4). This provides basic con-
ditions for the calculation of loss allocation in the three-mode periods by using marginal line loss rates and
peak, valley and basis electricity prices under the three modes, provided load curve parameters are given.

11.2.2  Calculation of Influence of Transit Electric Supply on
Electricity Line Losses

Section 7.2 of Chapter 7 explained the influence of transit electric supply on the line loss rate. Assume that
the ratio between the transit electric supply and the original regional electric supply is ¢, and the increased
line loss rate due to the transit electric supply is AA’%. The ratio between AA’% and the original line loss rate
AA is shown in Formula (7.10), that is

AA'%/AAY% = p(q,0) = [(1+4%) +6]/[(1+q) (1+0)]
6 =B/ CA? = no-load electricity losses/load electricity losses

Wherein 6 — loss constituent ratio.
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If the increased losses as a result of the added transit electric supply are dAA, then

BAAZAA/%X (1 +q)A] —AA%Al
— {AAG[(1+¢) +61/[(1+) (1 +0)]}(1 + @)A1~ BAYeA,

[(1+4*)+6

_{ 1] a4k (L)
= 0 AATA = P AL %A

STeg = ALA

AAL% = AA%/(HO)

Wherein AA; % — original load line loss rate in the electric supply region.

According to Formula (11.1), when the ratio between the transit electric supply and the electric supply in a
region is ¢, the increased losses in this region are ¢ times the load electricity losses under the original electric
supply. Formula (11.1) provides a theoretical basis for the calculation of increased losses in loss allocation.

11.2.3 Calculation of Marginal Line Loss Rate

Section 7.5 of Chapter 7 put forward the concept of marginal line loss rate, and demonstrated the relationship
between the marginal line loss rate, the load loss coefficient, and the electric supply when no-load losses are
constant, as well as the relational expression between the marginal line loss rate and the load line loss rate
[Formula (7.17)], that is

(AA%), =2CA=2AA %

Section 6.5 of Chapter 6 discussed the calculation of load loss coefficient of equivalence Ceq of multiple units
in adjacent voltage buses according to the network shown in Figure 6.2, and gave Formula (6.17), that is

n A, 2
Ceq=Cb+ZCi <,4T:))

i=1

According to the above, on the premise that the grid topological relation is given, as long as the distribution of
electric supply and other operating parameters within a period are known, Formula (7.17) can be used to
calculate the marginal line loss rates at all nodes according to Formula (6.14) for calculating the load loss
coefficient and Formula (6.17) for calculating the multi-branch loss coefficient of equivalence. Therefore,
the load loss coefficient and its equivalence inclusion as well as the concept and calculation formula of mar-
ginal line loss rate put forward in this book provide the theoretical basis and calculation conditions for
the allocation of increased losses by the regional marginal loss coefficient method and the node loss
coefficient method.

11.2.4 Calculation of Optimal Distribution of Increased Electric Supply

Section 7.5 of Chapter 7 demonstrated that the increased electric supply should be distributed with priority to
the line with the minimal marginal line loss rate to an optional extent, and that the remaining increased electric
supply should be distributed to two lines with the same marginal line loss rate in inverse proportion to the load
loss coefficient, so that the electricity losses of the entire grid are minimal. This provides a similar principle
for the allocation of increased losses — making grid losses tend to the minimum. If the transmission price
varies, the principle of making grid loss expenses tend to the minimum should be followed.
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11.3 Analysis and Calculation of Allocation of Increased Losses in
Regional Power Grids

According to literature [44], against the backdrop of current electric market orientation in China, the loss
allocation in regional power grids can be divided into two types: (i) the allocation of losses in the main part
of the regional power grids to all provincial power grids, and (ii) the allocation of increased losses caused by
power transmission and reception in inter-provincial power grids. The two types of allocation of increased
losses are challenged by different conditions and problems to be solved, and therefore require different meth-
ods and calculation processes.

11.3.1 Allocation of Losses in the Main Part of Regional Power Grids to
Provincial Power Grids

Because provincial power grid enterprises are managed and assessed in regional power grids, the dispatching
management department of regional power grids must allocate losses in the main part of the regional power
grids to all provincial power grids, which is necessary for formulating an annual plan (ex-ante measurement)
and annual review (ex-post allocation). This type of loss allocation generally adopts the increased loss allo-
cation method based on load flow calculation. The specific way is to decompose the union set of main grids
into several subsets of provincial grids, to use the load flow calculation to calculate power losses before and
after the decomposition, and to introduce the correction coefficient and allocate losses in the main part of the
regional power grids according to the calculated power losses of each subset of provincial grids. The authors
have improved this method according to the three-mode section division, and the calculation process is shown
in Figure 11.3.

11.3.2 Allocation of Increased Losses Caused by Power Transmission and
Reception in Inter-Provincial Power Grids

The allocation of increased losses caused by power transmission and reception in inter-provincial power
grids can be analyzed from ex-post allocation. Because provincial power grids have different marginal line
loss rates, power source compositions, grid conditions, and load distribution conditions, as well as various
transmission prices, it is necessary to use the marginal loss electricity price (i.e. the product of marginal line
loss rate and transmission price of provincial power grids) as the economic signal of loss allocation. Thus, the
regional marginal loss electricity price method can be expanded based on the regional marginal loss coeffi-
cient method, and the steps below can be followed to calculate the allocation of inter-provincial losses.

Step 1: Sort provinces that transmit electricity in decreasing order by marginal loss electricity price (m1y,).
Allocate losses to several provinces (b and ¢) that accept electricity transmitted by the province (a) which has
the maximum m,,.

Step 2: Sort several provinces that accept electricity transmitted by the same province in the decreasing
order by my,, and allocate electricity losses to the power transmitting province and these power accepting
provinces one after another. If m® >m¢,, first allocate losses to province a and province b. If the exchange
electricity between provinces a and b is A,p,, then the increased losses as a result of power transmission of
province a to province b can be calculated as per the following formula:

A(DAw) =P AAL a1 = (A /Aa)* AAL a1
Step 3: Compare marginal loss electricity prices of power output and input provinces. If mg>m§;,

the power input province b bears all the increased losses based on the principle of economy. After the loss
allocation in provinces a and b, calculate new electricity losses for each province, and deduct the constant
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Figure 11.3 Calculation process for the allocation of losses in main part of the regional power grids to provincial

power grids.

no-load electricity losses to obtain load losses, thereby calculating the new load line loss rate and obtaining a
new marginal line loss rate and marginal loss electricity price. If m® <m? , then calculate the critical allocated

electricity losses that make mﬁ; =m§‘,’1, that is A(AA),p 0, and compare it with the actual increased losses
A(AA)g,. If A(AA), < A(AA)yp 0, then province b should bear all the increased losses. If A(AA),, >
A(AA)qp 0, then province b should bear the increased losses twice. After the first allocation of the increased

losses A(AA),p;, make mE; =mﬂ;; for the second allocation, provinces a and b share the remaining increased
losses [A(AA),, — A(AA),p1] in inverse proportion to the product of the load loss coefficients and transmission
prices of the two provinces. Note that, at this time, the load loss coefficients should be calculated by the
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changed load line loss rates and electric supplies after the first allocation, that is C', = AA'y %/AA’,, C'y, =
AA' %IAA’,. The two allocations represent two allocation principles: the power reception province
should bear losses first; when the economic indicator (marginal loss electricity) is the same, output and input
provinces share the losses. The allocation principles maintain the uniqueness of the allocation result and
realize the basic requirements of fairness and reasonableness.

The formula for calculating the critical allocated increased losses A(AA),, o meeting m?rll =m§‘]; is

_ AAL,  AAy
e
ra Ay A}

Wherein AA; ,, AAp}, — original load electricity losses of power output and input provinces (kW-h);
Ta» I, — transmission prices of power output and input provinces [Yuan/(kW-h)];
A',, A’y — adjusted electric supplies of power output and input provinces (kW-h).

A(A4)

(11.2)

Step 4: After power output province a and power input province b share the increased losses between a and b,
they share increased losses with another power input province c. At this time, the electric supply, marginal loss
rate, and marginal loss electricity price of province a are new values after allocation with province b. Repeat
steps 2 and 3 to finish the loss allocation between the power output province a and province c.

Step 5: Select the province (d) whose marginal loss electricity price is sub-maximal (slightly less than that
of province a) in power output provinces, and allocate increased losses to the power reception provinces to
which province d outputs electricity. Follow steps 2 to 4 above to finish the loss allocation of province d to a
power input province. Rank the power output provinces in the order by my; and repeat steps 2 to 4 to finish the
loss allocation among all power transmission and reception provinces. The above calculation process is
shown in Figure 11.4.

To sum up, thanks to the two levels of ranking by marginal loss electricity price, the result for the allocation
of increased losses is unique and no cross-subsidization occurs. Such an allocation meets the economic prin-
ciple of minimum expenses of grid increased losses, so the regional marginal loss electricity price method
expanded based on the regional marginal loss coefficient is reasonable and effective.

The loss plans of provincial power grids within regional power grids include the allocation plans of
increased losses based on the predicted quantity of power transmission and reception, and are subject to fur-
ther adjustment and calculation according to the ex-post assessment of loss indicators and loss allocation
calculation results of provincial power grids, and considering possible changes in the quantity of power
transmission and reception and the load line loss rate, thereby obtaining the predicted values of loss plans.

Example 11.1 This example is formulated based on the 2005 loss data of four eastern provinces within a
regional power grid [44]. The following information is given: parameters fp and Bp of the annual load
curves of the four provinces; maximum active output, annual maximum loads, and annual electric supplies;
power losses AP and power loss rates AP% calculated by load flow calculations of the entire grid and
all provincial grids under the maximum mode of the 500 kV system; the quantities of annual exchange
electricity of all provinces; and transmission prices estimated by on-grid prices. See Tables 11.1 and
11.2 for details.

1. Try to calculate the annual electric supplies of three-mode sections in the entire grid and in each province.

2. If typical load curve parameters fp; and fp; under the three modes are given for the entire grid and each
province, calculate the form coefficients K of typical load curves under each mode.

3. Based on the assumption that power losses are in direct proportion to the square of electric supply output,
calculate the power losses AP; and power loss rates AP;% of the entire grid and all provincial grids under
normal mode and minimum mode.
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Figure 11.4 Calculation process of regional marginal loss electricity price method (main part).

4. According to power loss rates AP;%, form coefficients K; and section electric supply under the three
modes, calculate loss rates AA;% and electricity losses AA; of the entire grid and all provincial grids under

the three modes.

W

. Calculate loss allocation correction coefficients K, under the three modes, and allocate 500 kV losses.

6. Calculate marginal loss electricity prices of all provincial grids, and use the regional marginal loss
electricity price method to calculate the allocation of increased losses caused by power transmission

and reception among the provincial grids.
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Analysis and Calculation of Loss Allocation 221

Table 11.2  Calculation of loss allocation for inter-provincial power transmission and reception, 10% kW-h,
Yuan/(kW-h).

Calculation item Province ¢ Province a Province b Province d
Main grid loss rate (%)/electricity losses 0.883/2.077 0.949/4.2967 1.027/1.051 3 0.637 0/0.657 0
Annual transmitted electricity Province b: 2.89/ Province b: 1.90
Province c: 49.07
Annual received electricity Province a:  Province d: 1.90  Province a:
49.07 2.89
Marginal line loss rate/no-load losses 1.466/0.3527 1.598/0.6794 1.754/0.1536 0.974/0.1547
(AAL %/ AAg)
Transmission price r (1.0 is the on-grid price) 0.320 0.329 0.333 0.346
Marginal loss electricity price m,, = 2CAr (x107%) 4.691 2 5.2574 5.840 8 3.370
Rate of transit electric 0.0107/4.14 x 107
supply gfincreased losses g°AA ;.
. Electricity losses/electric supply 4.2963/267.462 1.0517/
First .
allocation after allocation 105.304
AA%IAAL % after allocation 1.606/1.3523 0.9987/0.8528
Marginal loss electricity price 8.8987 5.68]
my, (x107%) after allocation
Rate of transit electric supply 0.1815/0.1192
glincreased losses ¢°AA
Electricity losses/electric supply 2.1962/ 4.1771/218.392
Second .
allocation after allocation . 284.203
AA%IAAL % after allocation 0.773/0.649 1.913/1.602
Marginal loss electricity price 4.151] 10.5417
My (x107) after allocation
Rate of transit electric supply 0.0184/1.71 x 107
glincreased losses ¢°AA ;.
Third Electricity losses/electric supply 4.1772/220.292 0.973 83/101.22
allocation after allocation
AA%IAAL % after allocation 1.896/1.5878 0.9621/0.8093
Marginal loss electricity price 10.448] 5.6007
my, (x107) after allocation
Solution

Data in italics in Table 11.1 are known, and the others are calculation results.

1. Calculate the annual electric supply based on the maximum electric supply output, annual load factor and
the number of annual hours, thatis Ay = 8760P,,, fp; calculate the annual load change index 1/4 according
to the given fp and fip; according to fp and 1/4, refer to Table 3.4 for the electric quantity ratios a;/a,/az of
the annual load curves under minimum, normal, and maximum modes. For the entire grid, due to 1/A=2.5,
refer to Table 3.4 to obtain aj/ax/a; = 1.0/2.87/0.503, thus the electric supply in the maximum mode
section is

Amax = (Aya3)/(a1 +on+ a3)
= (800.780 x 10* x 0.503) /(1 +2.87+0.503)
=92.109x 10® (kW -h)
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222 Line Loss Analysis and Calculation of Electric Power Systems

In the same way, electric supplies in the normal mode section and the minimum mode section are
Am = (Ayaz)/(al +ay +(l3), As = (Ayal)/(al +an +a3)

See Table 7.5 for the calculation results.
2. Calculate the loss factor Fp according to typical load curve parameters fp and p under each mode, that is
Formula (2.26)

Fp=0.639f7 +0.361(fp +frfp—Pp)

Calculate the form coefficient of typical load curve under each mode according to the loss factor Fp and the
load factor fp, that is Formula (1.41)

Kni=+Fp/fr

3. Calculate the electric supply output under normal and minimum modes according to the electric supply
output under the maximum mode and annual load curve parameters fp and fp, that is

Py.m =fPPy.max’ Py.s =ﬁPPy.max

Calculate the power losses under normal and minimum modes based on the assumption that the power
losses are in direct proportion to the square of electric supply output (assume that the power factor is
constant)

2 2
APy = (Py,m/Py.max) APpax, APs= (Py.s/P)hmax) APpax
Then, calculate the power loss rates under normal and minimum modes
APw%=APy/Pym, AP =AP/Py

If there are load flow calculation conditions, correct 24 h output and loads on a typical day according to
the ratio between electric supply output and maximum loads on a typical day under the two modes; do the
24 h load flow calculation to obtain the daily average power losses AP,,, thus finally obtaining the power
loss rate AP%.

4. Calculate the loss rate according to the form coefficient and power loss rate, that is AP, %K,,; = AA;%.
Calculate the electricity losses according to the loss rates and section electric supplies under the three
modes, that is AA; = AA;%A;.

5. Calculate the loss allocation correction coefficient by maintaining allocation balance of total electricity
losses, that is K,; = AAs/ZAA,. The calculation result under the maximum mode is

TAA, =0.363+0.8165+0.1722 +0.1089 = 1.4606 x 108 (kW - h)
AAs = 1.4524 x 108kW -h, soKyp, = 1.4524/1.4606 = 0.994 39

Allocate losses in the 500 kV main grid according to this allocation coefficient, and allocate losses
under the minimum mode and normal mode after the correction coefficient is calculated. See
Table 11.1 for the results. The loss allocation correction coefficient under the normal mode is Ky ,, =
1.0761, and K, s = 1.5406 under the minimum mode. This shows that correction coefficients under the
three modes vary greatly, which is attributable to different load curves of provincial grids under the three
modes. As a result, the calculation of loss allocation under a single mode instead of under the full period
will lead to large errors.
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6. Based on relevant references, to calculate the allocation of increased losses caused by inter-
provincial power transmission and reception, the no-load line loss rate of provincial grids is taken
as AAp% = 0.15%. If the details of main equipment parameters in all provincial grids are given,
AAp% can be calculated according to actual data and may vary for different provincial grids. As the
load line loss rate is AA; % = AA% — AA; %, the marginal loss electricity price of each provincial grid
is my, , = 2AAy ,%r,. As for the calculation, the quantity of electricity transmitted to the external region
should be deducted from the electric supply of province a.

The allocation of increased losses caused by inter-provincial power transmission and reception follows
the process in Figure 11.4. For output provinces a and d, due to my, , > my, 4, province a is first selected for
the loss allocation with input provinces b and c. For input provinces b and c, due to my, , > my, , increased
losses are first allocated between provinces a and b, and then allocated between provinces a and c. After
the loss allocation for output province a with input provinces b and c, the third allocation is conducted
between output province d and input province a. Load losses after each round of allocation should be
calculated, thereby obtaining the load line loss rate and finally calculating the marginal loss electricity
price changed after allocations. According to Table 11.2, power reception provinces bear the increased
losses, but due to a more obvious increase in the electric supply, m,, values of power reception provinces
are reduced, but rise for power transmission provinces.

11.4 Calculation of Loss Allocation Under Complex Trading Setup

A pilot project of direct electricity purchase by large customers was first implemented in China in 2004, mark-
ing the start of opening the power sales market. The electric power market-oriented reform in China has
lagged behind developed countries for over 10 years. It is imperative for electricity workers to accumulate
information, study problems, and find easy and reasonable loss allocation methods in this pilot project, in
order to make new efforts to develop from primary power sales marketization to bilateral trading.

This section starts with an analysis of loss allocation under the situation where a power plant directly
supplies electricity to several large customers (“one to many”), it explains the loss calculation under the
situation where several power plants directly supply electricity to several large customers (“many to many”),
and it introduces the marginal nodal price method and the marginal loss coefficient-based generation quantity
multiplier method (GMM) used in multilateral trading in developed countries.

11.4.1 Loss Allocation for Pilot Project of Direct Electricity Purchase
by Large Customers Under “One to Many” Model

11.4.1.1 Policies and Regulations Concerning the Pilot Project

At the end of June 2009, the State Electricity Regulatory Commission issued Reference [73]. The new policy
clarified the voluntary principle of direct electricity purchases and the nature of a direct electricity purchase
which is only limited to production electricity; and it specified the standards for a transmission—distribution
price which is based on the average transmission—distribution price (not including the bulk sale price)
of power grid enterprises minus the price difference in voltage classes. In this, the 110 kV (66 kV)
transmission—distribution price is reduced by 10%, and 220 kV by 20%. It also stipulated that, in the case
of an excessive quantity of electricity being consumed by direct purchase customers, a grid electric supply
is implemented based on 110% of the catalogue price; in the case of an excessive quantity of electricity being
generated by power plants, the excessive quantity of electricity consumed by the power grid enterprises is
implemented based on 90% of the approved price.

According to Reference [74] issued by the State Electricity Regulatory Commission and the State Admin-
istration for Industry and Commerce, the transmission—distribution price should follow the approval
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224 Line Loss Analysis and Calculation of Electric Power Systems

documents of the relevant state authority; the power transmission and distribution loss rate of grid access
energy should be as specified by the state, and the allocation of power transmission and distribution losses
should be borne by the consumer, the power generation enterprise, and the power grid enterprise in a pro-
portion agreed between them. According to the national pilot policy and the contract template, in terms of the
transmission—distribution price and loss allocation during the pilot project, the efforts of all three parties are
needed to accumulate information and data and to carry out in-depth analysis and research, so as to make the
calculation of a transmission—distribution price and the loss allocation increasingly fair and reasonable, and to
create conditions for a successful transition to bilateral trading under full power sales marketization.

11.4.1.2 Loss Increment Method Based on Load Flow Calculation

Similar to the allocation of losses in the 500 kV main grid of regional grids to all provincial grids, a large
customer “one to many” direct supply loss allocation can adopt the loss increment method based on a load
flow calculation. Because the direct supply pilot project uses “time of use” electricity prices of four periods,
namely peak, rush-hour, normal, and valley, ex-post load flow calculations need to be conducted respectively
for two situations of including and excluding some direct supply customers, according to the average load and
the distribution of corresponding provincial grid loads in each period, thereby obtaining power losses in the
four periods and two situations. If there are n direct supply customers, the difference in results (power losses)
of n times of two types of load flow calculations can be used to obtain the correct coefficient Ky = ZAPy/
ZAP( ), K < 1.0 in general. Then the corrected power losses allocated to a large customer within a period is
obtained, thatis AP; = KxAP. ;. Considering the form coefficient K of a typical load curve under a period, the
electric energy loss rate (line loss rate) can be obtained, that is AA;% = KAP;%. Next, the electric energy
losses within a period can be obtained, that is (AA;); = AA;%A;, wherein A; refers to the monthly subtotal
electric quantity in peak, rush-hour, normal, and valley periods. Due to different electricity prices in various
periods, the actual monthly loss electricity fee allocated to a direct supply customer can be calculated as per
the following formula:

G- (), (113)
i=1

Wherein  Cy; — unit electricity price in each period.
The calculation to allocate electric energy losses is shown in Figure 11.3.

11.4.2  Shapley Method of “Many to Many” Loss Allocation
11.4.2.1 Game Theory and Shapley Value

As a branch of modern mathematics, game theory is specifically designed to study how two or more indi-
viduals with a conflict of interest make their optimized decisions through interaction. Game theory has
many branches, and a cooperative game of n players is one of them. Cooperative game provides an effective
mathematical model and addresses the problem of allocating benefits among many stakeholders involved in
a concerted action. The group of players and characteristic function are two basic elements of the coopera-

tive game.
The group of players is composed of all independent stakeholders who affect the result of the problem. If
the problem involves n stakeholders, the set of integers I = {1, 2, ... , n} is used to represent the group of

players. Any possible group of players S is called a coalition; the characteristic function v(S) is a real function
defined within the group of players /. When many players utilize a resource together, it is necessary to allocate
incurred expenses or benefits among all the players, which is also called the solution to cooperative game.
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In 1953, when studying cooperative game, the American scholar Shapley proposed that each player can get
paid reasonably before playing a strategy, and that in the strategy where the characteristic function is v, then
xi(v) expected by player i should meet three axioms: (i) group efficiency, in =v(N); (ii) symmetry, where

ieN
the number of players is irrelevant; (iii) additivity, where for any two strategies u and v, x;(u + v) = x;(u) + x;(v).

Shapley proved that only one function can satisfy the above three axioms, and the function value is the

payoff X; of player i, known as the Shapley value and calculated as per the following formula:

x= 3 BBt s gy (114

SEN

Wherein the summation involves all coalitions S including player i;
IS is the number of players in these coalitions S;
v(S) is the characteristic function;
S — {i} means deducting player i in coalitions;
[v(S) — v(S — {i})] considers different effects after and before adding player i.

According to Formula (11.4), the quantity allocated to player i is actually the average of its marginal con-
tributions to all possible coalitions. Therefore, the Shapley value comprehensively considers the influence
of each player, and the allocation result is fair and reasonable.

11.4.2.2 Analysis of Loss Allocation by Shapley Value

The load of a new direct supply large customer can be regarded as a transaction, and the grid which it
will enter forms a coalition. Losses to be borne by each transaction depend on the quantity of increased
losses in the coalition after it enters the coalition. Obviously, the increased losses vary greatly when the trans-
action enters the coalition either at the earliest point or at the latest point. They are much larger in the latter
case than in the former case, because increased losses in the latter case include not only losses caused by the
single action of the transaction, but also cross losses caused by the interaction of the transaction with the
existing transactions already in the coalition. Therefore, the Shapley value-based loss allocation method
equally treats any possible order of joining transactions and gives each the same weight, so that the allocation
result is fair and acceptable to each transaction. If the characteristic function v(S) is replaced by the loss
function P, then

x,= S SV OIS0 gy pis—giy) (115

N

Wherein i is a transaction involved in the loss allocation;
X; is losses allocated to transaction i;
S is the coalition including transaction i;
ISl is the number of transactions in the coalition;
n is the total number of transactions involved in the loss allocation;
P is the loss function, and obviously P(0) = O when there is no transaction;

[P(S) — P(S — {i})] is increased losses in the coalition S after transaction i joins the coalition, that is marginal

losses of coalition S; n! is the arrangement in any possible order of transactions joining the large coalition
(including all transactions).
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226 Line Loss Analysis and Calculation of Electric Power Systems

To further understand the rationality of the Shapley value, the following analysis can be conducted:
given that the arrangement number of the condition where transaction i is the last to join coalition § is
(IS1 = 1)!, and that the arrangement number of the condition where transaction i joins coalition S earlier than
any other transaction in the coalition is (r — ISI)!, the total number of arrangements that satisfies the Shapley
value is (ISI — 1)!(n — ISI)!. Obviously, (ISI — 1)!(n — ISI)!/n! represents a weight, indicating the coalition mar-
ginal losses which transaction i should bear. These results are added up to obtain the total losses which should
be allocated to transaction i based on the Shapley value calculation.

11.4.2.3 Calculation Column for Loss Allocation of Five-Node Grid by Shapley Method

Power producer G1 and customer 3, and power producer G2 and customers 4 and 5 signed direct power
supply contracts, respectively. The system connection is shown in Figure 11.5; the grid parameters are listed
in Table 11.3; and the condition of trading power are shown in Tables 11.4 and 11.5 [45].

According to Tables 11.4 and 11.5, there are three concurrent transactions in the market. The set of all
playersis N= {1, 2, 3}. Each transaction combination is a coalition, and there are seven transaction combina-
tions. The optimal power flow method is used to calculate losses under each transaction combination, and the
results are shown in Table 11.5. According to the calculation results of losses, the losses of a trading coalition
of any two transactions are larger than the losses of any of the two transactions which act singly, and the losses
of a trading coalition of three transactions are larger than the losses of a trading coalition of any two transac-
tions plus the losses of another transaction which acts singly.

Transaction 1 Transaction 2

3

Transaction 3

Figure 11.5 Five-node system connection.

Table 11.3 Parameters of five-node system line.

Start node End node R X B Rated value (MVA)
1 2 0.02 0.06 0.0 200
1 3 0.08 0.24 0.0 200
2 3 0.06 0.18 0.0 80
2 4 0.02 0.18 0.0 200
2 5 0.08 0.12 0.0 200
3 4 0.01 0.03 0.0 200
4 5 0.03 0.24 0.0 200

Note: Parameters in the table are per unit values.
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Table 11.4 Trading data of five-node system.

Transaction number. Customer Power producer P (MW) O (Mvar)

1 3 1 67.5 41.83

4 2 60.0 37.18

3 5 2 90.0 55.77

Table 11.5 Trading losses of five-node system.
Reactive Reactive

Transaction Active Loss losses Transaction Active Loss losses
combination  losses (MW) rate (%)  (Mvar) combination  losses MW)  rate (%) (Mvar)
1 2.053 704 3.04 6.760 428 | 1 and 3 8.829 733 5.606 19.325 456
2 1.792 876 2.988 6.353393 | 2and 3 8.826 877 5.885 19.118 354
3 5.945 731 6.06 12.472 08 1,2,and 3 13.734 904 6.315 33.532 002
1 and 2 3.532 309 2.77 13.653 32

The losses allocated to transaction 1 between power producer 1 and customer 3 can be obtained as per

Formula (11.4):

= W[P(l)—P(l—{l})] + W[P(M)—P(zn

+ 7(3_2);('2_ L [P(1.3)-P(3)] + 7(3_3);3_ DL [P(1.2.3)-P(2.3)]

1 1
= 5(2.053 704-0) + 6(3.532 309-1.792 876)

1
+—(8.829 733-5.945 731) + 5(13.734 904—8.826 877)=3.091 149(MW)

AN =

The losses allocated to transactions 2 and 3 can also be obtained, that is the Shapley value

= %p(z) + é[p(z. 1) -P(1)] + é[p(z.z) _P(3)]+ %[P(l 2.3)=P(1.3)]

1 1 1
=3 x1.792 876 + 6(3.532 309-2.053 704) + 8(8826 877-5.945 731)

1
+ 5(13.734 904-8.829 733)

=2.959 307 5 (MW)
4a= %P(3) + é[P(&l) _P(1)] + é[P(3,2) _P(2)]+ %[P(1,2.3) _P(12)]

1 1 1
=3 x5.945731 + 6(8.829 733-2.053 704) + 6(8.826 877-1.792 876)

1
+(13.734 904-3.532 309)
=7.684 446 7 (MW)
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The check calculation shows x; + x, + x3 = 13.734 904 = P (1.2.3), indicating that the entire allocation is
break-even. The allocation results may not seem very reasonable from the customers’ perspective, but in
terms of any possible transaction combination, the allocation is fair and reasonable.

11.4.2.4 Transition from Allocation of Power Losses to Electric Energy Losses

Because the direct supply pilot project uses time of use electricity prices for four periods to calculate loss
allocation, namely peak, rush-hour, normal, and valley, the load distribution used for the load flow calculation
should be determined for each period before the load flow calculation. For peak loads, the load flow distri-
bution at the time of maximum load of the entire grid can be directly used. For rush-hour, normal, and valley
loads, the method of three-mode section division of active load duration curve in Section 3.4 of Chapter 3 can
be used to calculate the electric quantities in the three sections; and the average loads of these three sections are
calculated according to the duration of the three sections (see Table 3.4). Corresponding load flow calculations
are conducted with real-time operating data records. With the load flow calculation results under loads for the
four periods, the Shapley method can be used for the allocation of power losses. Form coefficients under aver-
age loads in rush-hour, normal, and valley periods can be calculated by typical load curves under the three
sections. No load curve corresponds to the peak load which is peak value, so the form coefficient under peak
load is 1.0. Through this transition, the allocation of power losses is changed to the allocation of electric
energy losses. The allocation of power losses under peak load meets the needs of the electrical capacity charge
calculation, and the calculation and allocation of electric energy losses in each different section satisfies the
final requirement for calculating the allocation of loss expenses under time of use electricity price conditions.
The interval during which the above calculations are conducted depends on the degree of load changes of
direct supply large customers and can be determined in the direct supply contract.

11.4.3 Marginal Loss Coefficient-Based GMM Method

Under the complex trading manner, the electricity market in California adopts the loss coefficient-based
GMM method [43].

Two assumptions are made in the calculation of marginal line loss rate: (i) generated output of other nodes
remains unchanged; (ii) each node is allocated with a “relaxed load”, that is system loads are increased
(or reduced) as a whole. At this time, Ay g is defined as a unit change in the generated output of a node,
while the generated output of other nodes remains unchanged. However, when the loads of all nodes change
by the proportion which they account for in the total system loads, the total system losses also change, so Ay r
is actually a sensitivity coefficient, that is

Amiri=d(APs)/dp; (11.6)

If losses allocated to each node are Ay g ;G;, due to the above two assumptions, the total losses after allocation
may be greater than the actual losses, leading to excessive loss recovery costs and excessive generated output,
so the correction coefficient « is introduced and calculated as per the following formula:

GZEAPI'/<2/‘L‘“L“‘G,'>,Q’<I.O (117)

After correction, the losses allocated to a generation node are alyy r ;Gi, and the active power actually trans-
mitted to loads is
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n n

Z (Gi_a/lMLRAiGi) = (1 —alMLR.i)Gi (1 1-8)

i=1 i=1

Wherein (1 — admir,) = Agmm.; 18 called generation multiplier; and Formula (11.8) is changed to

Aomm.iGi =iGi_§:APi =§n:Li (11.9)
i=1 i=1 i=1

According to Formula (11.9), the product of generation multiplier and generated output is the active power
transmitted to loads, which is the origin of the name “generation quantity multiplier method” (GMM).

In actual operation, Agmm is calculated based on the system generation plan (}_G;) and the load plan () _L;)
per hour in advance, so > G;Agmm.; (effective generation plan) = >_L; (load plan).

According to the GMM method, the cost recovery of losses is basically two times the actual losses, and the
ratio is 1.80 according to the operation experience of the California electricity market. Note that this book has
demonstrated that the marginal line loss rate is two times the load line loss rate, that is (AA%),, = 2AAR%
[Formula (7.17)], which is exactly consistent with the above opinion.

It is believed that the marginal loss coefficient-based GMM method is a widely applicable loss allocation
calculation method under the complex trading setup. The key to this method is a perfect technical support
system, real-time calculation (one bidding interval lagging behind) by independent system operators
(ISO) according to the bidding interval of on-grid bidding, and detailed records. Based on capacity price
and time of use price (real-time price), electricity fees are calculated off-line according to the charging interval
specified in the contract, the actually supplied peak, rush-hour, normal, and valley loads and electricity, and
the loss allocation results.

Example 11.2  According to the trading data and losses of the five-node system in Tables 11.3 to 11.5, try to
use the GMM method to calculate losses allocated to each transaction.

Solution

According to the active power losses of transactions 1,2, and 3 in Table 11.5 and the corresponding generated
output in Table 11.4, the loss rates of transactions 1, 2, and 3 are respectively obtained, namely 3.04, 2.988,
and 6.06%. According to California’s experience that the marginal loss rate is 1.8 times the loss rate, the
marginal loss rates of transactions 1, 2, and 3 are respectively obtained, that is

Amrri =1.8x0.0304=0.0547
Amir2 =1.8%0.02988=0.053 69
Amrrs =1.8x0.0606=0.109 08

Then

2
Z)LMLRiGi =/MLr1G1 + AMLR2G2 + AMLR3 G3
i=1

=0.054 7x67.5+0.053 69x60+0.109 08 x90=16.730 85 (MW)

So the correction coefficient is

a=SAP;/(SiviriGy) = 13.734 904/16.730 85=0.820 933
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The coefficients of generated energy are

Acvmit = (1—adyvr1) =1-0.820 933 % 0.054 7=0.955 095
Aovmz = (1 —adyr2) =1-0.820 933 x0.053 69=0.955 924 1
Acmms = (1—admirs) =1-0.820 933 % 0.109 08 =0.910 452 6

Finally, the allocated losses are

71=G1(1=Agym1 ) =67.5(1-0.955 095) =3.0311 (MW)
%2 =Ga(1-Agnm) =60(1-0.955 924 1) =2.6445 (MW)
x3=G3(1—=Aans) =90(1-0.910 452 6) =8.059 26 (MW)

The allocation results calculated by the Shapley method are x; = 3.091 149, x, = 2.959 308, x; = 7.684 447.
Compared with the results of the GMM method, the relative errors are ox; = 1.94%, dx, = 10.636%,
ox3 = 4.88%.

According to the calculation in Reference [46], for the same trading data of five-node system, the max-
imum relative error between the allocation results calculated by the kernel method of cooperative game
and the allocation results calculated by the Shapley method is about 9%.

According to the calculations and comparisons in this example, different methods may lead to different loss
allocation results, and the difference may reach 10% or more. This still far from satisfies the requirement of
unique result, fairness, and rationality expected to be achieved for the loss allocation. The authors think reg-
ulations can be established like “calculation guidelines” to determine the range of application of a certain
method, so as to meet the requirements of fair and reasonable loss allocation in the progress of electric power
marketization. Although the allocation result is not unique, it has its relative rationality in a certain historical
stage. As long as we insist on accumulating experience in calculation and analysis, and conducting in-depth
studies and exploring new solutions to any problem found in practice, complicated technical and economic
problems in loss allocation can be resolved with our spirally escalated understanding of such problems.
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Technical Measures for the
Reduction of Line Losses

There are roughly two types of technical measures for the reduction of line losses. One type is the transfor-
mation of power grids, where line losses are reduced as the transmission capability and voltage quality of
power grids are improved. This type of measures needs certain investments and should be demonstrated
for its rationality according to technical and economic analysis. The other type of measures requires no invest-
ment, and it is only necessary to improve the operation and management of the power grids to reduce line
losses. Power grid operation and management authorities should attach importance to this type of measures
and implement them in their daily operation and line loss management. Some major technical measures for
loss reduction are introduced below.

12.1 Selection of Reasonable Connection Mode and Operation Mode

When the connection mode and operation mode of all the parts of a power grid are reasonable, this affects not
only the safety and quality of the electric supply, but also the quantity of line losses. There are the following
loss reduction measures in this regard.

12.1.1 Introduction of High-voltage Grids to Large Cities or Load Centers

With urban development and increasing loads, the original 35 kV and 6-10 kV high-voltage distribution grids
are carrying heavier and heavier loads. The load losses in electricity losses are in direct proportion to the
square of loads, therefore, if the state of a long-distance electric supply by low-voltage class grids is sustained,
the voltage quality cannot be guaranteed, and the electricity losses will reach an extent that is not acceptable.
The transformation of such power grids by introducing 110 or 220 kV connection mode is one of the effective
measures for loss reduction.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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12.1.2  Stepping up of Power Grid Voltage, Simplification of Voltage Class,
and reduction of Repeated Substation Capacity

The load power losses AP (kW) of a power grid unit (line or transformer) are

S2
AP=3Rx1073=2_Rx 1073
U2

p? 5 P+Q?
Rx107" = 2

(12.1)

= Rx1073
U?cos?g

Wherein [ — current passing the unit (A);
R — resistance of the unit (€2);
S, P, Q — apparent power (kVA), active power (kW) and reactive power (kvar) passing the unit;
U — power grid voltage applied in the unit (kV).

According to Formula (12.1), on the condition that the load power is constant, if the power grid voltage is
increased, then the current passing the power grid unit will be reduced, and load losses are also reduced.
Therefore, stepping up the power grid voltage is a very effective measure for reducing line losses. This meas-
ure can be combined with the transformation of old power grids by reducing the voltage class and simplifying
the connection of power grids, thereby meeting the needs of load growth and reducing the line losses of
power grids.

Line losses can also be reduced by improving the electric supply structure and reducing repeated substation
capacity. According to the calculation in Example 7.2 of Chapter 7, the total grid line losses can be significantly
reduced by increasing the electric quantity transmitted by a three-winding transformer 110/35/10 kV to the
10 kV grids through direct step-down, reducing the electric quantity transmitted by 110/35 and 35/10 kV to
the 10 kV grids through two continuous steps-down, and reducing the repeated electric supply rate.

12.1.3 Reasonable Determination of Closed Loop Operation or Open Loop
Operation of Loop Net, or Change of Break Points of Loop Net

In the loop net, the power distribution (not considering active power and reactive power losses in all line
sections) is called the approximate power distribution. The power distribution by the relationship of imped-
ance of all sections is called the natural power distribution; and the power distribution by the relationship of
the resistance of all sections is called the economic power distribution, where the active power losses in the
loop net are minimal. If the power grids are uniform, that is X/R of each section is a constant, then natural
power distribution and economic power distribution are consistent. If the loop net is more non-uniform, the
difference between natural power distribution and economic power distribution is larger and the difference in
active power losses is greater. In a loop net connected with transformers under different voltage classes,
because the ratio between the reactance and resistance of transformers is larger than that of lines, the
non-uniform degree of power grids is increased.

To reduce line losses, the first thing is to study which is more reasonable between closed loop operation and
open loop operation. In the electric power system, because sometimes the breaker capacity is insufficient in
closed loop operation or the configuration of relay protection is complicated, the loop net is always in open
loop operation, and some lines are in the live-line hot spare state. After closed loop operation, power starts to
flow in the original spare lines, and power losses seem to increase. As power in other sections is also changed,
however, the power losses seem to be smaller than those under open loop operation, which needs to be deter-
mined through calculation and comparison.

When the shapes of load curves for all loads are basically the same, it is only necessary to compare power
losses under different break point plans or under closed loop and open loop operations. If the shapes of load
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curves of different substations vary greatly, it is necessary to compare the electric energy losses under dif-
ferent operation modes to determine which operation mode is more economical and reasonable. This is
because it is totally possible that electric energy losses are smaller within a period under one operation mode
but are smaller within another period under the other operation mode.

The example below explains the rationality of closed loop or open loop of the loop net.

Example 12.1 As shown in Figure 12.1, the impedance of sections in No. 1 and No. 2 lines of the distri-
bution grid as well as the maximum current of two customers are marked.

The quarterly load curve parameters of the two customers are f; = 0.6, f; = 0.3 and f, = 0.9, , = 0.6,
respectively. Try to calculate the difference in electric energy losses under open loop and closed loop opera-
tions within the measuring period (T = 2208 h).

Solution
When breaker QF is open, I; = 150 A, I, = 150 A. Substitute f;, #, and f>, /3, into Formula (2.28) respectively
to obtain F; = 0.403, F, = 0.821.

So the total electric energy losses are

AA=3x[(2.29+3.44)x 50> x 0.403 + (2.87 + 1.47) x 150 x 0.821] x 2208 x 10~*
=257.83 %2208 =56.93 x 10* (kW-h)

When breaker QF is closed, the current in No. 1 and No. 2 lines is respectively

I3+ 74
Z] +Zz +Z3 +Z4

11| =[(150+50) x

_ ooy 43441829 '

10.07 +j20.16

1200x0.415/-1.1°| ~83(A)

Z\+7Z,
W+ +75+7,

12| = (150 +50) x

=1200

L S75+j1187
10.07+j20.16

1200 0.585/0.75°| ~ 117(A)

B
7/=229+{53 |  Z,=344+j6.57
50A

No. 1 1

C
Zy;=2.87+j5.47 1 Zy=147+j2.82
1 150 A
No. 2

Figure 12.1 Comparison between closed loop and open loop operations.
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Assume that the maximum current and minimum current of the two customers occur at the same time. The
load rate and minimum load rate under the total current are

_50%0.60+150x0.90

50+ 150 =0.825
50%0.30+ 150 % 0.60
B 50+ 150 =0.525

According to Formula (2.28), F = 0.7, so the total electric energy losses are

AA'=3x[(2.29+3.44) x 837 +(2.87+1.47) x 117°] x0.70x 2208 x 10~*
=207.66 x 2208 =45.85 x 10* (kW-h)

The proportion of reduced electric energy losses under closed loop operation is

AA-AA’
56.93-45.85
T 56.93

=19.46%

x 100%

The closed loop operation not only reduces line losses, but also improves the reliability of the electric supply.

Example 12.2 As shown in Figure 12.2, two lines are supplied with electricity by the same substation.

No. 1 line is a cable whose reactance is very small and can be ignored. No. 2 line is an overhead line. The
impedance per unit length and the kilometers of the two lines are marked in the figure. The maximum current
for each of the two customers is 50 A, and their load curves are of the same shape. The loss factor is F =0.7.
Try to calculate the difference in electric energy losses under a whole year’s closed loop and open loop
operations.

Solution

When breaker QF is closed and the two lines are supplied with electricity in parallel, the current in the two
lines is respectively

(0.54+j0.36) x 2
0.54x2+(0.54+j0.36) x 2

=55+j15=57/15.2°(A)

1) =(50+50) x

(0.54+j0)x2
—> <}4—50A
No.1
A X QF
(0.54+j0.36) x 2
50A
No. 2

Figure 12.2 Operation of non-uniform power grids.
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0.54%2
0.54x2+(0.54+j0.36) x 2

L =(50+50)

=45-j15=48/18.5°(A)

The power losses in the two lines are

AP =3x57*x1.08x1073=10.5 (kW)
AP, =3x48>x1.08x1073=7.45 (kW)
AP=AP; +AP,=17.95 (kW)

If breaker QF is open for open loop operation, the power losses in the lines are
AP =2x3x50*x1.08x1073=16.2 (kW)

As the loss factor is F' = 0.7, the line losses reduced as a result of a year’s open loop operation are (17.95 —
16.2) x 0.7 x 8760 = 10720 (kW-h), but the reliability of electric supply is poor. According to the current
distribution under closed loop operation, circulating current occurs in non-uniform grids under closed loop
operation, leading to increased line losses.

12.1.4 Realization of Economic Power Distribution by Longitudinal and
Transverse Voltage Regulating Transformer or Series Capacitor

To reduce the power losses and electric energy losses in the non-uniform loop net, forced circulating power
can be superimposed in the naturally distributed power in the loop net, and the sum of the two types of power
should be equal to the economic power distribution. To provide a forced circulating power in the loop net,
there must be additional electromotive force. Because loads in the power grids change with time and the
power distribution also changes with time, the circulating power should be adjustable. To produce an adjust-
able circulating power, there must be an adjustable additional electromotive force. Because the additional
electromotive force has a longitudinal component whose phase is the same as that of the grid voltage and
transverse component whose phase is 90° different from that of the grid voltage, the additional electromotive
force should be able to change both the value and phase of the grid voltage. Such additional electromotive
force is obtained by a series voltage regulating transformer connected to the loop net. Figure 12.3a shows a
single-phase connection diagram of the transverse voltage regulating transformer; Figure 12.3b shows the

(@) ® (©
c e TC____TC

TV TV

Ug

Figure 12.3 Transverse additional electromotive force applied in the loop net. (a) Single-phase connection. (b) Voltage
phasor diagram. (c) Connection mode.
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Ry, X, i
No. 1
i i
X;C Ry, X, i
I
No. 2

Figure 12.4 Series compensation in no-uniform loop net.

voltage phasor diagram; Figure 12.3c shows the connection mode of this voltage regulating transformer to the
power grids. Only a transverse additional electromotive force can be added in the voltage regulating trans-
former shown in Figure 12.3. This longitudinal additional electromotive force can be obtained by changing
the ratio of the original transformers in the power grids.

As longitudinal and transverse voltage regulating transformers carry a lot of investment costs, they are only
installed in loop nets composed of lines with different voltage classes and through which considerable power
flows. In a general non-uniform power grid, series capacitors can be used to compensate the partial impedance
of lines to realize the economic power distribution.

Figure 12.4 shows the simplest loop net, composed of two lines with conductors of different cross-sections.

il _ Zz _ R2 +jX2

In the two lines, the current is distributed in inverse proportion to the impedance, thatis —— = — = —,
L Zi Ri+jXi

and i] +12=i.

X X . . T . L
Assume R > R To satisfy the conditions of economic distribution, a capacitor can be connected in series
2 R

. . X .. . . X ..
to the line (No. 2 line) whose ? ratio is large to compensate its partial reactance, so that R ratios in the two

lines are equal, and the current distribution meets the conditions of minimum active power losses. The capac-
itive reactance Xc of the connected capacitor should satisfy the following formula:

Xo-Xc  Xi

12.2
R "R (12.2)
According to Formula (12.2), the compensated capacitive reactance is
R
Xe=Xo—X| 2 (12.3)
Ry
That is, the degree of compensation for No. 2 line is
X X, /R
Koo X oy Ki/Rs (12.4)
Xo X2/R,

12.1.5 Prevention of Remote Supply by Nearby Power or
Round about Power Supply

Figure 12.5 shows a partial operating connection diagram of power grids. Substations A and B are supplied
with electricity by power plant C, and breaker 2 is open. When power plant C stops the power supply due to an
equipment overhaul, if breaker 2 is still open, substation B is supplied with electricity by substation A via the
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f I
itt i

Substation A i l Power plant
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=

Substation B

Figure 12.5 Partial operating connection diagram of power grids. The solid arrow refers to the load flow direction under
normal operation. The dashed arrow refers to the load flow direction when power plant C is maintaining equipment.

(a) LGI-70 LGI-50 (b) ‘ '
22.1km 17.32km _ 9.9+j8.34 10.92+j7.25 5
1 50A 2 3 10A 4 1 50A 2 3 oA
Substation B
Powe
10A F—10A
plant 40A 40A
A Substation
LGJ-50 LGJ-50 C )
20.67 km 22.3km 13.02+j8.72 14.1+j9.35
8 oo 5 %5 % — 5
100A 7 6 2 6 Tooa
Substation D
1004 100A

Figure 12.6 Comparison of connections under normal operation and overhaul of power grids. (a) Connection diagram
under normal operation. (b) Connection diagram under overhaul.

high-voltage bus of power plant C. This is called a roundabout power supply and is not reasonable, so it must
be adjusted. It is necessary to make breaker 2 closed and breaker 3 open, and it is reasonable to allow sub-
station B to be switched to the tie line in order to receive a supply.

It must be pointed that, in 380/220 V low-voltage distribution grids, it is often necessary to adjust the range
of power supply of distribution transformers to prevent the overload of such transformers. If care is ignored, a
roundabout power supply may occur.

12.1.6 Reasonable Arrangement of Equipment Overhaul and Practice
of Live-Line Overhaul

The connection mode of power grids under normal operation is generally safe, economical, and reasonable. In
the case of equipment overhaul, the normal operation connection must not be changed. Any change in the
connection mode will not only reduce the reliability of operation, but also increase line losses greatly.
Figure 12.6a shows the normal operation connection of power grids, and line parameters and current are
marked in the diagram.
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Under normal operation, breaker 6 is open, and at this time the power losses are

TAP=(50°x9.9+10*x 10.92 + 100> x 13.02) x 3x 10~
=470.76 (kW)

In the case of an overhaul of line AD, breakers 7 and 8 must be open, and at this time the power losses are

TAP = (150°x9.9+ 1107 x 10.92+ 100 x 14.1) x 3x 107 = 1488 (kW)
AP 1488

SAP = 2707616

According to calculations, under the same load conditions, the power losses under overhaul are over three
times those under normal operation. Assume that the overhaul lasts 10 h, and the loss factor is 0.5. The
increased electricity losses are AA = (1488 — 470.76) x 0.5 x 10 = 5086 (kW-h). Therefore, the reasonable
arrangement of equipment overhaul and an enhanced planning of overhaul are important loss reduction mea-
sures (the overhaul of line AD can be coordinated with the equipment overhaul of breakers 7 and 8 or of
customers to which substation D supplies electricity, or with the power plant holiday time). In addition,
the overhaul duration should be shortened as much as possible or a live-line overhaul implemented actively
to reduce line losses.

12.1.7 Replacement of Conductors, Installation of Composite Conductors,
or Construction of Secondary Loop Lines

With the rapid development of industrial and agricultural production, the transmission power of lines is
increasing. Some old lines use conductors with small cross-sections, resulting in large voltage losses and line
losses. If stepping up the voltage is impossible, old conductors can be replaced with conductors with larger
cross-sections, or composite conductors can be installed to increase the transmission capacity of lines and
reduce line losses. Sometimes, secondary loop lines can be constructed, or even some power grids need
to be transformed.

12.2 Reasonable Determination of Voltage Level of Power Grids

The focus of a reasonable determination of the voltage level of power grids is a good balance of the reactive
power, including the reasonable regulation of generator activity, increase in the voltage of generators,
increase in the power factor of customers, and the use of reactive power compensation equipment and series
capacitors. The next work is to adjust the tapping points of transformers. The influence of adjusting the tap-
ping points of transformers or using transformers equipped with load voltage regulators on the reduction of
line losses is mainly explained below.

Figure 12.7 shows a connection diagram of power grids and indicates the changes in all operating positions
of transformers and tapping points. Ug is the generator voltage. Figure 12.7b shows the connection diagram
after changing the tapping points.

Assume that the generator voltage and load remain unchanged before and after changing the tapping points.
If the tapping point T1 is switched from 124 to 127 kV, then the voltage of 110 kV power grids is increased by
2.5%. If the tapping point T2 is switched from 115.5 to 112.8 kV, and the tapping point at the medium-voltage
side is switched from 38.5 to 40.4 kV, then the voltage of 35 kV power grids is increased by 7.5%. The gross
increase in voltage is 10%. The voltage at the 6 kV side of T2 is increased by (2.5% + 2.5% = 5%). To make
the voltage at customers remain unchanged, the tapping point T3 should be switched from 33.3 to 36.7 kV,
while the tapping point T4 should be switched from 6.0 to 6.3 kV.
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(a)
Ug/124 115.5/38.5/6.6 33.3/6.3
110kV 35KV
G T1 T2 T3 6.3kV
——
6.0/0.4
6kV 1
T 0.4/0.23kV
T4
(b)
Ug/127 112.8/40.4/6.6 36.7/6.3
@m l 110kV l 35kV
T T
G T1 T2 T3 6.3kV
kv | 6.3/0.4
T GD | 0.4/0.23kV
T4

Figure 12.7 Connection diagram of power grids. (a) Before adjustment of tapping points. (b) After adjustment of tapping
points.

Because the voltage levels of 6, 35, and 110 kV power grids are increased by 5, 10, and 2.5%, respectively,
their load losses can be reduced. If the no-load losses of various voltages of power grids only account for 10%
(60 =0.11) in total losses, then according to Formula (6.23), the total losses of the above three types of power
grids can be approximately reduced by 7.5, 15, and 3.75%, respectively. This shows that the position of any
tapping point in a transformer should be reasonably selected according to the requirement of voltage quality
and considering the possibility of reducing line losses.

However, it must be pointed that, if the supply of reactive power in a system is tight, the method of adjust-
ing the tapping points of transformers to increase the voltage of power grids may lead to a greater consump-
tion of the reactive power of loads. Although at this time the charging power of 110 kV above lines is
increased with the rise in voltage, the reactive power of the system cannot be balanced and the voltage cannot
be maintained at the expected level of increase. Therefore, on the premise of a good balance of reactive power
in power grids, the method of changing the tapping points of transformers can be used to increase the voltage
level of power grids.

It must be also pointed that the voltage of rural power grids is generally higher during the non-drainage and
irrigation season. The tapping points of 110 and 35 kV main transformers should be adjusted to reduce the
voltage level of 10 kV agricultural distribution lines, thus reducing the no-load losses of the transformers.

12.3 Utilization of Reactive Power Compensation Equipment
and Increase in Power Factor

Figure 12.8 shows a simple electric power system. According to Figure 12.8, on the condition that the active
power P of a load remains unchanged, if the power factor of the load is increased, the reactive power Q
required by the load can be reduced, and the reactive power output by a generator and the reactive power
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Table 12.1 Influence of increased power factor on the reduction of load power losses.

Power factor increased from any value in the 0.6 0.65 0.7 0.75 0.8 0.85 0.9
right column to 0.95
Percentage of reduced load power losses 60 53 46 38 29 20 10

QD t—r+ie

T2

—

U
Omi€%
G Tl
Figure 12.8 Simple electric power system.

passing the line and transformers can also be reduced, thus leading to smaller active power losses and electric
energy losses of the line and transformers.

12.3.1 Calculation of Loss Reduction Effect of Reactive Compensation
12.3.1.1 Calculation of Reduced Power Losses

According to Formula (12.1), when the load power factor is increased from cosg, to cosg,, the percentage of
reduced active power losses can be expressed by the following simple relation:

cos’ g,
0s2

5P% = <1 ) x 100% (12.5)

@2

Because no-load power losses are independent of the power factor, the influence of increased power factor on
the reduction of load power losses is shown in Table 12.1.

The problem of achieving a degree of increase in the power factor which is economical and reasonable
concerns the economic effect and the economical and reasonable arrangement of compensation equip-
ment. The concept of equivalent reactive compensation power is usually introduced to analyze this
problem.

In the simple system shown in Figure 12.8, assume that the maximum active power and maximum reactive
power of the load occur at the same time. When no reactive compensation equipment is installed at the load,
the maximum active power losses AP,.x (kW) of the line and transformers in the system are

P2 + 2
APmaxl — maxlj2 max p 10—3

Wherein  Ppax, Omax — maximum active power (kW) and maximum reactive power (kvar) of the load;
R — system resistance included to voltage U (including gross resistance of transformers T1 and T2
and the line) ().

When compensation equipment with capacity of Q.o is installed at the load, the maximum active power
losses AP .o (KW) of the line and transformers are

Plznax + (Qmax - Qcom)2

B Rx 107

APpax2 =
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Therefore, the reduced active power losses due to the installation of compensation equipment are

(2Qmax - Qcom ) Qcom

U2
_ 2Qmax - Qcom
U2

AP ax1 —APpaxo = Rx 10_3 = Cprcom

(12.6)
Rx1073

Wherein Gy, — average of active power losses which can be reduced by reactive compensation equipment per
unit capacity; this is called the equivalent reactive compensation power at the time of maximum load (kW/kvar).

According to Formula (12.6), the effect of installation of the first kilovar reactive compensation equipment
is better than that of installation of subsequent kilovar reactive compensation equipment. In other words, the
role of reactive compensation equipment in reducing the occupation of reactive load in power capacity is in
decreasing order. Two conclusions can be drawn from Formula (12.6): (i) the longer the electrical distance
between reactive compensation equipment and power source (the larger R is in the formula), the larger is the
effect of the loss reduction of reactive compensation equipment; (ii) the larger the reactive load, the smaller is
the effect of the loss reduction of reactive compensation equipment with the same capacity.

With the concept of equivalent reactive compensation power, the formula below can be directly used to
calculate the effect of reduction of active power losses by compensation equipment.

A(AP) = CopQcom (12.7)

12.3.1.2 Calculation of Reduced Electric Energy Losses

Reactive load varies during the measuring period. When the reactive compensation equipment is installed for
the entire measuring period, the electric energy losses caused by reactive power after compensation can be
calculated as per the following formula:

T
R _
Ay = UTJ(Q-Qcom)Zdzx 1073
avO
T

T T
Jdez—JZQQcodeJ 2 qdt| x107
0 0

0

R
UL

Without the reactive compensation equipment, the electric energy losses caused by reactive power are

T
R _
AAp= U—ZJdetX 1073
av
0

If the electric energy losses of the reactive compensation equipment itself are not considered, the reduced
electric energy losses due to the installation of reactive compensation equipment are

d(AA)=AA1p—-AQy

T T
R .
=z J2QQmmdr-JQ§mdr x107
o 0 (12.8)
R -3
= (2Qmafo _Qcom) U_2 x 107" x QcomT
= CbA(QcomT)
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Figure 12.9 35 kV system and step-down substation.
R -
CbA = (2Qmafo_Qcom)U_2 x 10 3 (129)
av

Wherein Cy — equivalent reactive compensation electric energy (kW/kvar).
Due to fp < 1, Cya < Cyp, that is the equivalent reactive compensation electric energy is smaller than the
equivalent reactive compensation power. Then, the following relation exists

a(AA) = CbA(QcomT) < Cbp(QcomT)

This shows that in general situations, the equivalent reactive compensation electric energy should be used to
calculate reduced electric energy losses; the use of the equivalent reactive compensation power to calculate
reduced electric energy losses may result in larger results.

Example 12.3 Figure 12.9 shows that the primary 35 kV line in the power grids supplies electricity to a
35/10 kV substation.

According to measured data of loads, the maximum load in line I'is 9.59 + j8.98 (MVA), with fo; = 0.90,
Por=0.65. The maximum load in line IT is 14.62 + j12.90 (MVA), with for; = 0.85, fon = 0.60. When a 1460
kvar capacitor is installed at the 10 kV side of the substation, the power factor of the main transformer is 0.73.
Try to calculate:

1. The equivalent reactive compensation power and equivalent reactive compensation electric energy at the
35 and 10 kV sides, and the annual electric energy losses saved by the capacitor.

2. The annual electric energy losses saved under the situation where a 3490 kvar capacitor is installed again
at the 10 kV side of the substation and the power factor of the main transformer at the time of maximum
load is increased to 0.9.

Solution
1. Calculation of the equivalent reactive compensation power and the equivalent reactive compensation elec-
tric energy.
Figure 12.9 indicates APy = 122 kW for the main transformer, so the resistance of the main transformer
(see Appendix B) as can be included to the 10 kV side is

_APLUEx10°  122x10%x 10°

R -
! SX (15x10%)°

=0.054 22(Q)

According to Formula (12.6), the equivalent reactive compensation power at the high- and low-voltage
sides of the substation is respectively
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(2QmaxII - Qcom)RII
U2
(2x12900-1460)x 1.48 . (2x8980—1460) x 0.94

= 5 x107" + 5
35 35
=0.029 41 +0.012 66=0.042 1 (kW /kvar)
(2% 8980—1460) x 0.054 22
10
=0.042 1+0.008 94=0.051 04 (kW /kvar)

2 max]— comR
-, (20 12Q )

x 10 I'x1073

Copis=

x1073

x 1073

Cbp410 = Ceom35 + Ceomb =0.0421 +

Active power losses reduced by reactive compensation are
I(AP) = Cp.100com =0.051 04 x 1460=74.52 (kW)

According to Formula (12.9), the equivalent reactive compensation electric energy at the low-voltage side
of the substation is

Coa =Coan +Coa1+ Coab
R
= |:(2deIIfQII —QOcom) !

U2

avl

RI R
+ (szaXIfQI_Qcom) (UT + UTb):| X 10_2

avl

1.48 0.94 0.054 22
= [(2 X 12900 x 0,85~ 1460) x 5+ (2x 8980 x 0.90~ 1460) ( )} x 1072

3510
=(0.024 73+0.011 28 +0.007 97)
=0.043 98(kW /kvar)

I(AA), = Coa(QeomT) = 0.043 98 x 1460 x 8760
=56.25x 10* (kW-h)

If Cyy, is used to replace Cya, then d(AA) = 0.051 04 x 1460 x 8760 = 65.28 x 10* (kW-h), and the error is

65.28-56.25
56.25

reactive compensation electric energy should be used to calculate electric energy losses reduced by the

reactive compensation equipment.

2. Calculation of loss reduction effect of the installed compensation equipment.

2.1 First calculation method. First, use relevant formulas in Section 5.1 of Chapter 5 to calculate the new

parameters of the reactive load curves of all line sections after compensation, that is

% 100% = 16.05%. This shows that such replacement will cause a big error, so the equivalent

b= Qom _ 1460 _ o0
BorOmax1  0.65x 8980
1460
[ l
PI= 5 60x 12900 ~ - 1886
. _Jo—piBor
=120t
l_pIﬁQI

_0.90-0.2501x0.65
T 1-0.2501x0.65
0.85-0.1886 x0.60

A =0.
Jou= 1-0.1886 % 0.60 08309

1 =8980—1460=7520 (kvar)

max

s = 12900—1460 = 11 440 (kvar)

max]

=0.8806
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Then, calculate the equivalent reactive compensation electric energy C'ya, that is
1.48 0.94 0.05422
Cip=|(2%x11440x0.8309-3490) x 352 +(2%x7520x0.8806-3490) x (F + T)} x1073
=0.01875+0.007 485+ 0.005 289
=0.031524 (kW /kvar)

The reduced electric energy losses after the installation of reactive compensation equipment are

A(AA), = Cl o (QeomaT) =0.031 524 x 2490 x 8760
=96.38x 10* (kW-h)

2.2 Second calculation method. Combine the two compensations and calculate the total saved electric
energy losses minus the saved electric energy losses at the first compensation, that is

1.48 0.94 0.05422
Coax = (212 900X 0.85-4950) x — - + (2x 8980 x 0.90-4950) x (F + T)] x 1073
=0.020 51+0.008 61 +0.006 08
=0.0352 (kW /kvar)

J(AA)y = Coas (QeomsT) =0.0352 x 4950 x 8760
=152.63x 10* (kW-h)

J(AA), =d(AA)s—~J(AA), =152.63 x 10*~56.25 x 10*
=96.38 x 10* (kW-h)

The results of the two calculation methods are totally the same.

12.3.2  Optimal Configuration of Reactive Compensation
Equipment in Power Grids

The reactive comprehensive optimization of large electric power systems or regional power grids means mini-
mizing the electric energy losses of electric power systems or regional power grids by regulating the distri-
bution of reactive power flow and meeting the constraint conditions of all state variables (load node voltage,
generator reactive output) and control variables (reactive compensation capacity, generator end voltage, ratio
of on-load regulating transformer). In recent years, thanks to the wide application of computers, computer
programs for reactive optimal configuration have been developing fast and increasingly improving. These
programs generally consider the reactive voltage static characteristics of load buses and do a series of calcu-
lations to give the positions of compensation points, compensation capacity, and optimal positions of the
tapping points of transformers, all of which comply with the optimization objective. Some reactive optimal
configuration programs involve many optimization objective functions, such as minimum losses, minimum
total compensation capacity, minimum compensation costs, and maximum composite economic results. In
the objective of maximum composite economic results, the investment and depreciation of compensation
equipment and the time-sharing calculation of electricity prices are taken into account.

In distribution power grids, the problem of calculating for the optimal configuration of fixed capacitors has
been basically resolved. According to the literature [26], these computer programs introduce voltage con-
straint conditions to avoid over-high voltage after compensation, and they also consider the influence of volt-
age changes along the line on load losses and transformer no-load losses. Their objective function includes the
net saved present value as a result of the capacitor investment; and the net saved present value is composed of
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the saved present value from reduced electric energy losses, the saved present value from reduced peak
power, and the comprehensive investment and operating cost (negative value) of the capacitor. Such com-
puter programs are applicable to radial distribution grids with multiple sections, multiple branches, any con-
ductor cross-section, and any load distribution; but they address neither the problem of coordination in
reactive power optimization for power grids and distribution grids at 35 kV and above, nor the problem
of the optimal configuration of adjustable capacitors. With the gradual implementation of power distribution
automation, these problems have been of great concern and have become new topics for the optimal config-
uration of reactive compensation equipment in power grids.

12.3.3 Exploitation of Reactive Potential and Reduction
of Reactive Consumption

These measures include:

1. The reactive compensation equipment of customers should be put into use as much as possible.

2. Industrial enterprises should use motors whose power capacities match those of the mechanical
equipment to be driven, so as to avoid the power factor from being reduced due to under-loading of
the motors.

3. Asynchronous motors that are continuously running with constant rotating speed and large capacity should
be replaced with synchronous motors which should be made under over-excitation operation.

12.4 Economical Operation of Transformers

12.4.1 Economical Operation of Two-Winding Transformers of the
Same Model

To improve the reliability of electric supply and to meet the needs of load development, two transformers
(occasionally more than two) operating in parallel with the same capacity are usually installed in a newly
built substation. In the case of a failure or overhaul of one transformer, the other transformer (or transformers)
can sustain the power supply. In the case of a light load, if the number of transformers in parallel operation is
the same, the resistance losses in the windings are very small, but the iron core losses account for a large
proportion in the total losses. On the condition that overload does not occur in partial transformers, the other
transformers can be shut down to reduce the transformer total losses. In this way, the iron core losses of trans-
formers will be greatly reduced, while the resistance losses in the transformer windings will be only slightly
increased. If the reduced iron core losses exceed the increased winding losses, it is economically reasonable
to shut one (or several) transformers.

If n two-winding transformers of the same model are in parallel operation, when the total loads are
S (MVA), the total active power losses are

2
APy =nAPy+nAP; N (%)
n
: (12.10)

1 S\
=nAP0 +—APiN (7)
n SN

Wherein AP, — no-load losses of one transformer (kW);
APy N — rated load losses of one transformer (kW);
S — total load of n transformers (kVA);
Sn — rated capacity of one transformer (kVA).
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After one transformer is shut down, the total power losses are

AP, =(n—1)AP, +—apn (2 ’
v = ot AN Sn

If the total power losses of n transformers in parallel operation are equal to those of n — 1 transformers in
parallel operation, the total loads at this time are called critical loads S, that is

1 Serr )’
nAPy+ —AP1 N ( crl)
n SN

=(n—1)AP + A (Se ’
= ot T AN Sn

AP
ScrlzsN\/n(Vl—l)APL{; (12.11)

If the active power losses caused by the reactive power losses (no-load reactive power losses AQy and reactive
power losses in reactance of on-load transformers) of transformers are considered, then Formula (12.11) can
be rewritten to

So critical loads are

APy + CprQ()
Ser1 =S 1) 12.12
crl N\/n(" )APLN + CppAQIN ( )

Wherein Gy, — equivalent coefficient used to convert reactive power losses to active power losses, that is
equivalent reactive compensation power at the joint of transformer (kW/kvar);
AQ(—no-load reactive power losses of one transformer, approximately equal to the product of the
no-load current percentage and the rated transformer capacity (kvar);
AQ; n—no-load reactive power losses at short-circuit test of one transformer, approximately equal
to the product of short-circuit voltage percentage and the rated transformer capacity (kvar).

When the total loads are reduced to below the critical load, it is economical to shut one transformer. When the

total loads exceed the critical load, it is economical to have # transformers in parallel operation. Figure 12.10

AP
AP, n-1 (I)

AP,(])

0 |
L(Sy) 1

Figure 12.10 Ceritical current of two-winding transformers of the same model.
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shows how to use critical load to decide the startup/shutdown of transformers, wherein AP,(]) is the
total loss curve of n transformers in operation, and AP,_; is the total loss curve of n — 1 transformers
in operation.

12.4.2  Economical Operation of Two-Winding Transformers of
Different Models

For a capacity expansion resulting from an increase in electric loads, the first step is usually to replace one
transformer, so the situation where the models and parameters of two transformers in a substation are different
is frequently encountered. Therefore, domestic scholars once explored the problem of economical operation
of two-winding transformers of different models [28]. In the analysis below, one transformer with larger
no-load losses is regarded as No. 1 transformer.

12.4.2.1 Economical Load Distribution of Transformers

As is known, when the loads of two transformers are distributed in inverse proportion to their resistance,
the total losses are minimal. According to Appendix B, the resistance of a two-winding transformer is

APLNUI%IX 103

R= , so the economical load distribution coefficient of the transformer is

5%
Scr] R2
a = =
Sy R +R,
SN1>2
AP (2
_ e (SNZ _ AP,LNz
- 2 - /
S AP, 1+ AP
APini + (S*N]> APy a e (12.13)
N2
. Ser2 APiN
)= - SafNt
Sy APini+APLN
Gui)\ 2
APy, = (S—z;) N

Wherein AP; N — rated load losses of No. 1 transformer (kW);
AP'| no — rated load losses of No. 2 transformer after inclusion (KW).

If the transformers are in parallel operation, the actual load distribution is conducted in inverse proportion to
the short-circuit voltage Auy %, that is

d = Aul/d
! Auyg + Aukz
(12.14)
/ Aui(l
a,=
Aukl + Auk2

Wherein  Auy; — short-circuit voltage percentage of No. 1 transformer;
Auy> — short-circuit voltage percentage of No. 2 transformer after inclusion.
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If @'| and a, are close, parallel operation is more economical. If the difference between the two is large, given
the economical reduction of energy losses, the two transformers should be in separate operation, with loads
being distributed based on the economical load distribution coefficients a, and a,; and technical measures for
improving the reliability of the electric supply should be taken.

12.4.2.2 Calculation of Critical Current Used to Determine Start-up/Shut-down
of Transformers

AP, (I) and AP'5(I) are the respectively loss curves of No. 1 and No. 2 transformers after inclusion, and APx(l)
is the total loss curve of these two transformers in operation. If /; is the point of intersection between the
AP (I) and AP'5(I) curves, I; being the point of intersection between APs(I) and AP'5(I) curves, and I, being
the point of intersection between APs(l) and AP;(I) curves, then the following three situations can be
discussed.

1. The load losses of No. 1 transformer are larger, that is APy n; > AP’ ;. As shown in Figure 12.11, in this
case, AP (I) and AP',(I) have no point of intersection, and there is only one kind of critical current ;.
Obviously, when I > I;;, two transformers should be allowed to operate; when / < I;;, No. 1 transformer

with larger losses should be shut. The critical current /;; can be calculated as per the following formula:

AP
I =In /APOI% (12.15)
(APLNZ)

Wherein Iy — rated current of No. 1 transformer (A);
AP N — sum of rated load losses of transformers after inclusion (kW).

2. The load losses of No. 1 transformer are smaller, that is APy n; < AP\ n2 and Iy > Iy, I > I1p. As shown in
Figure 12.12, when I > I}, two transformers should be allowed to operate; when I < [;;, No. 1 transformer
with larger no-load losses should be shut. /j; can also be calculated as per Formula (12.15).

3. Theload losses of No. 1 transformer are smaller, that is /; < I}, [; < I>. As shown in Figure 12.13, two kinds
of current /; and [}, exist in this case. When I > I},, two transformers should be allowed to operate; when
I, < I < I, No. 2 transformer with larger load losses should be shut; when I < [}, No. 1 transformer with
larger no-load losses should be shut. To avoid frequent operations, when the difference between /; and

APs(I)

Figure 12.11 Schematic diagram under APy y; > AP’y situation.
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Figure 12.12 Schematic diagram under /, > [;; and I, > I, situations.

AP
APY(D)

AP,(1)
APy(I)

L Iy Iy I

Figure 12.13 Schematic diagram under /; < [j; and [; < I}, situations.

I, is not large, I; can be regarded as the critical current used to determine the startup/shutdown of No. 1
transformer.
When I = I, AP, = AP'5, so

APy AP
N e (12.16)
APLNz_APLNl

When I = ]llv AP’z = Apz, when I = 112, API = Apz, SO

AP,
hi=Ing = ; 01, (12.17)
d; (2AP] \, —a|ZAPLN)

AP,
ho=Iny |5 (12.18)
dy (2AP], —a5ZAPLN)

Wherein load distribution coefficients a’| and a’, when the two transformers are in parallel operation are
calculated as per Formula (12.14).
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Table 12.2 Rated parameters of the transformers of a substation.

Transformer No. S, (MVA) I, (A) APy (kW) APy, (kW) Ay
No. 1 7.5 393 25.1 71.25 7.28
No. 2 5.6 308 16.56 56.4 7.63

If the two transformers are in separate operation, APy changes with the load distribution, so /;; and
I also change with the load distribution. The minimum of /), can be regarded as the critical current
used to determine the startup/shutdown of transformers. It can be calculated as per the following
formula:

Tp.min =1iny | APo2 (12.19)

Example 12.4 A substation has two 35/11 kV transformers whose rated parameters are shown in
Table 12.2.

Try to compare the economical load distribution coefficient and the actual load distribution coefficient
under parallel operation, and determine the value of critical current used to decide the start-up/shut-down of
transformers.

Solution
1. Calculation of parameters of No. 2 transformer after inclusion. These are

7.5\?
APiyy =56.40x ( £ ) =101(kW)
75
Aul,=7.63x (2} =10.22
e X(s.e)

2. Calculation of load distribution coefficients. According to Formula (12.13), the economical load distri-
bution coefficients are

_ 101
T101+71.25

a;=1-0.586=0.414

ai =0.586

If the transformers are in parallel operation, the actual load distribution coefficients can be calculated as per
Formula (12.14), that is

_ 1022
T10.22+7.28

dy=1-0.584=0.416

!

d| =0.584

The results show that the actual load distribution coefficients are close to the economical load distribution
coefficients, so this parallel operation is economically reasonable.
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3. Calculation of critical current. According to Formulas (12.16) to (12.18),

25.1-16.56
L=393% /2% 510.5(A
1=393x4 [0 271 05 = 2105(A)

25.1
fn=393x \/0.584>< [2x 101-0.584 x (101 +71.25)]‘256(A)
16.56
In= =294.6(A
. 393\/0.416><(2x71.25—0.416x71,25) 946(A)

The calculation results show that the relationship among the three kinds of current belongs to the type
shown in Figure 12.13.

4. Startup/shutdown conditions of transformers. The normal mode is parallel operation of two transformers.
When the total loads are / >294.6 A, both transformers should be operating. When 210.5 <1<294.6 (A),
No. 1 transformer should be operating and No. 2 transformer should be shut down. When 7 < 210.5 A,
No. 2 transformer should be operating and No. 1 transformer should be shut down.

12.4.3 Economical Operation of Three-Winding Transformers
of Different Models

Because the economical operation of three-winding transformers involves many factors, the problem is com-
plicated. Here, calculation formulas of load distribution coefficient and critical current are introduced, and
one example is given to explain the calculation process [28].

12.4.3.1 Determination of Economical Load Distribution and Normal Operation Mode

In this example, subscripts &, m, and [ are used to represent high-voltage, medium-voltage, and low-voltage
windings. The transformer with a larger AP, is regarded as No. 1 transformer, and the load losses and
short-circuit voltage parameters of No. 2 transformer are included with the No. 1 transformer. If the ratio
between the low-voltage side loads and total loads is b, and ay,; and a;; are respectively the economical
load distribution coefficients of the high- and low-voltage windings of No. 1 transformer, then the above
three independent coefficients can be used to calculate the other four economical load distribution coeffi-
cients. that is

am) =an1—ai, am=1-an
am=(1-b)—am =1-b—an +an, ap=b-ay
1. Calculation of economical load distribution coefficients. On the condition that the sum of power losses at

the three windings of two transformers is the minimum, with the ratio b as the parameter, the formulas of
the economical load distribution coefficients are

1 b
an =+~ (LpAPhm2—=MpAPp) + ——(MpAPy1p —LpAPr) (12.20)
NP NP
1 b
an =~ (MpAPym»—KpAP ) + — (KpAPmp—MpAPrp) (12.21)
NP NP
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Kp=APpm1 +APpmo
Lp=APy151 +APnp
Mp=AP, + AP
Np=KpLp—M?3
Wherein K, L,, M,,, Np — calculation parameters related to load power losses.
2. Calculation of actual load distribution coefficients under parallel operation of medium-voltage and low-
voltage windings. According to the actual loads and short-circuit voltage parameters at three sides of the

transformers, the loop voltage equations can be listed, and the calculation formulas of the actual load
distribution coefficients a’y,; and o'y, are

1 b

a{ll = —(LuAuh.mz —MuAumz) + —(MuAum.lz —LuAumz) (1222)
Ny Ny
1 b

a{l = —(MuAuh.m2 —KuAumz) + —(KuAbtmlz —MuAumz) (1223)
Ny Ny

Ky =Aupmi + Attpmn
Ly=Aun; + Aumpp
M, =Auyy + Aupp
Ny =K,L,~M?

If the two transformers are both step-down short-circuit voltage combinations, due to Au,; = 0, Auy, = 0,
AM, ~ 0, Formulas (12.22) and (12.23) can be simplified to

= Aupmp Aupmp
h1 = =
K, Aup.m1 + Aty

(12.24)

Aupp Aup
L, Aupy + Aum

dj,=b (12.25)

3. High- and medium-voltage windings are in parallel operation, but low-voltage winding cannot be in par-
allel operation due to limitations of system conditions. The load distribution at the high- and medium-
voltage sides is determined by loop voltage equations, and the economical load distribution coefficient
at the low-voltage side is calculated on the condition that power losses are minimal. If the two transformers
are both step-down short-circuit voltage combinations, @'y, can also be calculated as per Formula (12.24),
and a;; can be calculated as per the following formula:

AP N ap Mp—APpy

an =b
Lp Lp

(12.26)

4. Conversion of load distribution coefficients of three windings. The above load distribution coefficients are
relevant to the total loads. If respective load distribution coefficients need to be calculated for medium- and
low-voltage windings, conversion is required, that is

Aml __an
an =

1-b’ b
am=1-am, ap=1-ay

am1 =
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12.4.3.2 Determination of Critical Current Used to Decide the Startup/Shutdown
of Transformers

1. Calculation of critical current I; corresponding to the point of intersection of loss curves of two trans-
formers. When (APy,.1» — APp,1) < 0, the calculation formula of /; should be selected according to the

AP, —AP
low-voltage load ratio b= ——>——_"™_ ¢ the extreme point, that is
AP —APpy
APy — APy,
i Din =1 _ 12.27
bi<0 N APy s = APy ( )
APy —AP
0<bi<l Imin =I1N n- R (12.28)
(APhm=APhm1 )= (APma = AP )" /(AP =APny)

i Limin =1 _ 12.29
bi>1 i =N APy — APy ( )

When (AP, — APyp) > 0, bj > 0.5, Iy, is calculated as per Formula (12.27); when b; < 0.5, Iy, is
calculated as per Formula (12.29).

2. Calculation of current /}; and I}, corresponding to the point of intersection between the total operating loss
curve of two transformers and the loss curve of one transformer. If the medium- and low-voltage windings
of two transformers are in separate operation, when b = 0 (i.e. high- and medium-voltage windings are
operating),

1O \/APm (APym + APhmd)
11 1IN

AP}%-mZ
(12.30)
(0) APOQ(APh,nﬂ + APh.mg)
Iy"=In 2
APh«ml
When b =1 (i.e. high- and low-voltage windings are operating),
1) APy (APh11 + APh12)
Iy =hn AP?
h12
(12.31)
(1) APy (APhi1 + APLp)
Iy =hn AP?
hil
According to the results of the above two formulas, allow the smaller value between 11(10, ;in and I,(lllni“ to

be i1.min; allow the smaller value between 11<10- zmn and Il(ll_imn to be Ip.min-
Formulas (12.30) to (12.31) are also applicable to simplified calculations under several situations where
medium- and low-voltage windings are in parallel operation; where high- and medium-voltage windings

are in parallel operation, while a low-voltage winding is in separate operation; or where the impedance
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Table 12.3 Rated parameters of the transformers of a substation.

APLN (kW) AMk
Ing AP
Sn(MVA) (A) (kW) h-m m-1 h-1 m h-m m-1 h-1 m
60(100/100/100) 315 96.7 288 245 318.5 107 9.82 6.03 16.85 -0.5
31.5(100/100/100) 165 54.1 187.7 156.6 197.1 73.6 9.81 59 16.2 -0.25

combinations of two transformers are not of the same type. Errors caused by such simplifications generally
do not exceed 10%, so such simplifications are acceptable to the calculation of economical operation of
transformers.
3. Determination of start-up/shut-down of transformers. After ) nin, j1.min a0d Ijp min are obtained, the

following determination can be made (see Figures 12.12 and 12.13):

If Lmin > D1 mins Z12-mins D11.min 18 the critical current used to determine the startup/shutdown of No. 1
transformer with larger AP.

If Lmin < D11 -mins Z12-mins J12.min 18 the critical current used to determine the startup/shutdown of No. 2
transformer with larger APy yn; .y 1S the critical current used to determine the startup/shutdown of
No. 1 transformer with larger AP,

Example 12.5 A substation has two 110/38.5/11 kV three-winding transformers whose rated parameters
are shown in Table 12.3.

Due to limitations in the short-circuit capacity, the two transformers must be in separate operation. Assume
that the ratio between low-voltage loads and total loads is b = 0.3. Try fo calculate economical load distribution
coefficients and critical current, and determine the start-up/shut-down conditions of transformers.

Solution
1. Assume that the 60 MVA transformer is No. 1 transformer. If the short-circuit parameters of No. 2 trans-
former are included, then
APy =681kW, AP, =568kW

AP =T15kW, APy =276kW

Aumz = 18.7, Aumu =112

Auh.lz = 30.9, Aumz =-0.48
2. Calculation of economical load distribution coefficients. According to Table 12.3 and inclusion results of

No. 2 transformer, Kp =969 kW, Lp =813 kW, Mp =374 kW, Np = 647 921 (kW)z. Substitute these into
Formulas (12.20) and (12.21) to obtain

1 b
ap) = m X (8]3 X681—374X267) + m
x (374 x568-813%x267)=0.7-0.007b
b
A= emgor X (374 x 681-969 x 267) + 647 921

X (969 x 568 —374 x 267) = —0.006 + 0.695b
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When b =0.30, a,,; =0.698, a;; = 0.202, a,; = 0.496. So the load distribution coefficients at each side are
obtained through conversion

0.496
m =030 0707
am>=1-0.709=0.291
_0.202
ayn = W =0.673

ap=1-0.673=0.327

APuy—APy 267107

3. Calculation of critical current. As (APp.p— APrap) > 0, and b= AP APor — 568_245
hi2 —APhn -

=0.495,

according to Formula (12.29),

Il APy — APy,
min =N\ AP, - APy 1y
96.7—54.1
= 1 7:1 . A
3153 /315 3155 1033 (A)
According to Formulas (12.30) and (12.31),
96.7 x (288 + 681
10 =315, 207X 888D _ 46 (a)
681
96.7x (318.5+715
11<1”=315><\/ XGI85+715) _139.3(a)
715
54.1x (283 +681
19 =315 241X E88HOBL) )50 4 (a)
288
541x(3185+715
11<21>=315x\/ Xglg > ) _233.9(4)

Take the smaller value between the two, obtaining /jy.imin = 139.3 A, Ip.min = 233.9 A.

4. Conclusion of economical operation. The normal mode is separate operation of two transformers, wherein
loads at the medium-voltage side are distributed by 0.71:0.29 and loads at the low-voltage side are dis-
tributed by 0.67:0.33. When the total load current of 110 kV is I > 234 A, two transformers should be
operating. When 103 A <1< 234 A, No. 1 transformer should be operating. When / < 103 A, No. 2 trans-
former should be operating (see Figure 12.13).

12.5 Adjustment and Balancing of Loads
12.5.1 Adjustment of Load Curves

If the load curves of an electric power system fluctuate significantly, power generation equipment and
power supply equipment with large capacities are needed, and line losses will be increased. In contrast,
the adjustment of load curves can increase the load factor and reduce the maximum load, thus reducing
line losses.
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If the equivalent resistance of a common distribution line is R, then the start end maximum current and loss
factor can be used to calculate electric energy losses AA (kW-h) within the measuring period as per Formula
(1.39), that is

AA=31*> FRTx1073

max

Because the loss factor of the common distribution line can be calculated as per Formula (2.16), that is
F = 02f + 086 As f = Li/lyin, and Iy = A/(N3U 080 T), 80 Inax = AI(N3Uyc0os@, Tf). Substitute
the formulas for F and I, into AA to obtain

R (02
T Ul cos2, T\ f

According to Formula (12.32), when the start end electric supply and operating parameters of the line remain

unchanged, the electric energy losses are reduced with the increase in the load factor.

0.08
If fis increased from 0.8 to 0.88, of = 08 x 100% = 10%. According to Formula (12.32), AA will be

reduced by 2.16%, that is 6(AA)% ~ —0.205f.

The adjustment of load curves can improve the load factor, reduce the electric energy losses, and reduce the
line loss rate. The detailed calculation of the reduction of the line loss rate with the increase in the load factor
can follow Formula (13.2).

+0.8) x1073 (12.32)

12.5.2  Balancing the Loads of Lines or Transformers, and Adjusting
the Power Sources of Dual Power Customers

In the low-voltage line shown in Figure 12.14, points A and B are two break points. Originally, point A is open
and point B is closed. The load current of two adjacent 320 kVA distribution transformers is very non-uni-
form, and the line losses are very big. To save the line losses, point A is closed and point B is open. The
maximum load current is marked in Figure 12.14.

140 A 340A
150A 140 A 200A

é 0.1 01 B 0.1
Figure 12.14 Balancing of loads of low-voltage lines. The figure on the line is line resistance (Q); the figure under the

line is current (A); the figure under the arrow is the load current. (a) Before change of break point. (b) After change of
break point.

b
o]

290 A 140 A l 200A
1 50 A 140 A 200 A

www. Technicalbookspdf.com



Technical Measures for the Reduction of Line Losses 257

According to records of load current, the loss factor is calculated, that is F'=0.47. The rated load losses of a
320 kVA distribution transformer are 5.7 kW. After the change of break points, the reduced line losses are
calculated as follows:

1. Iron core losses of the distribution transformer can be deemed as unchanged before and after the
change of break points in the low-voltage line. The rated current of the distribution transformer

is Iy=320/(v/3x0.38=460 (A).
2. When point A is open and point B is closed before the change of break points, the load power losses of the

transformer are
150\2 7340\ |
APt =5. — — =3.72 (k
T 57X[<460) +(460)} 3.72 (kW)

The power losses of the line are

APy =3x (150> x 0.1 +340%x0.1+140*x0.1) x 10~
=47.31 (kW)

The total power losses are
APy =APr+AP;=3.72+47.31=51.03 (kW)

3. When point A is closed and point B is open after the change of break points, the power losses of the trans-

former are
290\  /200\>
APL=57x | (= =) | =3.34 (kW
=3 X[<460> +(460)} 3.34 (kW)

The power losses of the line are

AP} =3x[290%x0.1+140*x 0.1 +200%x0.1] x 103
=43.11 (kW)

The total power losses after the change of break points are
APy =APL+AP|=3.34+43.11=46.45 (kW)
4. After the change of break points, the monthly saved electricity line losses are

AA;, =(51.03-46.45) x0.47 x 720 = 1550 (kW-h)

Figure 12.15 shows a high-voltage distribution tie line between two substations, and there is an outdoor
breaker QF in the line. QF is normally open. The industrial customer C close to breaker QF has two power
sources which are respectively connected to both sides of breaker QF. It can be supplied with electricity by
either substation A or substation B. Figure 12.15a and b shows two different operation modes.

The maximum current of each load along the line and the resistance of each line section are marked in
Figure 12.15. According to measured records of load current, the loss factors F' of outgoing lines of the
two substations are both 0.6. To save line losses, the supplier of electricity to customer C is changed from
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Figure 12.15 Change of power supply for dual power customers. The figure on the line is line section resistance (2);
the figure under the line is current (A); the figure under the arrow is the load current (A). (a) Before change of power
supply. (b) After change of power supply.

substation A to substation B, so the non-uniform loads of two outgoing lines have been greatly improved.
The calculation shows that the monthly saved line losses are 37 200 kW-h.

12.5.3 Balancing Three-Phase Loads

During the operation of low-voltage distribution grids, it is often necessary to measure the three-phase load
current and neutral current at leading-out terminals of distribution transformers and at some main lines, and to
balance the three-phase load current. Unbalanced three-phase load current will affect the voltage quality of
low-voltage grids and increase line losses.

To control the degree of unbalanced line loads and to take the necessary measures can reduce the losses
resulting from unbalanced three-phase loads. The degree of imbalance (the ratio between neutral current and
average three-phase current) in the outlet current of distribution transformers is generally required not to
exceed 10%, and the degree of imbalance in the current of low-voltage main lines and start ends of major
branch lines should not exceed 20%.

12.6 Strengthen Power Grid Maintenance

During the actual operation of power grids, leakage losses may occur due to the defective insulation of
electrically charged equipment. Such losses can be reduced by strengthening the power grid maintenance.
Measures in this regard include:

1. Clean the insulators and insulating sleeves of lines, transformers and breakers regularly.

2. Pay frequent attention to cutting off any tree branches touching line conductors.
3. Pay attention to removing bird nests and other foreign matter during patrols or overhauls.
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4. Pay attention to the quality of conductor joints during the overhaul and constriction of lines. The resistance
value of joints should meet the technical regulations to reduce losses due to larger joint resistance. For
example, a line has three conductor joints. The resistance of each jointis 0.01 Q, and 200 A current usually
flows through the joints. The electricity losses in one year will reach 200 x 0.01 x 3 x 8760 x 10~ =
10 410 (kW-h). Power grids have many conductor joints. If attention is omitted, the total electricity losses
may be quite big. Poor joint connections can also affect the safe operation of power grids, so the connec-
tion of conductors must follow the technical requirements.

5. Gradually adopt energy saving hardware in line maintenance and transformation.

12.7 Strengthen Power Consumption Management and
Measuring Management

The loss reduction measures in the previous sections can really reduce the electricity line losses of power
grids. In other words, on the condition that the quantity of generated energy is certain, more electricity
can be supplied to customers. This section describes the loss reduction measures relating to power consump-
tion management and measuring management. Some measures can really save electric energy and reduce line
losses, while others can ensure accurate statistics for electricity line losses and line loss rate and reduce the
losses of enterprises. Relevant measures include:

1. To improve the accuracy of electric supply calculations, regularly examine the watt-hour meters of power
plants and substations, and check the balance between the primary input power and output power of power
plants and substations once a month, so as to identify abnormal measurement of watt-hour meters and take
the necessary measures to eliminate them.

2. Strengthen the management of measuring equipment, including regularly examining the standard instru-
mentation of customers’ watt-hour meters, regularly examining the current transformers, voltage transfor-
mers, and watt-hour meters of various customers, and strengthening the management and effect of
watt-hour meter reading systems installed in recent years.

3. Strengthen the installation and replacement of customers’ watt-hour meters. Implement the requirement
that “power supply enterprises should reduce losses and wastes in power transmission and supply” as sti-
pulated in Reference [77]. Determine measuring points reasonably and ensure the correct measurement of
watt-hour meters.

4. Strengthen power consumption plans, adjust loads in time, and reduce line losses.

5. Strengthen meter reading and accounting work to improve the accuracy of statistics for the power sales
quantity of power grids. For all large customers whose total power consumption quantity accounts for over
80% of total power sales quantity, it is generally necessary to do meter reading simultaneously at midnight
on the last day of each month. The power consumption quantity of other general customers is read on a
fixed date month by month, and the sum of the read electric quantity of the second half of the current
month and the read electric quantity of the first half of the next month is used as the power sales quantity
for calculating the statistical line loss rate of the current month.

6. Carry out a general survey of businesses and eliminate any power usage without a watt-hour meter and any
illegal power usage.

To sum up, the reduction of line losses in power grids covers many fields and is a technical management
work requiring the effort of all staff. Therefore, loss reduction can yield twice the result with half the effort
through strengthened leadership and mobilizing the enthusiasm of all staff.

12.8 Application of New Designs, New Materials, and New Technologies

With progress in science and technology, endless technical measures for reducing line losses in the electric
power system are emerging. This section only introduces the application of new designs, new materials, and
new technologies since the last century.
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12.8.1 New Design for Loss Reduction in Ground Wires of High-voltage
Transmission Line

Transmission lines of 110 kV and above have double ground wires to prevent lightning strike. The conven-
tional design is selecting steel stranded wires and connecting the power to the ground at each foundation.
A short-circuit loop current results from the electromotive force which is generated when the ground wire
between two towers is induced by the conductor load current, and this results in larger electric energy losses
of the overhead ground wire. According to relevant calculations, the ground wire losses of a 220 kV single-
loop line are about (5-10) x 10* kWh/year for each 100 km, 60 x 10* kWh/year for each 100 km for the
330KV line, and 500 x 10* kWh/year for each 100 km for the 500 kV line. The new design selects two ground
wires fully insulated across the line, installs a discharge gap, and takes ground wire transposition measures.
The induced electromotive force of the ground wire is reduced by 90%, and therefore, ground wire losses are
greatly reduced [57].

Since the middle of the 1980s, optical fiber composite overhead ground wires (OPGW) have been largely
used in China. Due to the limitations of OPGW heat resistance, they cannot be used for the design of long-
distance ground wire insulation. According to a relevant study, an effective new design program for use
within a range of 1-2 km of a substation’s incoming and outgoing ends is a ground wire which has an alu-
minum-coated steel good conductor with a large section and towers which are connected to the ground at each
foundation. In the case of a line fault, most fault current flows to the ground via the good conductor, to prevent
any damage to OPGW with its small thermal capacity. To reduce electric energy losses caused by the ground
loop current in OPGW constructed along the full line, an option to conduct an insulated construction of
OPGW and transposition has been realized using another ordinary steel strand ground wire outside the insu-
lated construction of the good conductor. On the condition that the number of optical fiber connectors meets
attenuation constraints along the full line, the small increase in investment and the difficulty in the transpo-
sition construction of OPGW for this new design are acceptable, given the long-term energy-saving benefits
of the overhead ground wire [58].

The reduced electricity losses resulting from the new design of overhead ground wire in the transmission line
can be estimated by the ground wire electricity losses per year per 100 km of lines under various voltage classes,
line length, and percentage of construction and transposition of ground wire insulation. Before the line is put into
operation it is also possible to calculate in detail (according to parameter test data) the average ground resistance,
annual electric supply, annual average load factor, and specific conditions of the new design.

12.8.2 Application of Energy-saving Hardware and
Energy-saving Conductors

12.8.2.1 Application of Energy-saving Hardware

Due to simple manufacturing techniques and low cost, for a long time most electric power hardware has been
made from ferrous materials. Bolt type strain clamps and suspension clamps are largely used for directly fix-
ing conductors in electric power lines. As eddy-current and hysteresis losses of conductor current are pro-
duced in these clamps, the electric power losses of electric power lines are increased, and the conductor
temperature rises in the clamps.

To reduce the electric energy losses of this hardware, the relevant scientific research department in China in
the 1970s developed new clamps with aluminum alloy clamps as the main body in combination with iron
connecting bolts. According to tests, compared with the old NLD-4 strain clamp, the energy consumption
of the new NNL-4 strain clamp is reduced by 60-65% under different current flow conditions, and the con-
ductor temperature in the clamp is reduced by 53 °C under 400 A flow. Compared with the old XGU-5 sus-
pension clamp, the energy consumption of the new CGL-5 suspension clamp is reduced by 73-77% under
different current flow conditions, and the conductor temperature in the clamp is reduced by 40 °C under
400 A flow. If the annual maximum load utilization time is 4000 h, one energy-saving strain clamp can
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reduce 99 kWh of electricity per year. If the transmission price is 0.30 Yuan/kWh, it takes only 3.7 years to
recover the investment in replacing the fittings [59].

12.8.2.2 Application of Energy-saving Conductors

Since the 1980s, by introducing and absorbing a variety of manufacturing technologies for energy-saving
conductors, China has been able to implement the large-scale production of various types of energy-saving
conductors and to apply them widely in transmission line transformation projects under various voltage
classes. The most important three types of energy-saving conductors are steel-cored, high-conductivity,
hard-drawn aluminum stranded conductors, aluminum alloy-cored aluminum stranded conductors, and mod-
erate intensity full-aluminum alloy stranded conductors.

According to relevant calculations, compared with ordinary steel-cored aluminum stranded conductors
with the same cross-section, the electric energy losses of the above three types of energy-saving conductors
may be reduced by 3.08, 2.45, and 2.39%, respectively, due to different conductor structures and materials,
different influences on line sag and tower load, and different amounts of investment and payback periods of
line transformation. Among these, the payback period of aluminum alloy-cored aluminum stranded conduc-
tors is the shortest [60].

12.8.3 Application of Harmonic Control Technology and High-Temperature
Superconducting Technology

12.8.3.1 Harmonic Control and Loss Reduction

Harmonics results from non-linear elements in power grids and electric equipment and is regarded as envi-
ronmental pollution in power grids due to various damage harmonics may cause. According to theoretical
analysis and actual measurement, when the harmonic current input to power grids by non-linear loads is lower
than the national standard, increased electric energy losses caused by harmonic power are extremely small;
power grid enterprises should pay more attention to the influence of harmonics on electric energy metering.

According to a relevant study, the fundamental wave watt-hour meter installed low-pass filter between
current and voltage loops and AD conversion only measures fundamental wave electric energy. Subtracting
the fundamental wave electric energy from the electric energy measured by the broadband full-electronic
watt-hour meter (if the result is positive) shows that loads are linear and absorb harmonic electric energy,
so they are victims of harmonics. If the result is negative, it shows that loads are non-linear and input harmonic
electric energy into power grids, so they are harmonic sources [61]. For a 0.38 kV low-voltage system, due to
the wide connection of non-linear loads, such as desktop computers, microwave ovens, induction cookers,
and light switch illumination, if the broadband full-electronic watt-hour meter is used, the measured electric
energy will be reduced. For example, the measured electric energy consumed by a desktop computer will
reduced by up to 4.53%. If a city has one million desktop computers and the unit price of power sales is
0.50 Yuan/kWh, then the annual revenue will be reduced by RMB 3 x 10° due to the undercounted electric
energy [62]. Moreover, the third harmonics resulting from non-linear loads in the low-voltage system greatly
increases electric energy losses in the neutral line. The voltage drop in the neutral line affects the voltage
quality and reduces the power supply reliability. The neutral line may be burnt out due to overheating, leading
to a serious imbalance of three-phase voltage and even wide damage to electric equipment.

An effective harmonic control measure in a low-voltage system is to install an active filter in a suitable
position. The active filter can track all orders of harmonic compensation, improve the voltage quality and
power supply reliability, and reduce harmonic electric energy losses. To control harmonics in 6-10 kV sys-
tems, it is necessary to first measure harmonic load flows under different operating conditions and to take
comprehensive control measures through economic and technical comparisons. The main connection of
the higher level voltage system can be changed or dynamic reactive compensation equipment can be installed
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Table 12.4 Parameters and refrigerating system conditions of high temperature superconducting cable.

Three-phase split-phase AC Operating temperature difference of

Cable type electric cable terminal current head 70-330 K

Cable length 33.5 m (excluding terminal) Operating altitude 1900 m

Rated voltage 35 kV Cooling mode Supercooling liquid
nitrogen cycle

Rated current/ 2000 A/121.24 MVA System refrigerating capacity 2250 W/75 K

power

Conductor 0.75 W/KA-m Inlet temperature of liquid nitrogen 71-74 K

AC loss

Conductor 1.5W Outlet temperature of liquid nitrogen 76-79 K

heat loss

if necessary. For harmonic sources like an electrified railway traction station and an electric-arc furnace, even if
dynamic reactive compensation measures are taken, special attention should still be paid to measuring their
electric energies. Using the fundamental wave watt-hour meter or the new electronic watt-hour meter which
can measure both fundamental wave electric energy and harmonic electric energy can avoid any rise in the line
loss rate of the power supply system due to a measured error of electric energy. Therefore, the correct con-
figuration of watt-hour meters must be regarded as a technical measure for harmonic control and loss reduction.

12.8.3.2 Application of Superconducting Cables

The physical phenomenon that the resistance of conductors suddenly drops to zero around a temperature of
absolute zero is called “superconduction”. Thanks to various current effects, superconducting technology has
been developed and applied in many fields. In the 1990s, Chinese and foreign scientists found the oxide
superconductor yttrium barium copper oxide (YBCO) above 90 K, which makes the large-scale application
of superconducting materials possible in a liquid nitrogen environment which is easily realized. On 19 April
2004, following the United States and Denmark, Chinese scientific and technical personnel put the world’s
third superconducting cable into operation at the Puji substation in Kunming, Yunnan. Its overall parameters
and refrigerating system conditions are shown in Table 12.4 [63].

Compared with American and Danish superconducting cables connected to power grids, the rated voltage,
current, and capacity of China’s superconducting cable represented the highest level in the world at that time.
This cable was also the first in the world to adopt a GM refrigerating machine as a cold source for supercon-
ducting cables connected to power grids and characterized by a convenient adjustment of refrigerating capac-
ity and high reliability.

For the AC transmission cable used in the electric power system, the resistance of a superconducting band in
the conducting layer can be regarded as zero during normal operation without joule heat losses, but losses occur
during the operation of the superconducting cable. For example: AC losses occur due to skin effect and neigh-
boring interference effect during AC transmission; dielectric losses occur in electric insulation after being
charged with electricity; heat losses occur due to the resistance at the point of weld between the superconducting
strip and the current lead; heat conduction and joule heat losses occur in the current lead of the cable terminal;
heat leakage losses inevitably occur in the thermal insulation of the cable. Power losses of the cryogenic cooling
device account for a large proportion. According to comparisons, the total heat losses of a superconducting cable
with large capacity account for about 50% of the total losses of a normal cable with the same capacity [64].

Although superconducting cables can reduce a high proportion of losses, to promote the application of
them in municipal grids with a large transmission power, it is necessary to develop new superconducting
materials, to improve the superconducting temperature, and to reduce manufacturing costs. All of these
require further efforts from scientific and technical personnel.
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Line Loss Prediction and Loss
Reduction Plan for Power Grids

Based on the analysis of change rules of no-load losses and load losses, Chapters 6 and 7 explain the the-
oretical calculation of line losses in loss calculation units, multi-branch distribution grids, and high-voltage
power grids, and analyze the indicator of line loss rate from the aspect of: (i) electric supply structure,
(ii) composition of power sales quantity, and (iii) optimal allocation of increased electric supply.
Chapter 12 discusses technical measures for reducing line losses from seven aspects. As a result, the predic-
tion of electricity line losses and the indicator of line loss rate can be analyzed in an in-depth manner, and the
formulation and implementation of a loss reduction plan can be discussed.

13.1 Univariate Prediction of Electricity Line Losses and Line Loss Rate

With the load loss coefficient C as the core, this section analyzes the influence of load factor, power factor,
and voltage level of regional grids on the line loss rate, and introduces univariate prediction methods for elec-
tricity line losses and line loss rate, with the loss constituent ratio 6 and the correction coefficient of electricity
line loss increase rate as objectives.

13.1.1 Basis for Predicting the Indicator of Line Loss Rate

Chapter 6 gives Formula (6.14) for calculating the load loss coefficient, that is

Bp -3
C=——|1.278%+0.722a( 1 -2 10
Ugvpr afp+ a( +ﬂP afP X

According to the above formula, the regional load factor, average power factor, and voltage level influence
the line loss rate.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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13.1.1.1 Influence of Regional Load Factor on Line Loss Rate

According to Formula (6.14), on the condition that other parameters remain unchanged, there is a functional
relationship between C and fp, so

e_ R {0.722a [%— (1 +ﬂ”)} } %1073

dfp U(%VT afp flg
thus
-R
dc= TN [o 722a<1+ﬂp ff:)} x1073dfp (13.1)

According to Formula (13.1), the increase in the load factor can reduce the load loss coefficient. According to
Formula (6.2),

B
AA%=Z +CA
Then
d(AA%)
A, d(AA%)=AdC
dC ’ (A4%)
1
AAY% = AA Y+ AAL % = (é+1)CA
So

d(AA%)  AdC
AAY% ‘(1
—+1

CA

R
N0 {0 722a(1 +fp— f&f)} x 1073 dfp

1 K Bp .
(é+1) P [1 278a’fp +0. 722a(1+ﬁp—$>} x107°

After collection,

0. 722a(1 +ﬁp-£)
S(AA%) = — ofp (13.2)
<1 ){1 278a2fp+0722a(1+ﬁp ﬂ”)]
0 ifp

Formula (13.2) indicates that the rate of relative change in the line loss rate of regional power grids is related to
not only the rate of relative change in the load factor of regional power grids, but also the average power
factor, load factor, and loss constituent ratio.

Allowing cos@,, = 0.80, a = 0.875, if fp = 0.90, Bp = 0.60, 6 = 0.30, then 5(AA%) = —0.0085fp. Allowing
cos@ay =0.75,a=0.9410, if fp = 0.70, fp = 0.40, 0 = 0.50, then §(AA%) = —0.0325fp. The calculation shows
that, for urban power grids, the bigger f» is, the smaller € is, so the ratio between 6(AA%) and Jfp is very small;
yet for rural power grids, the ratio is larger.
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13.1.1.2 Influence of Average Power Factor on Line Loss Rate

According to Formula (6.14), on the condition that other parameters remain unchanged, there is a functional
relationship between C and a, so

dC Rx107?
— = [2.556afp +0.722(1 +
i UMJT[ afp + (1+5p)]
As
AdC
5(8A%)=
—+1]cA
6+1)e
~ 2.556a%fp +0.722a (1+f3p) da
T B a
(5 + 1) [1.278a2fp+0.722a(1 +ﬁp-i>}
—1(1+tan )
a_2 (pav
da 1 d(cos@,,)

a 2 COS P/ 1—cos?qp,, COSQy,

Substitute this formula to obtain

[2.556a%fp +0.722a(1 + )]

1
2(5 + 1) [1.278a2fp +0.722a (1 +/))P—ﬂ7;>:| COS @,y y/ 1—cos? @y,
ajp

5(AA%) = - S(cosqpy,) (13.3)

Formula (13.3) indicates that the rate of relative change in the line loss rate of regional power grids is related to
not only the rate of relative change in the average power factor of regional power grids, but also the load
factor, average power factor, and loss constituent ratio. If cosg,, = 0.80, fp = 0.90, Sp = 0.60, 6 = 0.30, then
6(AA%) =—0.472 65(cos@,y); if cosg,, =0.75, fp=0.70, fp=0.40, 0 = 0.50, then §(AA%) =—0.6405(cos@,y).
The calculation indicates that no matter for urban power grids or rural power grids, the ratio between 5(AA%)
and &(cos@,,) may be equal to or greater than 0.50, showing that the increase in the average power factor of
regional power grids can significantly reduce line losses. Formula (13.3) provides conditions for estimating
the effect of reactive compensation for the whole grid and calculating the recovery period of the investment in
compensation equipment.

13.1.1.3 Influence of Average Voltage Level on the Line Loss Rate

According to Formula (6.14), the load losses of regional power grids are in inverse proportion to the square of
the average voltage, but no-load losses generally increase with a voltage increase. The influence of any
change in the voltage level on the total line loss rate depends on not only the component ratio of loads with
different voltage characteristics, but also the ratio between no-load losses and load losses, that is the loss
constituent ratio 6.
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13.1.2  Univariate Prediction of Electricity Line Losses
13.1.2.1 Prediction of Change in Electricity Line Losses

Section 7.4 of Chapter 7 has clarified that the quantity of change in electricity line losses is approximately
equal to the product of the electric energy loss structure coefficient, the original line loss rate, and the quantity
of change in the electric supply, that is

AAQ—AAleAA%(Az—Al)= (%)AA%(AQ—AQ (134)
For a short-term prediction, the loss constituent ratio € can be deemed as approximately unchanged, and Formula
(13.4) is the formula for predicting the electricity line losses, wherein the electric supply is the only variable. For a
single distribution line, Formula (13.4) is simple and useful for a short-term prediction. From the perspective of
assessment, if the changes in electric supply for the current and the next few months are known, Formula (13.4)
provides a simple and effective standard for judging whether the change in electricity line losses is reasonable.

13.1.2.2 Prediction of Rate of Increase in Electricity Line Losses

Section 7.4 has explained that the rate of increase in electricity line losses is in linear function of the rate of
increase in the electric supply, that is

(AAZ—AAI)/AAlz(%> (A2-Ay)/A (13.5)
When the no-load losses are larger than the load losses (i.e. 8 > 1.0) the proportionality coefficient (loss struc-
ture coefficient H) in Formula (13.5) is smaller than 1.0, and the rate of increase in the electricity line losses is
smaller than the rate of increase in the electric supply, which is often encountered in agricultural grids. When
the no-load losses are smaller than the load losses, H > 1.0, and the rate of increase in the electricity line losses
is larger than the rate of increase in the electric supply, which is often encountered in urban distribution grids.
For example, the range of € for Shanghai urban and suburban areas in 1966 was roughly 0.31-0.45, and the
approximate H range was 1.53—1.38. This shows that in urban grids the rate of increase in the electricity line
losses is 38-53% higher than the rate of increase in the electric supply. Formula (13.5) is very simple and
useful for judging whether the change in the increase in electricity line losses is normal.

13.1.3  Univariate Prediction of Line Loss Rate
13.1.3.1 Line Loss Rate Binomial

Section 6.1 of Chapter 6 defines the loss constituent ratio @ = B/CAZ, and the line loss binomial AA = B + CA?
can be used to derive the following two formulas:

AA=B+CA2=B(1+$)=CA2(1+9) (13.6)
an%=B 1+ ccaqi+o) (13.7)
O—K é = .

Formula (13.7) is called the line loss rate binomial.
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13.1.3.2 Electric Quantity Growth Coefficient and Line Loss Rate Correction Coefficient

The ratio between the power sales quantity of the assessed year and the power sales quantity of the previous
year is X, known as the electric quantity growth coefficient. When the line loss rate is small, the ratio of power
sales quantity is approximately equal to the ratio of the power sales quantity of the adjacent two years, that is
X ~ As/A.

If the acceptable ratio between the line loss rate of the assessed year and the line loss rate of the previous
year is defined as the line loss rate correction coefficient E, then

B B OCA?
AA%=—CAy=—+CXA; = 1
fo= o Cho= s+ CX =7

0
+CXA; =CA, (— +x)
) X

B
AA1%=A—+CA1 =CA1(9+1)
1

0 g \1 X

If the loss constituent ratio & of the previous year is calculated, and the power sales quantity growth coefficient
of the next year is predicted as X, then the acceptable predicted line loss rate can be obtained through E

0 1 X
AAz%zEAAl%z [m}+m:|AA1% (139)

In the 1990s, the electric power system once put forward the following formula for calculating E according to
the power sales quantity growth coefficient X

1
E=032+0.7X (13.10)

According to Formula (13.10), the ratio between no-load losses and load losses is 3:7, so 8,, = 3/7 =0.43. For
most urban distribution lines at that time, ,, = 0.43 is appropriate to a large extent; however, for agricultural
lines where no-load losses account for a larger proportion and lines in urban central areas where load losses
account for a larger proportion, the difference between actual 6 and 6,, is big. For an accurate univariate
prediction of the line loss rate, Formula (13.9) should apply.

For a prefectural power supply network consisting of several voltage systems, as these voltage systems
have different electric supply growth coefficients and different loss constituent ratios, the univariate predic-
tion of the line loss rate should be conducted for different voltage systems, and the line loss rate of the whole
network can then finally be predicted.

13.2 Multivariable Prediction of Electricity Line Losses
and Line Loss Rate

Formulas (13.4) and (13.9) can be used to calculate the change in line losses caused by the change in a single
factor so as to realize the univariate prediction of the indicator of line loss rate. Over a long calculation period,
in addition to the electric supply, the load factor, the average power factor, and the no-load losses change, so
the methods for calculating changes in electricity line losses and line loss rate caused by changes in multiple
factors should also be considered.
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13.2.1 Multivariable Prediction of Electricity Line Losses

Section 7.4 of Chapter 7 has explained that the loss structure function can be used to calculate the total deriv-
ative of electricity losses, that is Formula (7.15). Now it is rewritten to

6C/6A 2
—— |AA
6+1 +0+1) Vida

d(AA)=dB+ <

When the quantity of changes in the three variables B, C, A is much smaller than the original values, the total
derivative can be approximately replaced by increment, so the above formula can be rewritten to

5C/5A 2

J(AA)=0B + (
Wherein Jd(AA) — quantity of change in electricity line losses, that is d(AA) = AA, — AAy;
0B — quantity of change in no-load electricity line losses, that is dB = B, — By;

C,-C
6C — quantity of relative change in load loss coefficient, that is 6C = 2 l;

1
Ar—A;
A

S6A — quantity of relative change in electric supply, that is 6A =
JA — quantity of change in electric supply, that is JA = A, — A;.
Formula (13.11) is the formula for predicting electricity line losses considering multiple factors such as the
change in no-load losses, the operating parameters (load factor, minimum load rate, average power factor,
average voltage), and the original loss conditions (loss constituent ratio 6, line loss rate AA%). Because For-
mula (13.11) is applicable to various voltage systems, the prediction of electricity line losses can be conducted

by voltage class; as coefficients C of different voltage systems can be included (Section 6.3 of Chapter 6), the
prediction of electricity line losses can be completed for the power grids of the entire region at the same time.

13.2.2  Multivariable Prediction of Line Loss Rate

B
According to Formula (13.7), AA% = 1 + CA, and the line loss rate is related to the three variables A, B, and C.
Take the total derivative of AA% to obtain

1 B

Due to AA% = CA(1 + 0), the above formula is divided by it at both sides to obtain

dB (CAZ-B)dA AdC
AA%)/AA% =
AR/ AAT = a3 g) * CAr(T+0)A T CA(1+0)
SO
5B 1-0 sC
6(AA%)——1+1+(m)5A+m (13.12)
0
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S(AA%) = 7AAZZ>A‘1§7:‘I%
SB= (Bz—Bl)/Bl

Wherein 6(AA%) — rate of change in the line loss rate;
OB — rate of change in the no-load losses.

Formula (13.12) indicates that the rate of change in the line loss rate is composed of three components, all of
which reflect the influence of four factors, namely no-load losses, electric supply, load loss coefficient, and
original loss composition. In general situations 6< 1.0, so the second term in Formula (13.12) has a positive
value, that is the increase in the electric supply certainly leads to the increase in the line loss rate. To make the
rate of change in the line loss rate be negative value, 6B and 6C must be negative values, that is the no-load
losses and load loss coefficient must be reduced.

Formula (13.12) can directly predict the relative change in the line loss rate, so it is called the multivariable
prediction formula of line loss rate.

Example 13.1 The electric supply, no-load losses, load losses, annual minimum load rate fp, annual aver-
age load factor fp, and annual average power factor cosg,, of a region in 1984 are given in Table 13.1.
The rates of increase §A in electric supply in 1985 and 1986 are predicted to be 5.37 and 5.62%, respectively. The
rate of increase in no-load losses is 6B = 0.80A. The increased values of fp, fp, and cosg,, year by year are shown in
Table 13.1. Try to predict the increases in electricity line losses and the changes in line loss rates in 1985 and 1986.

Solution
1. Calculation of the quantity of relative change in the load loss coefficient 5C. As

AA 2.497 x 108
Coy= 2L 207XN0° 5053y 107"2[1/(kW-h)]

T A% (81.57x10°)
According to Formula (8.14),

R _ CaafpT
U2, {1.278a2fp +0.722a[l + fp—Pp/(afp)]} x 1073
3.753% 10712 % 0.90 x 8760

{1.278 x (0.875)% x 0.90 +0.722 x 0.875[1 +0.60-0.6/(0.875 x 0.90)]} x 1073

=2.098x 1073

R
According to the 1985 operating parameters and 77 listed in Table 13.1, Cgs is calculated

av

Cs5=2.098 x 107 x x [1.278 x0.836° x 0.92

0.92 x 8760

0.62 5
+0.722x0.836 x (1 +O,62—m)] x 10

=3.418x 107 '2[1/(kW-h)]

3.418-3.753
oC= 3753 x 100% = —8.926%
oC -8.926
—= =-1.662
6A  5.37 66
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2. Calculation of the increase in no-load losses. This is

IB=8BxB=(0.8x0.053 7) x0.563x 10
=0.024 2x 10® (kW-h)

3. Calculation of the increase in total line losses. According to Formula (13.11),

02255+1  02255+1
x0.037 5% (0.053 7x 81.57 x 10%)

=0.024 2% 10%+0.045 3x 108

=0.069 50x 10® (kW-h)

A(AA)=0.024 2><108+( —1.662 2 )

The electricity line losses in 1985 are
AA=(3.06+0.069 50) x 108 =3.129 5x 10% (kW-h)

The line loss rate in 1985 is

3.129 5x10%
AA% =  =3.641%
1.053 7x81.57x 10
4. Accounting. The accounting result is
0.024 2+0.563) x 10%
A= +0.563)x 107 _ ) 6839

1.053 7x81.57x 10

AAL%=CA=3.418x107"%x (1.053 7x81.57 x 10%)
=2.94%
AA% = DA+ AAL% =0.683% +2.94% =3.623%

The relative error is

3.641-3.623

This shows that the prediction formula of the line loss rate can satisfy the actual needs of line loss
management.

5. Calculation of loss constituent ratio. This is

_AAy 0.0242+0.563 0.587 2
T AAL 0.0453+2.497 25423

=0.231

According to the above calculations, the relevant data for 1986 can also be obtained

Cg6=3.312 5x 107 '2[1/(kW-h)], 6C=-0.030 87

5
5—5 =-0.549 3, J(AA)=0.233 7x 10% (kW-h)

AA=3.3632x10% (kW-h), AA%=3.705%, 0=0.2232

www. Technicalbookspdf.com



272 Line Loss Analysis and Calculation of Electric Power Systems

The above data are listed in Table 13.1.

In this example, Formula (13.12) for multivariable prediction of the line loss rate can also be used to cal-
culate the predicted line loss rate. The loss constituent ratio is calculated in this example, 6; = 0.2255. 6A =
0.0537 and 6B = 0.8 x 0.0537 = 0.042 96 are given. The rate of relative change in the load loss coefficient is
obtained according to the operating parameters in Table 13.1, that is 6C = —0.089 26. Substitute the four
values into Formula (13.12) to obtain

0.042 96 N 1-0.2255 %0053 7 0.089 26
1+1/0.2255 1+02255° 1402255

=0.007 905+0.033 94-0.072 83=-0.030 98

S(AA%) =

AA1% =3.75% = 0.037 5 is given in the example

AA%—-AA%  AA%—0.037 5
= =-0.030 98
AA % 0.037 5

S(AA%) =

AA>% = 3.634% is obtained
Use to the method for predicting electricity line losses to obtain AA’,% = 3.641% (see Table 13.1). So the
error in the calculation results (i.e. line loss rate of 1985) of the two methods is

634-3.641
5(M%)=%x100%=—0.19%

The error in the calculation results of the two methods is very small, indicating that both the methods can be
used for predicting line losses and are selected based on the source of relevant data of actual line losses. The
formula of multivariable prediction of line loss rate is more convenient for this example, because the calcu-
lation workload with Formula (13.12) is small as 6A and 6B are known.

In the calculation process of Example 13.1, R/U?,, is assumed constant, which is acceptable to situations
where power grids experience neither step-up transformation nor major line change construction. In the case
of any line change construction or major change in the grid structure for a voltage system experiences, R will
change, but the above methods can also be used to calculate the change in load losses caused by changes in
the operating parameters and the increase in electric supply. In addition, reduced losses by each major
loss reduction technical measure should be separately estimated to obtain the total changed line losses of
the regional power grids. In this way, the predicted line loss rate is likely to be more close to the actual line
loss rate.

13.2.3 Rolling Prediction Method

To make the approximate Formula (13.11) have a certain accuracy during the process of calculating the
increase in line losses and predicting the indicator of line loss rate, the principle of step by step rolling should
be followed. Generally speaking, there are two rolling prediction methods: (i) the electric supply is increased
by small steps and the annual increase is much smaller than the base number of the previous year, which is the
case in Example 13.1, (ii) small-step rolling within the prediction period, such as predicting the line loss rate
in October based on the accumulated data at the end of September, predicting the line loss rate in November
based on the predicted data at the end of October, and predicting the data of several months at the beginning of
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Table 13.2 Table of prediction and calculation of line loss rate.
Load
Electric  No-load losses Average Calculation
supply A losses AA,  AAp Loss Line loss Load Minimum power coefficient
(x10* (x10* (x10* constituent rate AA% factor load factor _l+tang,,

Period kW-h) kW-h) kW-h) ratio 6 (%) b rate fp COSPay a= 2
Jan.to 165542 983 848.29 0.1088 5.68 0.823 0.396 0.842 0.88
Oct.
Nov. 1324.3 9.109 55.35 0.165 4.87 0.773 0.396 0.842 0.82
Jan. to 17 878.5 101.409  903.64 0.1122 5.68 0.809 0.396 0.842 0.82
Nov.

a month based on the data of the previous year. During the second rolling prediction, the difference between
the prediction period and the accumulation period should be taken into account for calculating the load loss
coefficient.

Example 13.2 For the regional power grids in Example 6.1, the accumulated load rates, minimum load
rates,and average power factors of the total electric supply for January to October are shown in Table 13.2.

It is predicted that the electric supply in November is reduced by about 20% less than the average electric
supply in the previous 10 months and the regional load rate reduced by 0.05, while the minimum load rate, the
average power factor, and the no-load power losses are not changed. Try to predict the line loss rate accu-
mulated to the end of November.

Solution
1. According to Example 6.1, the regional load loss coefficient is

C1-10)=3.096x 107"°[1/(kW"h)]
According to Formula (6.14), RIU?,, is

R
= (3.096x 1070 0.823 7296)/{{1.278 x (0.82)% x 0.823 +0.722 % 0.82
av
x [1+0.396-0.396/(0.82 x 0.823)]} x 1073}

=1.567x1073

2. According to the operating parameters and R/ U?,, in November, Canis

Can=1.567x 1073 x x [1.278>< (0.82)>x0.773

1
0.773 x720

0.396 ,3
+0.722%0.82 x (1 +O.396—m)] x 10

=3.156x 107°[1/(kW-h)]

Note that the measuring period 7 in November is 720 h, while 7 in January to October is 7296 h.
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3. Calculation of electricity losses in November. No-load losses can be calculated according to the proportion
of measuring period, that is

720
AAg(11)=92.3%10% x 7796 =9.109 x 10* (kW-h)

DAL = CanAfy) =3.156x 1077 x (1324.3 x 10)?
=55.35% 10* (kW-h)

Wherein, the electric supply in November is

16 554.2 x 10*

Aqny=(1-02)x o =1324.3x10* (kW-h)
The loss constituent ratio is
9.109x 10*
=X 20,165
55.35x% 10

The monthly line loss rate is

(9.109 +55.35) x 10*

oA X 100%=4.87%

AAy %=

4. Calculation of line loss rate accumulated to the end of November. This is

AA
AA% = == % 100%
As

Thus

1005.05 x 10*
= 100% = 5.62%
(165542 + 1324.3)x 10° " ’

In this example, Formula (13.11) for the line loss rate can also be used for the calculation, as follows:
1. Calculation of the load factor for January to November

16 554.2x 10* /7296

_ 4
0853 =2.756 9x 10* (kW)

Pmax(1—10)=

1324.3x10*/720 .
Pmax(l])=W=2~379 4x 10 (kW)
(16 554.2+1324.3) x 10* /(7296 + 720)

2.756 9x 10*

Sea-1ny =

=0.809
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2. Calculation of the load loss coefficient for January to November

Clioiy=1.567x 1073 x x [1.278x (0.82)°

0.809x 8016

0.396 ,
% 0.809 +0.722 x 0.82 x (1 + 0.396—m>} x 10

=2.823 0x 1071°[1/(kW-h)]

3. Calculation of the rates of relative change in load loss coefficient and electric supply. They are

sc= Cu-n=Cu-10

Cli-10)
=%x100%=—8.818%
=%x100%=8%

5C -8.818

A= g =l

4. Calculation of the increase in line losses and the line loss rate. They are

IB=AAq11)=9.109x 10* (kW-h)
0A=A(1)=13243x10* (kW-h)

According to Table 13.2, 6_;0, = 0.1088, AA(;_) = 5.68%. So according to Formula (13.11),

-1.102 2
0.108 8+1  0.108 8+1
=9.109 x 10* +60.92 x 10*

=70.03x 10* (kW-h)

AA(1-10) +I(AA)
An-i)+Aan
(92.3 +848.29) x 10* +70.03 x 10*

= 7 i X 100%
16 554.2x 10" +1324.3x 10

J(AA)=9.109 x 104+< )x0.056 8x1324.3 x 10*

AA% = x 100%

The relative error of the above two prediction methods is

S(AA%) = 3.65-5.62 x100%= +0.5%
5.62
The above results show that the new load losses and predicted line loss rate as obtained by calculating the
load loss coefficient under the new state corresponding to the change in operating parameters, the exten-
sion of measuring period, or the change in the included resistance R, are consistent with those calculated by
Formula (13.11). Therefore, in actual work, either method can be selected for prediction, depending on the
conditions provided in a real problem.

The calculation example indicates that, when the measuring period rolls, the load loss coefficient varies;
when the electric supply structure of power grids changes or conductors are replaced over a wide range, the
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resistance included for a voltage class also changes, thus leading to a change in the load loss coefficient. In
other words, Formula (6.14) for calculating the load loss coefficient as derived by a combination of the equiv-
alent load curve method and line loss binomial provides conditions for calculating the increased line losses
due to changes in the electric supply structure parameter (R) and operating parameters (U,y, fp, fp, COS@ay) Of
power grids, so as to basically solve the difficult problem of predicting the indicator of line loss rate.

13.3 Main Content and Preparation Process of Loss Reduction Plan

As early as the late 1990s, the former State Planning Commission organized the Beijing—Tianjin—Tangshan
Grid, the East China Grid, and the power supply departments of key cities experiencing urban grid transfor-
mation in Guangdong, twice holding meetings in Suzhou and Chengdu, and exchanging their processes and
experiences concerning the preparation of a loss reduction pilot plan. Later, this developed into the large-scale
implementation of transformation projects of urban and rural grids in 1998-2000. Therefore, from the per-
spective of the whole country, the preparation of a loss reduction plan has now promoted the implementation
of transformation projects for urban and rural grids.

Under normal circumstances, after the process of increasing the electric supply is determined for the long-
term planning of power grids, the loss reduction plan focuses on a comparison between the accrual value and
the target value of the line loss rate, to evaluate the expected energy conservation, and provides basic con-
ditions for the comprehensive arrangement of grid construction and transformation projects and the prediction
of project benefits.

13.3.1 Content and Preparation Basis of the Loss Reduction Plan
13.3.1.1 Content Requirement for the Loss Reduction Plan

According to the Circular on the Preparation of Energy Conservation and Loss Reduction Plan for Trans-
mission and Transformation Grids issued by the former State Planning Commission in January 1997, the
energy conservation and loss reduction should mainly focus on the followings: optimizing the network
and dispatching of power transmission, transformation and supply systems; simplifying voltage class and
shortening low-voltage power supply distance; replacing transformers with high losses, using energy saving
hardware in lines, and configuring reactive compensation equipment reasonably; strengthening power supply
management, reducing unknown electricity losses, as well as eliminating power usage free of charge. There-
fore, as to the loss reduction plan, on the one hand, it is necessary to make dispatching and operation plans to
reduce main grid losses, carry out project construction to realize optimization of grid structure, and take tech-
nical measures such as replacing transformers with high losses and adding reactive compensation equipment
to reduce no-load losses and load losses of medium-voltage and low-voltage grids; on the other hand, it is
important to strengthen marketing management, eliminate power usage free of charge, and reduce manage-
ment line losses significantly.

13.3.1.2 Preparation Basis and Basic Method of the Loss Reduction Plan

The loss reduction plan is an annual comprehensive arrangement from the current situation to the expected
objective. Starting with the detailed analysis of current situations of electric energy losses in the whole net-
work, the plan, based on the predicted increase in the electric supply, predicts the change in electric energy
losses year by year from the three aspects of operating measures, engineering and technical transformation
measures, and management measures, and compares them with target values; the basic method is “detailed in
near term and rough in long term”, rolling year by year until the end of the planning period.
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13.3.1.3 Determination of the Target Value of Line Loss Rate

There are two methods for determining the target value of line loss rate in the loss reduction plan: one is the
simple ratio reduction method, where the line loss rate should be specified to be a certain value at the end of
the planning period, and it is uniformly reduced by a percentage per year during the whole planning period.
The other is the sophisticated double parameter determination method. The first parameter is the correction
coefficient E of the increase in line loss rate and is calculated by the rate of increase X in power sales quantity,
as shown in Formula (13.8). The second parameter is the line loss rate decreasing coefficient K, K > 0.007 in
general, and the relationship between the planned annual line loss rate AA,% and last year’s line loss rate
AA % is determined by the following formula:

A% = (1-K)E(AA %) (13.13)

13.3.2 Preparation of the Loss Reduction Plan
13.3.2.1 Calculation of Accrual Value of Line Loss Rate

According to Formula (13.12), if neither no-load losses nor system operating parameters and grid structure

1-6
changes, 6B =0 and §C = 0. At this time, §(AA%) = (m) OA, that is the rate of change in the line loss rate is

only related to the rate of change in the electric supply. In this case, the calculated line loss rate is called
accrual value of line loss rate, expressed by AA% |,,,, which can be calculated as per the following formula

1-6
AA% |, = {1+ (m>5A]AA1% (13.14)

With the increase in electric supply year by year, as the number of equipment rises and operating parameters
and grid structure change, load losses are also increased, and its ratio loss constituent ratio 6 is relatively
stable. Therefore, the accrual value of line loss rate within the planning period can be calculated according
to the rolling increase in the electric supply as per Formula (13.14).

13.3.2.2 Calculation of Expected Reduction of Electricity Losses and Calculation
of Change in No-load Losses

1. Comparison between accrual value and target value of line loss rate within the planning period. The
planned annual line loss rate determined by the loss reduction plan is smaller than the accrual value of
line loss rate, and two factors (the difference between the two values, the electric supply) determine
the expected reduction of electricity losses, that is

AAex = (AAT]y— AATE ) Ai (13.15)

Wherein  AA% | i, — target value of line loss rate within the planning period, as determined by For-
mula (13.13);
A; — predicted electric supply within the planning period.

2. Calculation of the change in no-load losses. In near-term planning, the different influences of the replace-
ment of transformers with high losses and the increase in capacity of transformers on no-load losses can be
calculated. In long-term planning, only the increase in no-load losses caused by the increase in transformer
capacity is considered, and the common calculation method is that the capacities of newly added main
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transformers and distribution transformers are estimated according to the electric supply corresponding to
per 10 000 KVA capacity of existing main transformers or distribution transformers, and then the increase
in no-load losses within the planning period is calculated according to the no-load power losses of per unit
capacity of main transformers or distribution transformers.

13.3.2.3 Calculation of Engineering Reduced Electricity Losses and Selection
of Engineering Projects

According to the multivariable prediction formula of line loss rate, when 6B and 6A are positive values, the
year by year decrease in the line loss rate can only be realized by the year by year reduction of the load loss
coefficient. There are two ways to reduce the load loss coefficient: (i) improve the operating parameters;
(ii) carry out new construction or transformation to improve the grid structure. To determine the value of
engineering loss reduction, the first step is to estimate the effect of operating loss reduction.

1. Calculation of operating loss reduction component of load losses. According to Formula (6.14), the load
loss coefficient is related to several operating parameters (fp, fp, U,,). Based on the statistical information
of line losses in the start year of planning, the value of operating reduction of electricity losses which may
realized by the improvement in operating parameters can be calculated. Arrows are used below to indicate
the calculation process of operating loss reduction component (expressed by the subscript I):

AAy;
A7
C(fp2, Ppas Uaya, €08@,y0, R1)=C(fp1, Pp1> Uavi, €O8@1, R1) — (AC)y;

(AA|-AAp) — AAL — Cr =

(13.16)
(5C)I = (AC)I/Cl, 0A = (AQ—Al)/Al
d(AAQF%AAI%(Az-Al)

Wherein AA; — load electricity losses.
2. Calculation of engineering loss reduction component of load losses. The subscript I is used to indicate the
engineering loss reduction component, and the following formula is derived:

d(AAL)Hz(AAeX +dB)_d(AAL)] (1317)

Wherein AA., — expected reduction of electricity losses, as calculated by Formula (12.15);
dB - increase in no-load losses.

3. Selection of loss reduction engineering projects. One of the main contents of the theoretical calculation and
analysis of annual line losses is to give suggestions of major loss reduction engineering projects, which provides
the possibility for determining loss reduction engineering projects during loss reduction planning. The ranking
principle of project selection is to give priority to a project whose comprehensive benefits per unit investment
are the best, and the other principle is that any expansion or transformation project that does not increase land
occupation for substations and line corridors is preferred. The reduced electricity losses included in the loss
reduction engineering projects of the planning year can be estimated by theoretical calculation methods for
units, multi-branch power grids, and high-voltage power grids introduced in this book. It is important to note
that no-load losses and load losses should be calculated separately. The new installation or added installation of
reactive compensation equipment can be included in this type of engineering loss reduction, and Formula (12.9)
of equivalent reactive compensation electric energy can be used for calculation. If the compensation capacity is
added for several substations, it can be included in this type of operating loss reduction, and the reduced load
losses can be estimated according to the change in the average power factor in the load loss coefficient.
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13.3.3  Implementation and Monitoring of the Loss Reduction Plan
13.3.3.1 Significance of Implementation and Monitoring of the Loss Reduction Plan

As early as the end of 1990, according to Reference [76], provincial power grid bureaus and prefectural power
grid enterprises were to prepare and implement loss reduction plans, but this stipulation has still not been
comprehensively executed. The management of electric energy losses varies under different power grid enter-
prise departments, and this complexity is still a challenge for comprehensive energy conservation and loss
reduction management. The loss reduction plan is explicitly stipulated in relevant national regulations and
rules. Against a background of concern on energy conservation nationwide, it is very important to take prac-
tical measures to prepare, implement. and monitor the loss reduction plan well.

13.3.3.2 Feasible Conditions and System Design for Implementation and
Monitoring of the Loss Reduction Plan

Currently, according to relevant provisions, all power grid enterprises conduct a theoretical calculation of line
losses for their entire network once a year and for county distribution grids or urban distribution grids two or
three times a year, which provides extremely favorable conditions for the preparation, implementation, and
monitoring of the loss reduction plan. Thanks to the rapid development of electric power system informatiza-
tion, the effect of energy conservation and loss reduction has been gradually transformed from confirmation
by calculation to confirmation by measuring information, indicating that the basic conditions for the imple-
mentation and monitoring of the loss reduction plan are ready.

If existing regulations or systems for energy conservation and loss reduction further stipulate that the loss
reduction plan should be prepared on a regular interval (such as five years), this can be combined with the
annual theoretical calculation of line losses for the entire network. Such system design does not add more
workload, but can significantly improve the level of theoretical calculation of line losses and accelerate
the pace of energy conservation and loss reduction.

In recent years, the State Grid Corporation of China conducted detailed management of line losses in East
China and the China Southern Power Grid carried out detailed “four division” management (by voltage, by
region, by line, by distribution area) as regulatory measures. These have achieved good benefits in loss reduc-
tion, providing experience for the implementation and monitoring of the loss reduction plan.

13.3.3.3 Indicators of Implementation and Monitoring of the Loss Reduction Plan

The implementation and monitoring of the loss reduction plan need several simple and effective indicators
which can be compared between power grid enterprises of the same scale. According to experience in his-
torical line loss management, the following indicators are provided for selection:

1. Line loss rates with loss for the entire network and various classes of voltage, excluding electric supply
without loss.

2. Line loss rate for the main network, excluding power usage by substations.

3. Rate of theoretical calculation value consistency for line losses of the main network and 10 kV distribution
grids with statistical values, which can be calculated as per the following formula:

Rate of consistency for line loss rate = 100% — | [(theoretical calculation value of line loss rate —
statistical value of line loss rate)/statistical value of line loss rate] x 100% |

4. Rate of realization of reduced electricity losses during the planning period, which can be calculated as per
the following formula:

Rate of realization of reduced electricity losses = (statistical reduction of electricity losses
within planning period/planned reduction of electricity losses within planning period) x 100%
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5. Deviation coefficient of the entire network. The concept of deviation coefficient is introduced on the condition
that the line loss rate is minimal in Section 6.1 of Chapter 6, and calculated as per the following formula:

1
Knoop=0.50 (5- 1>

Deviation coefficients at the beginning and end of the planning period are calculated and compared. If the
deviation coefficient is reduced, the line losses of the entire network approach the condition of minimum
line loss rate, and the change trend of electric energy losses is good as a whole.

13.3.4 Introduction of an Example of the Loss Reduction Plan

The table of contents for a loss reduction feasibility report of a power grid enterprise (hereinafter referred to
XX Grid) within the “ninth five-year plan” period is as follows:
1. Overview
1.1 Purpose and method of preparing the loss reduction feasibility report within the “ninth five-year plan”
period
1.2 Loads and power supply areas of XX Grid
1.3 Composition, production scale and technical indicators of XX Grid
1.4 Electric energy metering system of XX Grid
2. Change and analysis of line loss rate within the “eighth five-year plan” period
2.1 Increase in electric supply and change in line loss rate within the “eighth five-year plan” period
2.2 Analysis of technical factors influencing line losses
2.3 Analysis of management factors influencing line losses
3. Loss reduction objective for 1996-2000
3.1 Prediction of electric supply
3.2 Prediction of accrual increase in electricity line losses
3.3 Reduced electricity losses and indicator requirements
4. Loss reduction measures and input—output analysis
4.1 Improvement in measuring equipment
4.2 Construction and transformation of power grids
4.3 Transformation of 10 kV and below distribution grids
4.4 Increase in system reactive compensation
4.5 Strengthening of business management of power usage
4.6 Input—output analysis
5. Possibility and suggestions for financing
5.1 Idea of financing
5.2 Suggestions
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Analysis of the Influence of Power
Grid Line Losses on Power Grid
Enterprises

Like power consumption in the production process of general industrial products, electric energy losses are a
kind of production costs. Similar to the situation where a few goods are inevitably damaged during circula-
tion, electric energy losses should be reduced as much as possible, because such losses directly reduce mer-
chantable goods and sales profits. Electric energy losses include no-load losses and load losses. No-load
losses are independent of the quantity of the electric supply and seem to be included in the fixed costs, while
load losses are a function of the square of the electric supply quantity (power sales quantity) and should be
included in the variable costs. Due to these characteristics, the influence of electric energy losses on enter-
prises attracts more attention with the increasing transformation of the electric power industrial system. This
chapter will discuss: (i) the influence of line losses on the profits of power grid enterprises, (ii) a model for
evaluating and managing the internal link cost and link electricity price of power grid enterprises, (iii) the
multisection electricity price composition model, and (iv) the coal—electricity price linkage, for the purpose
of helping line loss workers learn the significance and role of managing electric energy losses from a broader
perspective.

14.1 Influence of Line Losses on the Profits of Power Grid Enterprises
14.1.1 Calculating the Profits of Power Grid Enterprises

The weighted average of unit price of power purchase under various voltages is expressed by a. Various
taxes irrelevant of the power sales quantity are included in enterprise fixed expenses. Fixed expenses, com-
posed of maintenance expenses, overhaul expenses, staff wages, depreciation of fixed assets, and enterprise
administration expenses, are expressed by b. The tax rate in proportion to the power sales quantity is
expressed by C. The calculation model for the profits W of power grid enterprises is shown in the following
formula:

W=(1—C)xy—la—i—b (14.1)

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.

www. Technicalbookspdf.com



282 Line Loss Analysis and Calculation of Electric Power Systems

Wherein x — power sales quantity within the calculation period (kW-h);
y — average unit price of power sales within the calculation period [Yuan/(kW-h)];
z — enterprise comprehensive line loss rate within the calculation period; if the electric supply
quantity is expressed by A, then

A=y/(1-z)

According to Formula (14.1), (I — C)xy is the after-tax sales revenue, and ax/(1 — z) is the power purchase
expense paid by the quantity of electric supply, that is variable cost. b is fixed costs.

14.1.2  Break-Even Point Power Sales Quantity

When W = 0, the break-even point (BEP) power sales quantity can be calculated by Formula (14.1), that is

(1=Chy—ay/(1-2)=b, y, =b/[(1-C)y-a/(1-z)] (14.2)

According to Formula (14.2), a higher line loss rate, larger value z, and smaller denominator indicate a larger
BEP power sales quantity, so this formula is useful for power grid enterprises running in the red.

14.1.3  Profit and Tax Amount per Unit Power Sales Quantity

The ratio between profit and sales revenue is the rate of profit, expressed by yo. Then Formula (14.1) is chan-
ged to

(ro+C) xy=yy-ay/(1-z)-b

If yo + C =y is the rate of profit and tax, the above formula is divided by x on both sides to obtain

yy=y—a/(1-z)=bo (14.3)

Wherein yy — profit and tax amount per unit power sales quantity [Yuan/(kW-h)];
by — fixed expense per unit power sales quantity [Yuan/(kW-h)];
al(1 —z) — average unit price of power purchase considering line loss factor [Yuan/(kW-h)].

According to Formula (14.3), the profit and tax amount per unit power sales quantity of power grid enter-
prises is the average unit price of power sales minus the average unit price of power purchase, considering
electric energy losses minus the fixed expense per unit power sales quantity.

14.1.4  Analysis of Factors Affecting Profits

Take the total derivative of profits W in Formula (14.1) to obtain

dW=[(1-C)y-a/(1-2))dx+ (1-C)xdy— ﬁdz—db—xydc (14.4)
=z

According to Formula (14.4), the tax rate C is far small than 1.0, so (1- C)y > a/(1 — z), and dx, dy, and dW are

of the same direction, indicating that the increase in power sales quantity and average unit price of power sales
can lead to higher profits; there are negative signs before the dz, db, and dc components, and profits can be
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increased only when these three differential components are negative values, that is, the line loss rate, fixed
expenses, and proportional tax rate are reduced.
According to the component of line loss rate in the total derivative of profits

aw, = - [ax/(1-z)2]dz (14.5)

The increased profits due to a reduction of the line loss rate are related to the power sales quantity x, the
average unit price of power purchase a, and the original value of line loss rate z. If the range of loss reduction
is the same, a larger power sales quantity and higher average unit price of power purchase indicate a greater
increase in profits.

14.2 Link Cost and Link Electricity Price
14.2.1 Significance of Division of Internal Links of Power Grid Enterprises

Within a power grid enterprise, other than Level 3 dispatching, the division of the three links between power
transmission, transformation, and distribution and sales is clear in terms of operation and maintenance, divi-
sion of personnel, and definition of production areas. Electricity losses occur in the above three links, and the
sum of output energy and electricity losses should be balanced with the input energy. Each link has a link cost,
and the sum of these link costs and internal power purchase expenses should be balanced with the “internal
sales revenue” of output energy. In this way, the double control of costs and energy consumptions in the
internal three links can be used to improve the overall benefits of a power grid enterprise.

14.2.2  Calculation Model of Link Electricity Price Under a Simple
Electric Supply Structure

The simplest electric supply structure is shown in Figure 14.1. The input energy in the power transmission
link is all from the thermal power plant, and the output energy in the power transmission link is the input
energy in the power transformation link. Likewise, the output energy in the power transformation link is
the input energy in the power distribution and sales link.

If the line loss rates in the three links are respectively z,, 23, z4, then the following formulas can be derived
according to the energy balance:

X1 = e , X2 = e , X3 = i (14.6)
1—22 1—23 1—Z4

As profits are 0 in the power transmission and transformation links, the sales revenue of internal links = link
power purchase expense + link cost, that is

arXxy =apxy +Bz
14.
azx3=axxy + B3 } (14.7)

1 2 3 4
[ 1 X1, dq L X, dp . X3, a3 istributi a4, X4
Power j——={ Transmission Transformation Distribution
plant_I & sales
22, b2 23, b3 24, b4

Figure 14.1 Simple electric supply structure.

www. Technicalbookspdf.com



284 Line Loss Analysis and Calculation of Electric Power Systems

Thus the formulas for calculating output prices in the power transmission and transformation links are

aix1+B, axi+By a;+b;
a = = =
X2 x(l-z2) l-2

(14.8)
_ X +B3 _ X +B3 _ @ +b3

o xn(l-z) l-z

as

If the profits of the whole power grid enterprise are W, and are all included in the power distribution and sales
link, then

agx4 =daszxs +B4 +wy (149)
As x4 = x3(1 — z4), substitute it into the above to obtain

ay = bt (14.10)
1-z4

In Formulas (14.8) and (14.10), by, b, b, are the respective fixed expenses per unit input energy, and w, is the

profit per unit electric supply.

According to Formulas (14.9) and (14.10), link output prices a,, as, a4 are determined by the link input
price, the fixed expense per unit input energy, and the profit per unit electric supply. After the on-grid price a;
of the power plant is determined, output prices in the power transmission, transformation, and distribution and
sales links can be determined and assessed according to the allowable link fixed expenses and link line loss
rates, while the expected value of the unit price of power sales can be determined and assessed according to
the target profit of the whole enterprise and the line loss rates and fixed expenses in all links.

14.2.3  Calculation Model of Link Electricity Price Under a Complicated
Electric Supply Structure

The actual electric supply structures of power grid enterprises are complicated. One situation is a complicated
electric supply structure with repeated step-downs, as shown in Figure 14.2.

According to the electric connection diagram in Figure 14.2a, the link connection diagram in b can be
obtained, wherein uppercase letters represent the buses of different links. Generally speaking, no matter

(a) (b)
(0]
110kV —%—A
B :_ Transmission 2 : A . : Distribution |
[—T—————7 Transformation 3 & sales 4
| | Transformation 3 | | Zaor | Zy |
| | | |
la, x a Qypy X
ax) O/A P ] IR e 1Y BD 2ol pe L g |1
10kV —$— C 35kVv—t+—D | : / :x3 | | I
e _______ I |
| : : Zyce |
| X a X I
| |X2c | d3a/00 X3¢
E - : | A/C , CE [—— :
—t 10kV R T N
G

Figure 14.2 Complicated electric supply structure: (a) electric connection; (b) link connection.
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how complicated the electric supply structure, the corresponding link connection diagram can be obtained.
Subscripts 2, 3, 4 respectively represent power transmission, transformation, and distribution and sales links.
According to Figure 14.2, the transmission link has two sub-links: O/A and B/D. According to For-
mula (14.8),

aa=(ay +byoya)/ (1-220/) (14.11)
ap = (azasp +bap/p) / (1-220/a)

The transformation link has three sub-links: A/B, A/C, and D/F. According to Formula (14.8),
azg = (ay+bsass)/(1-23a/8)
a3c=(a2+b3A/C)/(l—z3A/C) (14.12)
azr = (a2 + bapyr) / (1-23p)k)

The distribution and sales link has two sub-links: F/G and C/E. According to Formula (14.8),

asg=(asp+b +w. 1-z

4G ( 3D + O4F/G 4)/( 4F/G) (14.13)

ase = (asc +bac/e +w}) / (1-zac)E)

Wherein @y, @4 — profits per unit input energy (electric supply) in the distribution and sales link.

14.2.4  Equivalent Merging of Parallel Electric Supply Structure

A parallel electric supply structure in which the start- and tail-end voltages are the same can be merged, as
shown in Figure 14.3.

Because the energy flow remains unchanged before and after the merging, Xjeq = X1 + X111, X2eq = X21 +
Xom; the capital flow also remains unchanged before and after the merging, SO @peqXoeq = dopXor +
azor, thus

Aoeq = (arxor + aznxan) / (X1 + Xom) } (14.14)
A3eq = (@31231 + a3niX3m ) / (X310 + X311)
(a) (b)
Uiy U,
221 31
Xi1 Trans- apy Transfor- as Uy Uy
mission mation Z Z
I X1 I X31 24 a 3ed a
Trans- 2eq Transfor- 3eq
mission mation
U, Xleq eq X2eq eq A3eq
21 37
X1 Trans- apq Transfor— asyy
mission mation
1l Xom i 31

Figure 14.3 Merging of parallel electric supply structure: (a) parallel structure; (b) equivalent simple structure.
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Electricity line losses in the same link should remain unchanged before and after the merging, that is

X11221 T X1112211 = X1eql2eq

X21231 + X211 2311 = X2eqZ3eq

SO

2eq = (zorxi + Zomx i) / (X11 + X11r)

(14.15)
23eq = (z3m21 + Z3m%21 ) / (X021 + X211)

According to Formula (14.14) and Formula (14.15), when the parallel electric supply structure is merged, the

equivalent values of output price and line loss rate are both calculated by the weighted average values of the

output price and line loss rate of the parallel electric structure with the output energy and input energy as

weights.

Example 14.1 Example 6.1 gives the calculation results of the distribution of electric supplies and elec-
tricity line losses of a county-level power grid enterprise for 10 months, as shown in Figure 14.4; the on-
grid price is 0.148 Yuan/(kW-h); the fixed expenses per unit electric supply in the three links of power
transmission, transformation, and distribution and sales are respectively 0.042, 0.038, and 0.117 Yuan/
(kW-h); the profit per unit electric supply is 0.10 Yuan/(kW-h); the line loss rate in the distribution and
sales link is 8%.

a,=0.148
| S|
x,/16 554.21
AA,,190.52 I
3145.299 9 0
0.191 045 16 463.69 N 2450003 1
0.1480
1095.13 15 368.56
) 3520.091 8
DAy, /0.5 M1/ 10708 0231 076 Total price (x 10" Yuan)
4,/15261.48 B AA 4/578.36 Unit price (Yuan)
A,/1094.58 z —
My, /28.00 | A/9455.05
—
[] AA'}, /018
1b./0- A,/15 233.46
2 AA5/3.39
A14/525.29 521.90 8876.69
2581.947 2
143.4440 b a5y D L
0.274 850 :
1739.1820 35k
0331076 AA,/11.18 AA,/121.49
A/5253.12
250.834 1 ’ 1632764 29192503
oo ST 0.319 698 L A 0.333431
0.229 198 Ay =1094.4 A,=510.72 $=8755.20
2,/8% /8% 2,/8%
274.102 4
488319 L g 0.4k 0.583 367 G 04kv G %8;3513355
0.484 998 A’ 11006.848 ) i .
aree A'p/469.862 4 A’ /8054784

Figure 14.4 Distribution of electric supplies and electricity line losses (unit x 10* kKW-h, Yuan/(kW-h), x10* Yuan).
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Try to calculate output prices in each link for 35, 10, and 0.4 kV systems; calculate link output prices for the
equivalent three-link electric supply structure; calculate equivalent parameters in each link of the equivalent
simplified electric supply structure; draw the diagram of the equivalent simplified electric supply structure.

Solution

1. No-load losses and load losses of the high-voltage winding are decomposed to medium-voltage and low-
voltage windings. Losses of the high-voltage winding are allocated based on the square of electric supplies
of medium- and low-voltage windings. Losses allocated to medium- and low-voltage windings are
expressed by AA’ |, and AA’ .4, SO

,_107.63x 10" x 15 261.48
2™ 15 061.482 + 1094.582
AAL, = (107.63-107.08) x 10* =0.55x 10* (kW-h)

=107.08 x 10* (kW-h)

2. Calculation of capital flow from power source node to sales node. According to Formula (14.8), (a; + b,)
x1 = x1(1 — zp)a,. The left side of the equation is the sum of unit price of power purchase at start end of
power source and fixed expense per unit input energy in the transmission link, multiplied by the input
energy, and the product can be regarded as the value of capital flow at the input end of the line. The right
side of the equation is the product of output energy and output unit electricity price. The link output price
a, atnode A can be obtained by the value of capital flow at node A divided by the output energy at node A.
Numbers on and under the horizontal line respectively refer to the value of the capital flow of each node
and the value of the link output price, as shown in Figure 14.4.

3. Checking calculation of capital flow. First calculate the sales revenue, link cost, and power purchase
expense, and then calculate the profit. Compare the profit with the scheduled profit. If they are consistent,
the calculation of capital flow is correct. See Figure 14.4 and the following calculations can be obtained:
Gross sales revenue =axyAy +aq1Ay; + dwAl, + aiAls

= (1739.1820 + 488.319 1 + 274.1024 + 4819.1335) x 10*

=7320.737 x 10*(Yuan)

Link cost = fixed expense per unit input energy X link input energy

So, distribution link cost = 0.117 x (8755.20 + 510.72 + 1094.4) x 10* = 1212.1574 x 10*(Yuan)
Transformation link cost = 0.038 x (8876.69 + 521.90 + 16463.69) x 10* = 982.766 6 x 10*(Yuan)
Transmission link cost = 0.042 x (9455.05 + 525.29 + 16554.21) x 10*= 1114.451 1 x 10*(Yuan)
Total cost of three links = 3309.3751 x 10*(Yuan)

Power purchase expense =a;x; = 0.148 x 16554.21 x 10* = 2450.0231 x 10*(Yuan)

Profit = gross sales revenue — total cost of three links — power purchase expense
= (7320.7370- 3309.3751 — 2450.0231) x 10*
= 1561.3388 x 10*(Yuan)
Sales profit given in the example = sales profit per unit electric supply x sum of electric supplies
in the sales link under various voltages
=0.10 x (1094.4 + 510.72 + 8755.2 + 5253.12) x 10*
= 1561.344 x 10*(Yuan)

According to the above calculations, the sales profit calculated by link electricity prices is consistent with
the sales profit given in the example.
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(a)
2450023 1 3564.469 A190.084 6 3149.366 0. 43615186 5314.667 0
2450023 1 0224435 0.266 103 0303 983 0.457 591 0.557 591
0.1480 MA,=672.27 AA,=135.83 AA, , =132.67 .
o §=061% 23,=0-855% z ;:11564 3% a=8% 3 w,=0.100
1655421 | 5,=0.067 321 [15881.94 | 4 039309 [[10492.99f ;5 3 937 [ 1036032 b=0.1170 | 9531.494 4

Transmission Transformation |1 Transformation 2, 3 Distribution Sales
1923.183 0
0.366 103
5253.12
(b)
01480 0.224 435 0.303 983 0.457 591 0.557 591
: 2,=4.061% 2,=1.691% 2,=8%
2 »,=0.100
1655421 | £,=0.067321 | 1588194 byeg=0071869 1710 360,32 b=0.1170 9531494 4 "
Transmission Transformation Distribution Sales
0.366 103 § . 4
5253.12 Energy unit: x 10" kW.h

Unit of capital flow: x 10* Yuan
Unit of fixed expense: Yuan (kW.h)

Figure 14.5 Simplification of complicated electric supply structure: (a) two transformation sub-links; (b) simplified
electric supply structure.

4. Relevant calculations of the simplified electric supply structure (see Figure 14.5).

Equivalent line loss rate in the transmission link z, = (AAj; + AAp + AAj) /x = (90.52 + 3.39 +
578.36)/16554.21 = 672.27/16554.21 = 4.061%

Equivalent fixed expense per unit input energy in the transmission link b, = transmission link
cost/x; = 1114.4511/16554.21 = 0.067 321[Yuan/(kW-h)]

Equivalent line loss rate in the transformation sub—link 1 z3; = AAyp/ (x1 - ZAAI) = (107.08 +
28.02 + 0.55 + 0.18)/(16554.21 — 672.27) = 0.855%

Equivalent fixed expense per unit input energy in the transformation sub-link 1 53, = (0.038 x 16463.69)/
(16554.21 — 672.27) = 625.62022/15881.94 = 0.03939 [Yuan/(kW-h)]

Equivalent line loss rate in transformation sub-links 2 and 3 zzp = (AAgp + AAsp)/ (xgeq - AAﬁ; —Ay)

= (11.18 + 121.49)/(15881.94—135.10 - 5253.12)
= 132.67/10493.72=1.2643%

Wherein  AAT) = AA' 1, + AAjp o, = (107.08 + 28.02) x 10* = 135.10 x 10* (kW-h)

Fixed expense per unit input energy in transformation sub-links 2 and 3 b3, = 0.038(8876.69 + 521.90)/
10 492.72 = 357.1464/104 92.72 = 0.034 037 [Yuan/(kW-h)]

According to the example, z4 = 8%, by + w4 =0.117 + 0.10 =0.217 [Yuan/(kW-h)]. Likewise, according to
x1(ay + by) = xpa,, mark the link input and output energy. Based on a, = x;(a; + b,)/x,, calculate the link
output prices and the values of capital flow at the link output node. See Figure 14.5a for the calculation results.
In the figure, the number under the arrow is the energy flow; the number on the horizontal line is the value of
node capital flow; the number under the horizontal line is the link output price.

The further simplification of two transformation sub-links should meet the requirement that the values of
capital flow at the three nodes of input end, output end, and direct supply load end A, in the transformation
links should remain unchanged before and after the simplification, and only the equivalent fixed expense per
unit energy in the transformation sub-links after simplification needs to be calculated. At this time, (@, + b3eq)
(2 = Ay) = az(1 — z3)x, is still satisfied. According to the numbers in Figure 14.5a,
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(0.224435 +b3eq) (15881.94 — 5253.12) x 10* = 0.303983 x 10360.324 x 10
=3149.3660 x 10*
breq = (3149.3660,/10 628 82) — 0.224435 = 0.071 869 Yuan/kW-h

See Figure 14.5b for the final simplification results.

The calculations in this example show that, following the basic principle of balanced energy flow and
capital flow among links, the equivalent simplification of the complicated electric supply structure can be
completed, as well as the double control of energy consumptions and costs in major production links of power
grid enterprises, thereby providing a mathematical model and theoretical basis for the informatization and
lean management of enterprises.

14.3 Influence of Line Losses on the Composition of Multi-section
Electricity Prices

As early as December 1998, Xie Songlin, former Chief Economist of the State Grid Corporation of China, put
forward in the electricity price forum held in Changsha [78] that it was necessary to establish a new electricity
pricing mechanism based on continuous rectification, to gradually improve the electricity price structure
based on the adjustment of electricity price level, to straighten out the electricity price management relation-
ship based on the deepening reform, and to promote electricity price legislation during the exploration and
practice of the electricity price reform. In this speech, he was the first to propose: (i) establishoing the three-
section electricity model; (ii) changing the formation mechanism of on-grid price, transmission-distribution
price, and sales price, including changing the pricing mechanism of the on-grid price and executing ex-ante
pricing according to the average cost of social power generation; (iii) changing the situation where the power
grid development lags behind the power source development an improving the quality and safety of grid
operation; (iv) implementing the separation between power plants and power grids, separately approving
the transmission-distribution price of each grid according to the principles of reasonable compensation cost,
fair benefits and legal calculation of taxes, and adopting one standard for one grid; (v) scientifically formulat-
ing the sales price according to the principle of fair burden, and reasonably establishing the electricity price
structure by customer voltage class and load factor under the aggregate level approved by grid;
(vi) establishing the electricity price balance system, balancing the balance of total revenue calculated by
electricity sales and sales price minus payment to independent power plants and power grid enterprises
through dedicated account, so as to maintain a relatively stable sales price and avoid frequent adjustment.

It has been several years since the separation between power plants and power grids was realized, and most
provinces and regions have implemented the on-grid of partial energy bidding for many years. The coal—
electricity price linkage has made progress after years of appeal. However, multi-section electricity prices have
yetnotbeen implemented, and the measurement and calculation of the transmission—distribution price can only
be found in documents like yearbooks. Therefore, the electricity price reform still has a long way to go.

14.3.1 Type of Electricity Price and Comparison of Calculation Methods
14.3.1.1 Type of Electricity Price and Calculation Methods

According to relevant domestic materials, different types of electricity prices should be calculated by different
methods. Electricity prices are divided into the following three types by the electricity price update cycle t and
calculated by different methods.

1. t=0.5-1.0 h, real-time price. This is calculated by the short-term marginal cost method, and is corrected
according to the power generation balance of payment and network balance of payment before a real-time
electricity price settlement.
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2. t = la, peak—valley time of use price. Average electric energy costs are calculated for peak, waist, and
valley periods by the stochastic production simulation method and included in the profit and tax adjust-
ment coefficient to determine peak, waist, and valley time of use prices.

3. t > la, average electricity price for many years, also known as non-real-time price or basic price. The
aggregate cost method considering the electric power development planning and the time value of money
is recommended in China. Similar to this method, the system total production cost present value method
uses the loss of load probability (LOLP) as an indicator to determine the commissioning schedule of
expansion (or construction) of generator units, and it adopts the traditional present value mathematical
method to analyze the system cost and calculate the electricity price. The other method is the long-term
marginal cost method which can theoretically gain maximum social benefits, but its price result is much
higher than that calculated by the aggregate cost method and needs to be adjusted manually.

14.3.1.2 Comparison and Discussion

1. Due to the needs of budding on-grid pilot projects for power plants, recent years have witnessed in-depth
studies of the real-time price (including transit expenses) in China. But few studies have been seen regard-
ing how to determine the long-term average electricity price. The level of electricity price expected in the
marketization reform of the electric power industry is reduced to a certain extent, and more attention
should be paid to the analysis and study of the composition of a long-term average electricity price.

2. With the planning period of an electric power system as the period for designing a long-term average elec-
tricity price, the commissioning time (considering LOLP requirements) of capacity expansion or construc-
tion of generator units is included as an investment time factor. This total production cost present value
method is simple, intuitive, and can be easily understood and accepted by general electric power custo-
mers. In addition, mature foreign experience in this regard can be learnt.

3. Currently, the aggregate cost method has been used for calculating the cost and electricity price of electric
power systems in China. This method uses two components to determine the cost, namely variable cost
and fixed cost, directly corresponding to energy price and capacity price. The in-depth study of changes in
these two components after the separation between power plants and power grids and the separation
among transmission, distribution, and sales is of important significance for analyzing the degree of leeway
for electricity prices and determining the long-term average electricity price. Likewise, as for definite
production simulations, the composition of multi-section electricity prices can be analyzed below by
the volume—cost—profit principle with a fiscal year as the period.

14.3.2  Analysis of Composition of Two-Section Electricity Prices Under the
Single Electricity Purchaser Model
A possible operation model after the separation between power plants and power grids is that a power grid

enterprise serves as the single electricity purchaser of the electric power system within a region. It is necessary
to analyze the composition of the on-grid price and sales price under this model.

14.3.2.1 Calculating the On-Grid Price of a Power Generation Enterprise

For an independent power generation enterprise, the on-grid energy x;, whole coal consumption in power
supply co, fixed expense Bj, and rate of profit and tax from sales r; (excluding VAT) are given. If the
on-grid price is a;, use the volume—cost—profit analysis principle to obtain

rlxlalleal—xlcopo—Bl (1416)
Wherein ¢y — whole coal consumption in power supply (g/kWh), which is calculated according to total var-
iable cost and included in the power consumption rate 7, that is co = ¢o/(1 — 17); o is whole coal

consumption in power generation;
Ppo — unit price of standard coal (Yuan/g).
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Use Formula (14.16) to directly obtain the formula for the on-grid price of the power generation
enterprise

ar=(copo+Bi/x1)/(1-r1) (14.17)

14.3.2.2 Calculation of Average Unit Price of Power Sales of Power Supply Enterprise

If the internal profit, power sales quantity, average unit price of power sales, internal unit price of power
purchase, and line loss rate of the power supply enterprise are respectively wg, X, ¥, @g, By, and z,, then
the internal profit can be calculated as per the following formula

We =Xmy —Xmdg/ (1-2¢) =B, (14.18)
According to Formula (14.18), the average unit price of power sales of the power supply enterprise is

y=[ag/(1=2¢) + By /xm] +we /i (14.19)

Considering the influence of line loss rate on the electric quantity, the formulas for electric supply and on-grid
energy are

xg=xm/(1-2¢); x1=xg/(1-21) (14.20)

Wherein z; — loss rate.

14.3.2.3 Analysis of the Paid Profit and Tax and the Composition of Unit Price of
Power Sales of On-Grid Enterprises

If the paid profit and tax, rate of profit and tax, and fixed expense of an on-grid enterprise are respectively wy,
70, Bo, then wy = roxp,y, and wy = w, — By, 50
F0XmY = Xmy = AgXm/ (1 _Zg) —By—By

And the average unit price of power sales is

y=ag/(1-2,) + (B +Bo) /xm] /(1= 10) (14.21)

If the condition ag = a,/ (1 —z;) is satisfied when determining the internal power purchase price, then agx, =
axi, indicating that the power purchase fee collected by the power grid enterprise from the power supply
enterprise is equal to the expense paid to the power plant as per the on-grid price. In other words, the internal
power purchase price and the on-grid price have a “seamless connection” without intermediate profit. On this
condition, Formula (14.21) can be rewritten to

€oPo + b
(1-r1) (1-zg) (1=z1)  |(1=r1) (1-2¢) (1-21)

1—r()

+bg + by
(14.22)

y=
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Wherein by = B\/x, by = By/Xn, by = Bo/xy, are respectively the fixed expense per unit on-grid energy, the
fixed expense of power supply per unit power sales quantity, and the fixed expense of power grid
enterprise per unit power sales quantity.

According to Formula (14.22), the average unit price of power sales is composed of unit variable cost and
unit fixed cost. The third factor that affects it is the rate of profit and tax from sales of the power grid enter-
prise. To control the level of unit price of power sales, it is necessary not only to reasonably determine the
rates of profit and tax of the power plant and the power grid enterprise, but also to raise funds to improve the
technical level of equipment of the power generation and supply enterprises, strengthen management,
improve efficiency, reduce (i) coal consumption, (ii) power consumption rate, and (iii) loss rate of the power
plant, and reduce the line loss rate of the power supply and the unit fixed expenses of the power plant, power
supply enterprise, and power grid enterprise. Another factor that affects the level of electricity price is the unit
price of standard coal, and as long as the increase in the electricity price matches the decrease in coal con-
sumption, the level of electricity price can be controlled.

In addition, if there is no seamless connection between the internal power purchase price and the on-grid
price, and the former is higher than the latter, then the difference between the two constitutes the main source
of a balancing fund in the electricity price balance system.

14.3.3  Recursive Calculation of Multi-Section Electricity Prices

One of the main contents of the electricity price reform is “to form an electricity price system composed of
generation price, transmission price, distribution price, and sales price”, so it is necessary to theoretically
analyze the relationship between energy and price in the four links. The four links have three types with dif-
ferent characteristics. The transmission and distribution links both have input and output energy as well as
energy directly sold to customers (hereinafter referred to as direct supply energy). The generation link only
has output energy, that is on-grid energy, and some power plants also have little direct supply energy which is
subtracted from the generated energy, so only on-grid energy is considered. As a terminal link, the sales link
has output energy that constitutes the power sale quantity, and losses in this link include low-voltage line
losses and losses resulting from the sales process.

14.3.3.1 Balance of Link Energy

For convenient expression, the following symbols are used to express different items: energy: x; link elec-
tricity price: a; unit price of power sales: y; line loss rate: z; four links of generation, transmission, distribution,
and sales: subscripts 1, 2, 3, 4; direct supply energy: on the upper right corner; ratio between direct supply
energy and link output energy: «; ratio between direct supply sales price and link electricity price: . The
schematic diagram of link energy flow is shown in Figure 14.6.

If the line loss rate of direct supply energy in the transmission link is 7', then the energy balance in the
transmission link is

x2/(1-2) +612X2/(1—Z/2) =X

. X1» 4y . Xy, ao, 2 N X3, 43, 23
Generation Transmission Distribution Sales
'
X =apXy xé = a3x3
= fhray; 7 _ . X4, Y
V2= Pty 7y 3= faaz; 25 4

Figure 14.6 Schematic diagram of link energy flow.
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The difference coefficient of the line loss rate is k» = (1 — z,)/(1 — Z’»). Substitute this into the above formula to
obtain

X1 =(l+k2d2)X2/(l—Z2) (1423)
Likewise x2=(1+ksaz)xs/(1-z3) (14.24)

As for the sales link, x3 = x4/(1 — z4), that is the third term in Formula (14.6).
The above energy recursion formulas can be used to derive the formula of on-grid energy and power sales
quantity

X1 = (1 +k2a2) (1 +k3a3)X4/[(1 —Zz) (1—Z3) (1—Z4)] (14.25)

14.3.3.2 Calculation of Link Electricity Price

As for the generation link, the fixed cost per unit on-grid energy is b,(B,/x;), so Formula (14.17) can be
rewritten to

a1=(cop0+b1)/(1—r1) (14.26)

This is a standard “cost—profit” expression of the electricity price, that is
Electricity price = (unit variable cost + unit fixed cost)/(1 — rate of profit and tax)

Line losses caused by direct supply energy in the transmission link are smaller than those caused by output
energy in this link. This is the immediate cause that the direct supply electricity price is lower than the link
output price. For convenience, set

Pr=(1-22)/(1-25) =ka (14.27)
Likewise, set 35 = k3.
The sales revenue in the transmission link is composed of the revenue from electricity price output to the
distribution link and the revenue from the direct supply electricity price
arxy + (kzaz)az)Cz = (1 + kza'z)az)cz
The value of profit and tax is the sales revenue minus the fixed expense of power purchase. Given Formula
(14.23) obtained from the energy balance, the formula for calculating the transmission link output price can be
obtained
ap = [al/(l —22) +b2(1 +a2)/(1 +k20!2)}/(1 —}”2) (1428)
Similar to the above, the formula for calculating the distribution link output price can be obtained
as = [(12/(1 —23) +b3(1 +a3)/(1 +k3a3)]/(1 —}’3) (1429)
For the sales link, a4 = 0, so the formula for calculating the sales link electricity price can be obtained

y=a4=[a3/(l—z4)+b4]/(l—r4) (1430)

Formulas (14.26) and (14.28) to (14.30) are recursion formulas of the link electricity price.
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According to the above recursion formulas: (i) the on-grid price in the generation link is composed of the
whole unit variable cost (which is mainly spent on fuel) and the unit fixed cost, and is related to the rate of
profit and tax in the generation link; (ii) the difference between the output price and input price in the trans-
mission and distribution links and the link line loss rates are related to the link unit fixed cost, link rate of profit
and tax, and the proportion of direct supply energys; (iii) the proportion of direct supply energy influences the
difference in link electricity prices, thus affecting the direct supply electricity price. In a word, after the elec-
tric power market is fully open, the structural design of an electricity price system is a complicated multi-
variable prediction and control problem.

14.3.4 Controlling the Aggregate Level of Electricity Price

The control of the average unit price of power sales in the terminal sales link is one of the core contents of an
electricity price reform. To analyze the composition of the average unit price of power sales, it is necessary to
analyze the connection between link electricity price and on-grid price.

14.3.4.1 Analysis of Composition of Link Electricity Price and Calculation of
Direct Supply Electricity Price

Substitute Formula (14.26) for on-grid price into Formula (14.28) for transmission link electricity price to
obtain

ay=(v2+f2)/(1-req2) (14.31)
V2=C0P0/(1—Zz)
f2=b1/(1—Z2)+b2(1 + oy (1—7‘1)/(] +k2a2)

Feq=r1+nrn—rn

Wherein v, — unit variable cost accumulative to transmission link output price;
/> — unit fixed cost accumulative to transmission link output price;
Teqz — €quivalent rate of profit and tax accumulative to transmission link.

By means of recursion, the distribution output price and the average unit price of power sales y can be
expressed by a “cost—profit” expression

az=(v3+£3)/(1-reqs) (14.32)
y=(v4 +f4)/(l—req4) (14.33)

To facilitate comparison, v;, f;, and r.g; are listed in Table 14.1.

Table 14.1 v, f;, req; values.

i Vi f; reqi
Generation 1 coPo b, r
Transmission 2 vil(1 —z) fi/(1=z)+ba(1+a) (1-r1)/(1 +kaaz) ri+ry=rir
Distribution 3 vol(1 —z3) fz/(l 713) +b3(l +a3)(l 7req2)/(l +k3a3) Teq2 ¥ 73 —Feq2!3
Sales 4 V'g/(l —Z4) f3/(l 714) +b4(1 *rcq3) Yeq3 +r4_rcq3r4
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According to Table 14.1, the variable cost per unit energy in the link electricity price rises with the increase
in the link line loss rate. The fixed cost per unit energy in a link is accumulated step by step, given the increase
in line losses, and is related to the fixed expenses in this link and the fixed expenses in the last link. The rate of
profit and tax accumulative to the output price of a link depends on not only the rate of profit and tax in this
link, but also the rate of profit and tax in the last link.

If the link output price is given, then the direct supply electricity price can be calculated

va=kar=(Vy+f)/(1-req) (14.34)
. vy =copo/ (1-2)
Wherein fi=b1/(1-2) +kaby(1+a) (1-r1)/(1 +koa)
Likewise yvi=ksaz= (Vy+£)/ (1-regs) (14.35)
Wherein Vi =c0p0/[(1—zZ)(1—zg),

fi=/(1=25) +ksbs(1+a3) (1=req) /(1 +k3at3)

The result of the comparison between V'35 and V', and between f”3 and f’, is the same as the change rule
reflected in Table 14.1.

14.3.4.2 Control Way of Aggregate Level of Electricity Price

According to Formulas (14.33) to (14.35), the main ways to control the average unit price of power sales and
the direct supply electricity price include:

1. To reduce the variable cost per unit power sales, it is optional to reduce coal consumption in the power
supply of power plants, unit price of standard coal, and link line loss rate.

2. To reduce the fixed cost per unit power sales, it is only possible to reduce the link fixed expense.

3. To control the equivalent rate of profit and tax r.q4 of power sales, it is necessary to coordinate and deter-
mine the rates of profit and tax in all links from generation to sales. From the perspective of future nec-
essary improvements in power grids, the rates of profit and tax in the transmission and distribution links
should account for a larger proportion.

4. When other conditions are the same, the reduction of line loss rates 7', and 7’5 of direct supply energy can
directly reduce the level of direct supply electricity price.

Example 14.2 Basic data and calculation requirements: the basic data of a municipal power supply
enterprise are as follows: power sales quantity 7.543 74 billion kW-h, comprehensive line loss rate
4.19%, average unit price of power sales 0.2444 Yuan/(kW-h), provincial average cost of power sales
0.2187 Yuan/(kW-h), coal consumption in power supply 393 g/(kW-h), and unit price of standard coal
187.23 Yuan/t. The power sales quantities in transmission (110 kV and above), distribution (35 and
10 kV) and sales (0.4 kV) links are shown in Figure 14.7, and the line loss rates in transmission and
sales links are shown in Figure 14.7.

Calculate:

1. If the total profit and tax remain unchanged, and the profits and taxes and costs in the four links are allo-
cated by 0.50/0.3/0.15/0.05 and 0.65/0.2/0.12/0.03, design multi-section electricity prices and calculate
the rates of profit and tax in the links.

2. If the average unit price of power sales is reduced by 5%, and the coal consumption in power supply, unit
price of standard coal, and total profit and tax remain unchanged, try to calculate the multi-section elec-
tricity prices and the rates of profit and tax in the links.
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Figure 14.7 Distribution of power sales quantities in a city and line loss rates (underscored values are known; the unit of
electric quantity is 100 x 10° kW-h).

Table 14.2 Intermediate data and results of calculation (part 1).

Fixed
Profit Calculation Fixed Calculation expense
and tax  coefficient expense coefficient per unit, b;  a;
(RMB of total 714; (RMB of fixed [Yuan/ [Yuan/
Link 10 000) revenue [Yuan/(kW-h)] 10 000) expense kW-h)] (kW-h)]
Generation 1~ 969.7059 1.0 0.0 123 115 784 49 302.6249 1.0 0.062 1724  0.148 509 82
Transmission2 581.2235 1+koap 0.007 461 568 8 32 996.3188 l+a, 0.042 271 39 0.199 802 06
1.530 805 4 1.53295
Distribution 3 290.1118 1 + kzaz  0.005 969 454 3 19 797.7913 1+ a3 0.040 125 80 0.255 448 89
6.558 589 6.642 43
6.558 589
Sales 4 969.706 1.0 0.015 174 869 4949.478 1.0 0.077 480 4 0.389 688 86

Solution

1.

Calculation process: determine z, and 7’5 (statistics shows that z3 = 1.57'3) in the distribution link and cal-
culate the output energy in the links according to the total electricity line losses; allocate profits and taxes
and costs according to the given ratios; calculate electricity prices in the links; calculate taxes by total
revenue minus total expenditure; do accounting of revenue and expenditure; and calculate the rates of
profit and tax in the links.

The intermediate data and results of calculation are shown in Tables 14.2 and 14.3, and the calculation
results when the electricity price is reduced by 5% are shown in Table 14.4.

14.3.5 Analysis and Discussion

1.

The formula for calculating the average unit price of power sales under the single electricity purchaser model
provides a quantitative basis for analyzing the degree of leeway of electricity price. The change rule for
variable and fixed costs illustrated by the recursion formulas of multi-section electricity prices in this
section can serve as a comparative reference for the calculation of transit expenses after the electric power
market is open, and also provides an analysis model for determining the price ratio relationship between
energy price and capacity price, or further studying the price ratio relationship in peak—valley periods
and the price difference relationship during different seasons among customers under different voltages.

Example 14.2 shows that, if the total profit and tax remain unchanged and the aggregate level of electricity
price is reduced by 5%, then the rate of profit and tax of the whole system will be increased to 5.31%,
exceeding the range of electricity price reduction. If only one measure of reducing the fixed coast is taken
to reduce the electricity price, the fixed expense of the whole system must be decreased by 8.61%, which is
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Table 14.3 Intermediate data and results of calculation (part 2).

Output Fuel or electricity Fixed Rate of
Total revenue Direct supply expenditure  purchase expense Calculated profit
(RMB revenue (RMB expenditure (RMB profit and tax and tax
Link 10 000) (RMB 10 000) 10 000) (RMB 10 000) 10 000) (RMB 10 000) (%)
Generation 1~ 116 931.4344 116 931.4344 579354 111 49 302.6249  9693.3984 8.29

Transmission 2 155 743.8481 54 004.0397 101 739.8084 116 431.4344 32 996.3188  5816.0949 3.7345
Distribution 3 124 445.8689 105 471.3808 18 974.4881 101 739.8084 19 797.7913  2908.2692 2.337
Sales 4 248 993.3244 24 893.3244 18 974.4881 4949.4478 969.3885 3.894
Total 422 014.4758 184 368.7449 237 645.7309 295 581.142 107 046.1828 19 387.151  4.594

Table 14.4 Calculation results when the electricity price is reduced by 5%.

Comparison of fixed expense Comparison of rate
Comparison of link electricity price (RMB) (RMB 10 000) of profit and tax
Link a; a; Declined (%) B; B'; Declined (%) r% V% +%
Generation 1 0.148 509 82 0.140 899 6 5.12 49 302.624 9 4331.6322  12.15 829 8738 54
Transmission2 0.199 802 06 0.189 749 72 5.03 32996.318 8 3115.6287 5.59 3.7345 393 523
Distribution 3 0.255 448 89 0.242 67107  5.00 19 797.791 3 1869.5772 5.59 2337 246 526
Sales 4 0.389 688 86 0.370 501 66  4.924 4949.447 8 4672.8943 5.59 3.894 4.096 5.19
Total 02443997 0.232 180 5.0 107 046.182 8 9782.7324 8.61 4594 4.838 5.31

1.72 times the range of electricity price reduction. This indicates that it is very difficult to realize the objec-
tive of electricity price reduction through only one measure. Solutions such as reducing taxes imposed on
electric power enterprises, accelerating the pace of technological progress of electric power enterprises, or
continuously improving indicators like coal consumption in power supply, availability ratio of generator
units, and line loss rate, can provide a stronger technical basis for reducing the level of electricity price and
worth being discussed as they produce enlarged positive results. Example 14.2 also shows that the aggre-
gate cost method with volume—cost—profit analysis as the core can serve as a major method for determin-
ing the basic electricity price.

14.4 Analysis of Coal-Electricity Price Linkage

This section interprets the existing policy of coal-electricity price linkage, explains relevant factors to the
linkage between coal price and power plant on-grid price, analyzes several issues related to the successive
linkage between coal price and multi-section electricity prices through formulas for the composition of multi-
section electricity prices in Section 14.3, and gives a calculation example.

14.4.1 Interpretation of the Existing Policy of Coal—Electricity Price Linkage

14.4.1.1 Connotation and Calculation Method of the Policy of Coal-Electricity
Price Linkage

The coal—electricity price linkage mechanism is established according to Reference [79]. The core content is
that, taking six months as the cycle for a coal—electricity price linkage, if the average coal price within a cycle
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is higher by 5% or above than that within the last cycle, then the electricity price should be adjusted
accordingly.

As of the end of 2008, China has implemented a total of “two and a half” coal—electricity price linkages.
May 2005 saw the first linkage when the national sales price was increased by 0.0252 Yuan/(kW-h) on
average. July 2006 marked the second linkage when the national sales price was increased by 0.0245
Yuan/(kW-h) on average. In August 2008, the power plant on-grid price was only adjusted with an increase
of 0.02 Yuan/(kW-h) on average, while the sales price was not adjusted, thus being known as a “half”
linkage.

Domestic experts in the field of energy generally believe that the coal—electricity price linkage is only a
pricing mechanism and serves as an interim measure to reduce the coal—electricity price contradiction. The
real solution for the contradiction is complete marketization of the electricity price. When the electric power
system reform has not achieved enough conditions, the coal—electricity price linkage acts as an adjustable
compromise measure and plays an important role in ensuring the normal production of coal and electricity
in a stable macroeconomic operation.

Since the completion of the reform of separation between power plants and power grids, power plants
do not directly face electric power end users but power grid enterprises instead, so the on-grid price of
power plants changes with the coal price and the sales price changes with the on-grid price. As a result,
the coal—electricity price linkage includes two levels of contents and each has a different calculation
method.

1. Calculation method for the linkage between on-grid price and coal price
On-grid price adjustment standard = coal price change x conversion coefficient (14.36)

Wherein, the conversion coefficient depends on factors such like standard coal consumption in power
supply, calorific value and price adjustment digestion ratio and is calculated as follows

Conversion coefficient = (1 — digestion ratio) x standard coal consumption in power supply
x (7000/natural coal calorific value) x (1 + 17%)/(1 + 13%) (14.37)

Wherein standard coal consumption in power supply — average standard coal consumption in the power
supply of domestic thermal power plants in the last cycle [g/(kW-h)]; digestion ratio — propor-
tion of reduction of generation cost by power generation enterprise to the rise in price; it is 30%
in the first coal—electricity price linkage; 7000 (kilocalories) — standard coal calorific value;
natural coal calorific value — average of actual calorific value generated by steam coal in power
plant; (7000/natural coal calorific value) represents the conversion of steam coal to standard
coal; (1 + 17%)/(1 + 13%) — tax rate where VAT in the electric power industry is 17% and 13%
in the coal industry.

2. Linkage between sales price and on-grid price

Sales price adjustment standard = on-grid price adjustment standard x proportionality coefficient (14.38)

Wherein proportionality coefficient = 1/(1 — transmission and distribution loss rate); it is an increase
coefficient in the sales price mark-up, given actual electric energy losses in transmission
and distribution.

14.4.1.2 Relevance Between Coal Cost and Rise in Coal Price

According to analyses by relevant professionals, the occurrence conditions of coal resources in China are
relatively poor, and large quantities of resources need to be input in coal mining.
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1. The geologic structure of a coal seam is complicated and coal resources are generally buried deep; key
state-owned coal mines have only 23% with simple structure, 41% with moderately complicated structure,
and 36% with extremely complicated structure; predicted coal resources with a vertical burial depth of
below 100 Om only account for about 50%; currently, the average mining depth of large and medium-sized
coal mines is approximately 600 m, while the mining depth of most coal mines in Australia is about 250 m.

2. The geologic structure of coal fields in China was formed by the collision and jamming of several plates,
through several strong crustal movements and geological transformations, and there are many types of
mining disasters which are widely distributed.

3. There are few coal resources which are suitable for opencast mining; the quantity of opencast mining only
accounted for about 5% in 2007, while the proportion of opencast mining in the eastern region of the
United States is always about 60%, and in Australia this proportion reaches around 76%.

4. The future increase in coal production in China mainly relies on Shanxi, Shaanxi, Inner Mongolia, and
Xinjiang, and these provinces lack water resources and have fragile ecological environments, so the gov-
ernment will take more administrative and economic measures to protect the local environment.

5. The production and demand of coal in China are characterized by reverse distribution and relatively high
transportation costs.

Currently, China has made insufficient safety investments in coal mines, and the safety situation is still very
grim. The death rate per million tonnes of coal mined in China was reduced to 1.184 in 2008, which was
47 times that of the United States, while Australia has achieved a zero death rate since 2004. The average
years of education for coal mine workers is 9.2, lower than the average 11.7 years nationwide. In 2007,
the overall labor productivity of key state-owned coal mines was 5.1 t/worker, accounting for only one-ninth
of the per capita productivity in the United States over the same period.

The occurrence conditions of coal resources and the current situations of the coal mining industry show that
there is an imminent cause for the gradual increase in coal cost, which has been specifically studied by a
relevant domestic professional institution [80]. According to this study report, according to the coal price
and production in 2007, external losses caused by coal amounted to about RMB 1790.3 billion, equivalent
to 7.3% of the national GDP. The internalization of coal external costs required additional costs of RMB
821.8 billion, resulting in an increase in social wealth by about RMB 968.5 billion, and the coal price rose
by about 23.1%, leading to a decrease in GDP by about 0.07%. If this internalization of external costs was
realized in five years, the disposable income of urban and rural residents would be respectively reduced by
0.02% and 0.013%, which is small. According to the study, the internalization of external costs has advan-
tages outweighing disadvantages, and has an extremely weak negative influence if implemented appropri-
ately. Overall, the conclusion of this economic study can be interpreted as: the internalization of coal
external costs within five years and the rise in price by about 23.1% are acceptable to both the overall society
and economy and to urban and rural residents.

14.4.1.3 Requirement of Electricity Price Reform For Electric Power Enterprises

According to the explicit stipulation in Reference [81], the long-term objective of electricity price reform is
that power generation and sales prices are formed through market competition, and that transmission and
distribution prices are set by the government, known as “decontrol in both ends, and control in the middle”.
The short-term objective is to establish an on-grid price mechanism appropriate to moderate competition in
the generation link, to initially set up a transmission and distribution price mechanism, and to realize the link-
age between sales price and on-grid price. This shows that the government has already planned that the short-
term objective of the electricity price reform is that the on-grid price fluctuates with the coal price and the sales
prices changes with the on-grid price.

According to the calculation method of coal—electricity price linkage, such linkage requires that electric
power enterprises should digest partial price rise factors, which puts forwards explicit requirements for elec-
tric power enterprises to deepen reform, reduce costs and improve efficiency. During 1985-1996 when power
plants were not separated from power grids, the annual increase in labor efficiency of the electric power
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industry was 5.1%, and the increase speed was the same as that of the agricultural labor productivity over the
same period [82], only accounting for 60% of the nationwide average annual growth rate of GDP per capita
over the same period. As a technology-intensive electric power industry, such work efficiency was not sat-
isfactory. Since the reform of separation of power plants and power grids, especially in recent years, power
generation enterprises have seized the favorable opportunity when the contradiction between power supply
and demand has been basically solved, installing large generator units and eliminating a large number of small
generator units with high coal consumption, so that the nationwide average coal consumption in generation
has been greatly reduced year by year, providing a technical basis for power generation enterprises to digest
the rise in coal price. Driven by the economic policy of stimulating domestic demand, power grid enterprises
have expanded the scale of grid construction and provided a new technical basis for reducing power supply
costs. With the improvement in the intensification level of power grid enterprises, the reduction of costs has
reached a new level. According to statistics, the overall labor productivity of the State Grid Corporation of
China was increased by 22.1% in 2007 over 2006, setting a new record.

To predict the trend and requirement of the electricity price reform in the future, it is necessary to learn the
experience of developed countries in the control of electricity price. There are two methods for controlling the
sales price overseas: one is the “fair rate of return method”, whose core is “allowable cost + allowable profit”;
the other is the “upper limit method”, also known as “price-cap regulation”, which is a new electricity price
regulation idea. For example, the formula for “price-cap regulation” of the British distribution price is price
adjustment ratio (%) = RPI — x, wherein RPI is retail price index, representing the inflation rate; x is the rate of
increase specified by the government in the production efficiency of electric power enterprises, subject to
regular adjustment depending on scientific and technological progress and other factors. This shows that
the price reform of developed countries clearly specifies the requirement for the cost factor as a component
of price in monopolized industries. In other words, the costs are reduced with technological progress, includ-
ing not only equipment costs, but also labor costs, reflecting the level of labor productivity.

The separation between main business and ancillary businesses and the direct supply to large customers are
detailed projects in the electric power system reform, which are under progress or pilot implementation. The
implementation process must be difficult, but the reduction of costs for electric power enterprises is a long-
term requirement according to the macroeconomic requirements and the reality of coal—electricity price link-
age and it needs a new awareness and effort from the leaders and employees of electric power enterprises.

Overall, two basic judgments can be made from the interpretation of the coal—electricity price linkage: first,
the coal price must be gradually increased with the internalization of external costs; second, to reduce the overall
influence of sales price on the national economy, the nation and society must put forward expectations and
requirements of cost reduction on electric power enterprises that are downstream in the energy industry chain.
Electric power enterprises are challenged with the following problems: What are the factors concerning the
space for adjusting the on-grid price? How should power generation enterprises make efforts? What are the
factors related to the space for changing the sales price? Is there any space for national policy? All these pro-
blems need to be considered and explored by technical and economic personnel in electric power enterprises.

14.4.2  Analysis of the Linkage between On-Grid Price and Coal Price
14.4.2.1 Relationship Between On-Grid Price and Unit Price of Standard Coal

Section 13.3 of Chapter derived the formula for calculating the on-grid price of the power generation enter-
prise when analyzing two-section electricity prices under the single electricity purchaser model

ay = [C()p() +B|/x|}/(1—r1)
If by = By/x; is called the fixed cost per unit on-grid energy, then

a1=(C0p0+b1)/(1—r1) (14.39)

Co=Co/(1-1)
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Wherein  C, — whole coal consumption in power supply [kg/(kW-h)];
C'y — whole coal consumption in generation calculated by total variable cost;
1 — power consumption rate;
Do — unit price of standard coal (Yuan/kg);
ry — rate of profit and tax of the power generation enterprise.

Formula (14.39) shows that the on-grid price of the power generation price depends on four factors, namely
whole coal consumption in power supply Co, unit price of standard coal p, fixed cost per unit on-grid energy b,
and rate of profit and tax r;.

14.4.2.2 Analysis of Rate of Relative Change in On-Grid Price

Use Formula (14.39) to calculate the total increment (total derivative) in the on-grid price
day = (podCo + Codpo +dby) /(1=r1) + (Copo + by)dry / (1-r1)?
This is divided by Formula (14.39) on both sides to obtain
day /ay = (podCo+ Codpo +dby)/(Copo+ by ) +dr1 /(1-r1)

If b)/Copo = 0 is called the cost constituent ratio of the power generation enterprise, then the above formula
can be simplified to

dal/al =dC0/[C0(1+0)]+dp0/h70(1+9)]+db1/|:b1 (1+é):| +dr1/(1—r1)

If the rates of relative change da,/a;, dCy/Cy, dpo/po, db,/by, dr /1| are respectively expressed by da;, 6Co,
dpo, Oby, ory, the formula below can be finally obtained [55]

Say =5Co)(1+6) +8po /(1 +0)+6b1/(1 +é> +5r1/(l-1) (14.40)

r

In other words, the rate of relative change in the on-grid price depends on five factors, namely whole coal
consumption in power supply, unit price of standard coal, fixed cost per unit, rate of relative change in the rate
of profit and tax, and cost constituent ratio.

14.4.2.3 Analysis of Factors Affecting the Rate of Change in On-Grid Price

1. Influence of change in the cost constituent ratio. According to Formula (14.40), a smaller @ indicates a larger
influence of the same rate of change dp in the unit price of standard coal on da;. With improvements in the
management and efficiency of the power generation enterprise, € is reduced, and the effect where the
increase in the unit price of standard coal will lead to rise in the on-grid price will be increasingly stronger,
so the coal—electricity price linkage must be implemented to control the level of electricity price effectively.

2. Influence of change in the fixed cost per unit. As by and 0 are reduced, 1/(1 + 1/0) will be significantly
decreased, and the effect where the reduction of the fixed cost per unit will result in lower on-grid price will
be increasing weaker.

3. Influence of the rate of profit and tax. When the rate of profit and tax is reduced, the on-grid price will also
be decreased, but the proportionality coefficient between the two k= 1/(1/r; — 1) is small as ry is small. This
shows that the policy of reduction of the rate of profit and tax has no obvious effect on controlling the on-
grid price.
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14.4.3 Linkage Between Sales Price and On-Grid Price

The changed on-grid price can be calculated as per the following formula
dy=ay+Aa;=ay +da1ay=a (1 +day)
Use Formula (14.28) to calculate the output price @', in the transmission link
ay= [a/l/(l—@) +hy(1+m)/(1 +k2a2)}/(l—r2)
Use Formula (14.29) to calculate the output price a3 in the distribution link
dy=[dy/(1=z3) +bs(1+a3) /(1 +ksas)] /(1-r3)

Use Formula (14.30) to calculate the sales price @'y

Y =dy=[dy/(1-24) +bs] /(1-r4)

In conclusion, according to calculation formulas for the composition of multi-section electricity prices,
transmission and distribution prices and sales prices can be respectively calculated, thus completing the link-
age from the on-grid price to the sales price.

Because the sales price is generally applicable to provincial and regional levels, to realize relevant
calculations from the change in on-grid price to the change in sales price, it is necessary to collect a pro-
portion of the direct supply energy from transmission and distribution links, and line loss rates and fixed
costs per unit energy in transmission and distribution links within the pricing territory, as well as para-
meters specified by the state such as the rates of profit and tax in transmission, distribution, and
sales links.

Example 14.3 From 2000 to 2008, the coal consumption in generation for the region specified in Example
14.2 was reduced from 393 g/(kW-h) to 364 g/(kW-h); the unit price of standard coal was increased from
187.23 Yuan/t to 350 Yuan/t; the fixed cost per unit on-grid power was reduced by 10% from 62.174
Yuan/(MW-h) to 55.9551 Yuan/(MW-h); the rate of profit and tax of the power generation enterprise was
reduced from 8.29% to 5%; the rate of profit and tax in transmission, distribution and sales links adopted
the return on investment in transmission and distribution, that is 8.39% [83]; considering urban construction
tax and educational tax, the rate of profit and tax was 9.84%; the electric supply structure and line loss rates in
all links remained unchanged.

1. Try to calculate the changed on-grid price d'; of the power generation enterprise.
2. If the fixed cost per unit power in transmission, distribution and sales links is reduced by 5%, try to cal-
culate the rate of change in the sales price, and compare it with the rate of change in the on-grid price.

Solution

1. Calculation of on-grid price. According to the changed coal consumption in power supply, unit price
of standard coal, fixed cost per unit energy, and rate of profit and tax, use Formula (14.17) to directly
calculate the changed on-grid price @', that is

dy = (Copy +b)/(1-17)
=(0.364x0.350+0.055 955 1)/(1-0.05)
=0.193 005 368[Yuan/(kW-h)]
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If Formula (14.40) for the rate of relative change in the on-grid price is used for calculation, then da; =
34.5%,d'; = 0.199 745 7 Yuan/(kW-h). The error of the two calculation methods is 3.49%, indicating that
the calculation result of Formula (14.40) is within the allowable range of error.

2. Calculation of sales price. According to Example 14.2, 1 + kpa, =1.5308054, 1 + @, =1.53295, 1 + kzas =
6.558 589, 1+ a3=6.64243, 2, =0.01, z3 =0.043 28, 7, = 0.14. Formulas (14.28) to (14.30) can be used to
calculate output prices and sales prices in transmission and distribution links

a,=10.193 005 4/(1-0.01) +0.95x0.042 271 4 x 1.532 95/0.530 805 4]/(1-0.098 4)
=0.260 835 2[Yuan/(kW-h)]

a4 =10.260 835 2/(1-0.043 28) +0.95 x 0.040 125 8 x 6.642 43/6.558 589]/(1-0.098 4)
=0.311 241 6[Yuan/(kW-h)]

Y =d,=[0.311 241 6/(1-0.14) +0.95x 0.077 480 4]/(1-0.098 4)
=0.483 047 1[Yuan/(kW-h)]

Rate of change in the on-grid price da; = (0.193 005 368 — 0.148 509 8)/0.148 509 8 = 29.96%

Rate of change in the sales price day = (0.483 047 1 — 0.389 688 9)/0.389 688 9 = 23.95%

Example 14.3 shows that, when the electric supply structure is not changed greatly, changes in the fixed
cost per unit energy and the rate of profit and tax in transmission, distribution, and sales links will affect the
terminal sales price to a certain extent, and can digest part of the influence caused by the rise of coal price.
The rate of change in the sales price may be smaller than the rate of change in the on-grid price. In this exam-
ple, the rate of change in the sales price is 80% of the rate of change in the on-grid price, indicating that the
coal—electricity price linkage plays a very obvious role in affecting the influence of change in the on-grid price
on the sales price.

14.5 Analysis of Electricity Price Factor in Post Project Evaluation

It is traditionally believed that, according to the theory of project cycle and the procedures of project con-
struction, the post project evaluation should be conducted as the project benefit and influence gradually
appear after the project is put into operation and receives completion acceptance. Based on the project ini-
tiation decision and the technical and economic requirements for design, it is necessary to analyze results and
problems during the project implementation, to evaluate the effect, efficiency, role, and influence of the proj-
ect, to judge the realization degree of the project objective, to summarize experience and lessons, and to pro-
vide suggestions for guiding projects to be constructed, adjusting projects under construction, and improving
constructed projects.

In response to a request from the State-owned Assets Supervision and Administration Commission, the
State Grid Corporation of China issued a set of Rules in October 2005 for post project evaluation [84].
Article 13 of the Rules stipulates that any project should be evaluated for its technical level, operation,
and operating management, and tha, to evaluate the economic benefits of the project, it is necessary to “con-
duct financial analysis of actual financial data of the project, calculate the cost—profit ratio, return on assets,
debt asset ratio, interest coverage ratio and debt service coverage ratio, and evaluate the project for its prof-
itability and debt paying ability.”

For the post project evaluation of a transmission and transformation project, it is necessary to predict the
electric power and energy conditions of the project within its term of validity and to calculate the effect and
benefit within its term of validity according to the actual power supply loads and energies one year after the
project is put into operation. Therefore, it is important to calculate the link input and output prices under the
voltage class of the project according to the electric supply structure of the electric power system in the region
where the project is located, and to analyze the year by year benefits of the project, so as to complete the
calculation of the various benefit indicators necessary for the post project evaluation.

Due to the needs of raising funds for power grid construction and supporting the development of green
energy, China’s economic policy has stipulated several provisions concerning the mark-up of the price of
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electricity at the sales end. The role of the transmission, distribution, and sales links serving as a carrier for the
mark-up should be recognized by currency expression. This requires that, to carry out the post project eval-
uation of a specific 220 or 110 kV project, it is important to calculate the link benefits of a voltage class project
during the positive process of obtaining the electricity price by starting with the on-grid price of the power
generation enterprise and considering the link costs and reasonable profits and taxes. It is also necessary to
consider the reverse process of sales end mark-up which is not dependent on the on-grid price and to express
mark-up benefits from links where the project is located. Finally, benefits in the positive and reverse processes
should be added up and analyzed. This reverse expression is a reverse derivation from result to reason, and is a
reverse form of the discussion of multi-section electricity prices. It solves the difficulty in expressing this
reverse form, so that virtual (calculated) mark-up revenue included in the links can be used to comprehen-
sively evaluate the benefits of the transmission and transformation project and to resolve the core problem
challenging the post project evaluation.

14.5.1 Reverse Calculation of Mark-Up in Link Output End
For a link in a power system, the input price is a¢ and the output price is a;. Similar to Formula (14.30),
ai=[ao/(1-20) +bo]/(1-ro)

then
ao=lai(1-ro)=bo](1-20)

If a, is the electricity price with mark-up in the output end, then qy is the electricity price with mark-up as
reverse calculated in the input end. Calculate the derivative of the above formula to obtain the incremental
relationship

AaOZAal(l—}’o) (1—Z0) (1441)

According to Formula (14.41), the mark-up Aa; in the output end can be used to reverse calculate the mark-
up Aqg in the input end.

14.5.2  Calculation of Mark-Up Allocation Coefficient of Simplified Electric
Supply Network

A regional electric supply network can be simplified to a 220/110/10/0.38 three-level step-down form. A},
A’,, A’5 are annual direct power sales quantities of buses under the first three types of voltages, and Ay is the
annual low-voltage power sales quantity, as shown in Figure 14.8.

220kV 110kV 10kV

< D

Al A A

Figure 14.8 Simplified electric supply network.
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14.5.2.1 Reverse Derivation of Mark-up Calculation Formula From
0.38 kV End to 10 kV Bus

Assume that the markup per unit power sales quantity is d [ Yuan/(kW-h)]. The analysis is conducted through
step-down from 10 kV to both ends of 0.38 kV. According to Formula (14.41), Aay = d(1 — r4)(1 — z4). The
mark-up revenue of 10 kV direct power sales quantity is dA'4, so the gross mark-up revenue Cj of total 10 kV
input energy is

Cro=dAy+Aas[As/(1-z4)] =d A} + As(1-r4)]

For the total 10 kV input energy, its mark-up revenue per unit energy can be calculated as per the following
formula

Aayg =C10/[AZ‘ +A4/(] —24)] =Kud
Mark-up allocation coefficient Ky = [Ay + Ayl — r)V[A s + A1 = 2] (14.42)

Obviously, K4 < 1.0, indicating due to link line losses and profits and taxes, the mark-up in the link input
end is lower than that in the output end.

14.5.2.2 Reverse Derivation of Mark-up Calculation Formula From 10 kV
Input End to 110 kV Bus

For the step-down from 110 kV to both ends of 10 kV, Aa, = Aaso(1 — rp)(1 — 2,), and the gross mark-up
revenue Cjjo of total 110 kV input energy is

Crio=dAy + AasAr(1-r2) =d[A) + KAy (1-12)]

For the total 110 kV input energy, its mark-up revenue per unit energy can be calculated as per the fol-
lowing formula

Aa20 = CllO/ [A/Z +A2/(1 _Z2)} =K2d

Mark-up allocation coefficient Kr= [AY+K4Ar (1 —12)/ [AS + Az /(1 —22)] (14.43)

14.5.2.3 Reverse Derivation of Mark-up Calculation Formula From 110 kV
Input End to 220 kV Bus

Similar to the above, Aaig=Ca/ [A} +A1/(1 -z1)] =Kid

Mark-up allocation coefficient K = [A} + K>A (1 —r1)/[A] +A1 /(1 —21)] (14.44)

Obviously, K| < K, < K4. Due to the influence of line losses in several links and profits and taxes, the mark-
up per unit energy is smaller at the bus side under higher voltage.

14.5.3 Mark-up Calculation of Complicated Electric Supply Structure

Some urban grids have two distribution systems of 35 and 10 kV and thus have complicated electric supply
structures, as shown in Figure 14.9.
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220kV 110kV 10kV

Figure 14.9 Complicated electric supply network.

The annual direct power sales quantities of buses under the four voltages are respectively A’y, A’», A'3, A'4.
The annual power sales quantity at the 0.38 kV side is A4. The 220 and 110 kV buses have two output ends
whose annual output energy is respectively A, Az; and Az, A4,. The influence of two types of voltage output
on the same input end should be considered simultaneously for the calculation of the power sales mark-up
allocation coefficient.

14.5.3.1 Calculation of Power Sales Mark-up Allocation Coefficients at
Input Ends of 10 and 35 kV Buses

Through similar analysis processes, the calculation formulas for power sales mark-up allocation coefficients
at the input ends of 10 and 35 kV buses are obtained

Ki=[Ay+As(1-r4)] /[y + A4/ (1-24)] (14.45)
K3 = [A} + KeAis (1-r3)] / [As + Ags /(1-23)] (14.46)

14.5.3.2 Calculation of Power Sales Mark-up Allocation Coefficients at
Input Ends of 110 and 220 kV Buses

Because the 10 and 35 kV output ends are recovered to a 110 kV bus, considering the direct power sales
quantity, the power sales mark-up revenue of this bus is the sum of three parts: Cy9 = dA', +
K4dA(1 = 1rp) + K3dAsx(1 — r3). The input energy of the 110 kV bus is also composed of three parts:
A’ Apl(1 — z4) and A3o/(1 — z35). Therefore, the mark-up revenue per unit input energy of the 110 kV
bus can be calculated as per the following formula

Aayy=C1o/ [Alz +As/(1-z42) + A3 /(1 —232)} =K»d
Wherein, the mark-up allocation coefficient K, can be calculated as per the following formula

K, = [AIZ +K4A42(l —r2) +K3A32(1 —r3)} / [A; +A42/(1 —242) +A32/(1 —232)] (1447)

www. Technicalbookspdf.com



Analysis of the Influence of Power Grid Line Losses on Power Grid Enterprises 307

The mark-up allocation coefficient K, for the input energy of the 220 kV bus can be calculated as per the
following formula

Ky = [A] + KA (1-ry) + K3A31 (1-13)| /[A] + A1/ (1=221) + A3t /(1-231)] (14.48)

14.5.4  Calculation of Annual Power Sales Mark-up Revenue of a Single
Transmission and Transformation Project

For a single 220 kV transmission and transformation project, if its annual output energy is A,,¢, then its annual
power sales mark-up revenue is

WJ220 =K1dA220 (1449)
For a single 110 kV transmission and transformation project, the above formula is changed to

Wit =KadA 110 (14.50)

Example 14.4 Fora 110kV system, the on-grid energy of the power plant is A; = 1.49 x 108 kW-h, and the
110 and 10 kV direct supply energies A, and A'4 are 0.1 x 10% and 0.2 x 10% kW-h; the 110 kV link line loss
rate is 2, = 2%, and the 10kV link line loss rate is z4 = 14%; the power sales quantity is A4 = 1 x 108 kW-h. The
rate of profit and tax in transmission and distribution links is r, = r4, = 10%, and the mark-up on the power
sales side and the direct supply side is d = 0.04 Yuan/(kW-h). Try to calculate the mark-up value in 110 kV
links and draw the diagram of mark-up capital flow of the whole system.

Solution
1. Calculate the link input energy according to given link line loss rates

A
2 =1x10%/(1-0.14) = 1.162 8 x 108 (kW-h)

—24

Ay=Ay+A,=(1.162 8+0.2) x 10° =1.362 8 x 10° (kW"h)

Al =Ay/(1-22)=1.3628 x 108 /(1-0.02) = 1.390 6 x 108 (kW-h)

A=A} +A,=(1.390 6+0.10) x 108 =1.490 6 x 108 (kW-h)

Al =
27

The system energy flow diagram is shown in Figure 14.10a.
2. According to Formula (14.42),

Ky=[A} +As(1-ry)] /[A + As/(1-24)]
=(0.2+1x0.9)x108/(0.2+1/0.86) x 10®
=1.1/1.362 8=0.8072

Aayy = K4d =0.807 2x0.04=0.032 29[Yuan/ (kW-h)]

According to Formula (14.43),

K> = [Ay+ Ky xAy(1-12)] /[Ab + A2/ (1-22)]
=(0.1+0.807 2x1.362 79x0.9)/(0.1+1.362 79/0.98)
=0.7313
Ady=K>d=0.7313 x 0.04 =0.029252[Yuan/(kW-h)]
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110kV Transmission link 10kV Distribution link
Ay Al 2=2% A, l Al 7, =14%
1.490602x 108 | 1.390602 | 72=10% |136279x 108 1.16279x 108  74=10% Ay=1x108
x 108
Ay =0.1x10% A, =02x108
(b)
6 61 3 6
4.62194% 106 |~4‘22194X10 0.33266 x 106 fat 22O XY 3TS6XN07 | o 45106 fo
dA, =4x10°
Generation link Transmission link Distribution link
0.4x10° 0.8x10°

Figure 14.10 Diagram for Example 14.4: (a) system energy flow diagram; (b) mark-up capital flow diagram.

3. Mark-up difference in the distribution link = dA; — K4dA’, = 0.04 x 1 x 108-0.03229% 1.162 79 x 108 =

0.2454 x 10° (Yuan)
Mark-up difference in the transmission link = K;dA, — K>dA'; =0.032 29 x 1.362 79 x 10%-0.029252 x

1.390 602 x 10% = 0.332 66 x 10° (Yuan)

4. Check calculation
Sum of difference in the two links = (4.621 94 + 0.332 66 + 0.245 4) x 10° = 5.20 x 10° (Yuan)

This is consistent with the sum of the mark-up in the three power sales ends.
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Management and Utilization of
Line Loss Mass Information for
an Electric Power System

Chapters 1-6 of this book analyze the basic theory and change rule of line losses, and Chapters 7-13 explain
the analysis and calculation of line losses and the selection of loss reduction measures, accompanied by many
calculation methods and examples. This shows that the calculation of line losses needs a lot of electric power
system operating data and statistical line loss data. In addition, the line loss-oriented analysis and calculation
of energy, electricity price, and transmission—distribution—sales production links lead to many intermediate
and final data. Due to the wide relevance between line losses and production and operation, the information
on line losses is “massive”.

Managers of power grid enterprises should develop the general management information system to a higher
application level so as not to be overwhelmed by this mass of information. This chapter starts with the functional
analysis of two existing line loss management information systems, and analyzes the enterprise conceptual
model, the business conceptual model, and multi-dimensional data model which may be provided in the basic
theory of line losses according to the management concept, value creation, and support process put forward in
Reference [85]. This chapter also gives a preliminary exploration of the utilization of data warehouse, data min-
ing, and other information-based technological means used for the management of line loss mass information,
in the hope that the management and in-depth utilization of line loss information can again draw the attention of
managers of power grid enterprises and play a bigger role in improving the performance of enterprises.

15.1 Evaluation and Functions of Two Management Information
Systems under the Guidelines

15.1.1 Functional Design Requirements for Two Types of Software

Compared with the trial Guidelines issued in 1988 [84], Reference [86] issued in February 2002 mainly added
the application of electronic computers to calculate line losses and attached an appendix which addresses the
functional design requirements for two types of software of the theoretical calculation of electric energy losses
and the management of electric energy losses.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.
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As for the software of theoretical calculation of electric energy losses, the updated Guidelines stipulate
three functional requirements for loss statistics: (i) calculate and analyze in the form of a block diagram:
(ii) adopt the load flow calculation method and the simplified equivalent resistance method which are respec-
tively applicable to the main network and the distribution network, (iii) list details in the three levels of input
interface, core calculation, and output interface.

As for the software for the management of electric energy losses, the Guidelines determine a four-level
software structure: level 1 includes county power supply subsidiaries within prefectural power supply
branches, regional dispatching, and large electricity consumption customers; level 2 includes prefectural
power supply branches; level 3 includes power plants under provincial dispatching and substation dispatch-
ing; and level 4 includes regional and provincial power grid enterprises. The Guidelines also give seven func-
tional modules, such as system code input, calculation target registration, calculation relationship setting,
statistical calculation, line loss analysis, and output in the form of block diagram. Such functional design
requirements for the two types of software for theoretical calculation and management of line losses indicate
the direction in which software developers and regional and provincial electric power bureaus develop man-
agement information systems for line losses, and significantly promote such development.

15.1.2  Functions of Line Loss Calculation and Management Information
Systems Developed by Provincial Power Grid Enterprises

As a whole entity assessing line loss indicators, a provincial power grid enterprise should have its own inde-
pendent management system, so line loss calculation and management information systems developed by the
enterprise in cooperation with some college or university are the best examples which can be studied to learn
the actual level of such types of software.

Guangdong Power Grid Corporation and the School of Electric Power, SCUT, jointly developed line loss
theoretical calculation software in July 2001. Based on this, Guangdong Power Grid Corporation, Guangzhou
Power Supply Bureau, and the School of Electric Power, SCUT, jointly developed the “line loss theoretical
calculation and management systems for power grids in Guangdong” [47] in 2004. Thanks to continuous
improvement during the application process, the current operating software has the following characteristics:

1. Practical selection and expansion of calculation models and calculation methods of various loss calcula-
tion units or combinations. The line losses of each single loss calculation unit and distribution network are
calculated by the rms current, which is obtained according to actual active and reactive electric quantity
from meter reading. The line losses of a medium-voltage distribution network are calculated by the equiva-
lent resistance method based on the capacity of the distribution transformer or the load flow calculation
method. The line losses of 0.40 kV low-voltage power grids are calculated by the typical distribution area
loss conversion method or the voltage loss method.

2. It provides supplementary solutions to the line loss calculation of distribution networks with several small
thermal power plants and small hydroelectric power plants, and the loss calculation of backup transmis-
sion of main transformers, dual power distribution network, and the receiving and transmission line. The
line losses of a distribution network with a small power source are calculated by the equivalent resistance
method with the average apparent power calculated from active and reactive electric quantity calculations
within the calculation period as an equivalent capacity.

3. It puts forward a rational structure of basic data and operating data of units, and the graphic unit data struc-
ture is included for a distribution network.

4. With the AutoCAD secondary development technique, it realizes the bilateral transformation between a
single line diagram of the distribution network and an Access database for the first time, and it correlates
Excel with Auto CAD and Access, thus greatly reducing the workload of entry of distribution network data
during the generation of connection diagram and improving the accuracy of data entry.

5. Ithas a series of new functions, such as a browsing and automatic debugging function before calculation, a
function for merging multiple original data files into one data file (which facilitates the decomposition and
composition of the line loss calculation), an excellent result analysis function, including automatic
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generation of theoretical calculation analysis report, and sorting of line loss calculation results of units by
attribute, a formation of three unified reporting modes, that is reporting, re-reporting, and virtual reporting,
and a function for generating and printing reports under multiple modes.

15.1.3 Integrated Management System for Theoretical Calculation of Line
Losses Developed by Regional Power Grid Enterprise

The “integrated management system of the Beijing—Tianjin—Tangshan grid line loss theoretical calculation”
[48] developed by North China Electric Power Research Institute has already realized the line loss theoretical
calculation and integrated management covering the Beijing—Tianjin—Tangshan power grids, Hebei southern
power grids, Shanxi power grids, Shandong power grids, and Inner Mongolia western power grids in 2000.
This system has been operating stably so far.

15.1.3.1 Relationships Between Three Functional Modules

This system is composed of three modules: (i) power grid graphics, (ii) line loss theoretical calculation, and
(iii) statistical analysis and summary. The relationships between the three functional modules and with the
database are shown in Figure 15.1.

The relationships shown in Figure 15.1 include: (1) entry of power grid data by power grid graphics sys-
tem; (2) line loss calculation by power grid topological relation; (3) acquisition of other calculation data from
database; (4) storage of intermediate data and result data of line loss calculation in database; (6) display of
result data of line loss calculation in power grid graphics; (6) query, statistics, analysis and summary of data.

15.1.3.2 System Characteristics

1. Good graphical user interface, with convenient and intuitive graphical editing module. The system
provides abundant dialogue boxes. During data entry, it provides the data change curve display interface

P id hics
ower g1ic raphics Statistical analysis
system

.‘ and summary module

Background line

loss calculation @ @
{9

]

A
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Figure 15.1 Relationships between three functional modules and with the database.
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for users to correct errors. The system uses the graphical editing tool to generate primary system and pro-
vide intuitive topological relation, featuring high editing efficiency. Input of unit parameters is subject to
visual management, ensuring the consistency and accuracy of input parameters.

2. Fast and accurate load flow and line loss calculation function. The load flow and line loss theoretical
calculation module is compiled in a standard C++ program and extensively uses class, template, custom
data type, operator overloading, and other important features of the C++ program, so that the program
has good readability and inheritance, and the code execution speed is greatly improved. The system uses
the sparse technique and node numbering optimization technique to save a lot of storage space and
reduce the system demand for memory. Calculation without zero is adopted in iterative calculation, sig-
nificantly improving the speed of load flow calculation. The system can automatically select the load
flow iterative algorithm or execute combined iteration according to the topology information and param-
eter structure of the network, so that the load flow convergence and calculation speed can get optimal
processing.

By means of text output, this system can analyze the topological structure of power grids, check attrib-
ute parameters and operating data of various units, and provide alarms in case of error. The system can
also print and output intermediate variables in the iterative process of load flow calculation, such as node
voltage amplitude and degree of balance between active and reactive power, for reference by debugging
personnel. The error correction function and prompt message of the system provide favorable conditions
for improving load flow convergence.

According to the actual measurement of large power grids with nearly 5000 nodes in Central China,
North China, and Northeast China by this system, it takes only 30 s to complete the load flow and line
loss calculations. According to a comparison with calculation results from the IEEE (Institute of Elec-
trical and Electronic Engineers) 9-node and 300-node power grids and Beijing—Tianjin—Tangshan power
grids, under the same network topology and unit parameters, the difference between the maximum load
flow and line loss calculation results obtained by this system and those obtained by the internationally
recognized BPA load flow calculation procedure does not exceed 0.5%.

3. Convenient and comprehensive management of line loss data and reports. The system adopts the design
mode of data acquisition, data transmission, data auditing, and data centralized storage, and is able to
store the calculation and analysis data of different power grid enterprises under different representative
days together through a data loading process, automatically generating various analysis reports by a flex-
ible condition-setting function, so that researchers can conduct statistical analyses and print them on
demand.

15.1.4 New Management Requirements

According to the above introduction to the functions and characteristics of line loss theoretical calculation and
management systems for provincial power grid enterprises and regional power grid enterprises, with the
development of software technologies, the theoretical calculation, statistics, and analysis of line losses in most
regional power grids can be completed by microcomputer, and the functions required by the Guidelines have
been fully realized. It has been eight years since the release of the new Guidelines, and situations have chan-
ged a lot. With the in-depth implementation of the electric power market-oriented reform after the separation
between power plants and power grids, the bidding on-grid policy for power plants has been universally
implemented, and the pilot project of direct supply to large customers by power plants has been gradually
promoted. In addition, with the implementation of subsidies of on-grid price for wind power, photovoltaics,
and biomass power plants, many problems related to line losses such as loss allocation, charging of power
transit fees, and determination of time of use electricity price and reactive electricity price need to be properly
addressed. Furthermore, monopolistic power grid enterprises bear economic pressure from both power plants
and customers and should make efforts to reduce losses, save energy, and reduce enterprise costs. All of these
are directly relate to line losses. Electricity workers need to further consider the in-depth utilization of mass
information related to line losses.
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15.2 Value Creation and Support Processes for Power Grid Enterprises

15.2.1 Information-Oriented Development of Large Enterprises and
Application of Enterprise Resource Planning

During the process of management modernization, many large enterprises in China have experienced long
processes of management system certification and information-based management. When learning from
global large enterprises, most of them resorted to the application of the Enterprise Resource Planning
(ERP) system. There was no exception for the State Grid Corporation of China, which is the most important
power grid enterprise in China. The information-oriented development plan SG186 (constructing an inte-
grated enterprise information integration platform, establishing eight business application systems, and creat-
ing and improving six guarantee systems) implemented from 2006 is fully transformed from the trial
implementation in regional and provincial power grid enterprises and prefectural branches to the application
of an ERP system. Years of effort have witnessed significant results.

As one of the most advanced enterprise management models in the world, ERP not only reflects the world’s
most advanced enterprise management concept, but also provides the best solution to enterprise information
integration. ERP unifies the enterprise’s logistics, capital flow, and information flow for management; and it
makes the most of the enterprise’s existing resources, thus maximizing the enterprise’s economic benefits.

15.2.1.1 Three Core Management Concepts of ERP

1. The ERP system reflects the concept of management of all supply chain resources. In the era of a knowl-
edge-based economy, an enterprise must gather relevant parties in the operation process (such as suppliers,
manufacturing plants, distribution network, and customers) into a close supply chain, so as to effectively
arrange the production, supply, and marketing activities of the enterprise, and quickly and efficiently meet
the needs of production and operation by utilizing all market resources in the entire society. ERP realizes
the management of the enterprise’s entire supply chain, and adapt to the enterprise’s need of market com-
petition in the era of knowledge-driven economy.

2. An ERP system reflects the idea of lean production, simultaneous engineering and agile manufacturing.
Lean production is a new enterprise operation strategy system. There are no longer simple business trans-
action relationships between the enterprise and its sales agents, customers, and suppliers. Instead, they
maintain benefit-sharing partnerships. The core concept of lean production is to retain and reduce costs
while ensuring profits. When the enterprise is faced with specific market and product demands, its basic
partners may not be able to satisfy the new product development and production needs. In this case, the
enterprise will organize specific suppliers and sales channels to constitute a short-term or one-time supply
chain and form a “virtual factory”. The core concept of “agile manufacturing” is to organize production by
simultaneous engineering, launch new products to the market in the shortest time, and always keep high
quality, diversity, and flexibility of products.

3. The ERP system reflects the idea of planning ahead and in-process control. The planning system of an ERP
system mainly includes production planning, material requirements planning, capacity planning, procure-
ment plan, sales execution plan, profit plan, finance budget, and human resource planning, and these pla-
nning functions and value control functions have been fully integrated into the whole supply chain system.
The ERP system defines accounting subjects and accounting methods related to transaction processing, so
as to automatically generate accounting entries at the same time of transaction processing, thus ensuring
synchronous recording and data consistency of capital flow and logistics.

15.2.1.2 Core Content of ERP

The core content of ERP includes the following four modules:

1. Finance management module, including financial accounting and financial management.
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2. Production control management module, including master production schedule, material requirements
planning, capacity requirements planning, shop floor control, and manufacturing standards.

3. Logistics management module, including distribution management, inventory control, and purchasing
management.

4. Human resource management module, including decision support of human resource planning, recruit-
ment management, wage accounting, and travel business accounting.

15.2.1.3 Profound Connotation of ERP

With the improvement of ERP systems and the development of IT technology, ERP has been given more
profound connotation. It focuses on the management of supply chain and has added functions such as dis-
tribution management, human resource management, transportation management, quality management,
equipment management, and decision support. It supports collectivized, cross-regional, and cross-border
operations. The main purpose of ERP is to fully allocate and balance enterprise resources and help the enter-
prise fully play against fierce competition, thus gaining better economic benefits.

15.2.2  Value Creation and Support Processes of Power Grid Enterprises

One of the internationally recognized ways of enterprise management modernization is to establish and
implement a quality management system. In the 1990s, China started to implement quality management sys-
tem certification, which significantly promotes the quality management level of enterprises and public insti-
tutions in China and provides access conditions for Chinese products and building industry into the
international market. At the end of the twentieth century, China established the latest version of the standard
GB/T 19001-2000 Quality Management System, equivalent to the international standard, driving the con-
struction of quality management systems to a new and higher stage. Now, the latest version is GB/T
19001-2008 (ISO 9001-2008), equivalent to the 2008 version from ISO.

In 2004, China formulated the voluntary standard GB/T 19580-2004 Criteria for Performance Excellence
on the basis of the experience in quality management we learnt from the United States, Japan, and European
countries. From the perspective of informatization-driven management modernization, GB/T 19580-2004
attaches importance to the enterprise strategic planning which clearly illustrates the vision and objective cen-
tering on customer, market, and finance to staff. The identification, design, implementation, and improvement
of the value creation process and support process are realized through the development, utilization, and opti-
mal configuration of six kinds of resources, namely human resource, financial resource, infrastructure, infor-
mation, technology, and related party relationship. New operating results can be achieved in customer and
market, finance, resources, process effectiveness, organization governance, and social responsibility through
continuous efforts for the pursuit of excellence. Compared with the business system planning (BSP) method
for information system construction, the strategic data planning method, and the information engineering
method, GB/T 19580-2004 can become the most specific guideline to the planning and construction of DSS.

In terms of the enterprise, the foundation of generating performance is the identification, design, imple-
mentation, and improvement of the value creation and support processes. GB/T 19580-2004 clarifies con-
notations of the value creation process and the support process.

The value creation process is the process of creating benefits for the customers of an organization and for
the operation of the organization. It is the most important process for organization operation, and most
employees are involved in this process to generate the products and services of the organization and bring
actual operating results to the shareholders and other major stakeholders of the organization.

The support process is the process of supporting the daily operation, production, and service delivery of the
organization, and includes finance and statistics, equipment management, legal service, human resource
service, public relations, and other administrative services. This process does not add value or create value
for customers directly, but guarantees and supports the implementation of the value creation process. The
organization needs to identify all support processes and to determine key support processes if necessary.
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The production and operation processes of a power grid enterprise can be summarized as: (i) the trans-
mission, transformation, distribution, and sales of electric energy purchased from regional power grids or
regional power plants by maintaining transmission and transformation equipment in good order; (ii) the
timing measurement of electricity consumption of various customers and the collection of fees; (iii) the
final generation of enterprise profit, deducting power purchase expense, equipment depreciation, mainte-
nance, staff wages and welfare, and other expenses. The core management processes of the enterprise
include power purchase management process, electricity sales, and service implementation process, produc-
tion equipment operation and maintenance process, financial management process as currency reflection of
the production and operation process, human resource management process as support to the production
and operation process, and the power grid development and construction management process. The enter-
prise cultural construction can be considered in the human resource management process; the original logis-
tics management process can be omitted through logistics socialization. Therefore, the three processes of
power purchase management, electricity sales and service implementation, and production equipment oper-
ation and maintenance can be identified as the value creation processes; the three processes of power grid
construction, human resource management, and financial management can be identified as support pro-
cesses; the power grid enterprise model represented by matrix of the above six core business processes
is shown in Figure 15.2, where solid lines refer to correlations between value creation processes and with
support processes, and dotted lines refer to the role of support processes in supporting and guaranteeing
value creation processes [49].

15.3 Composition of Model Driven Decision Support System
15.3.1 Structure and Functions of Decision Support System

The decision support system (DSS) emerged in the middle of the 1970s. It is generally believed that DSS
combines and utilizes the powerful information processing capability and flexible judgment capability of
computer and supports decision makers in solving semi-structured and unstructured decision problems in
an interactive manner [50]. In the 1980s, a model base and method base were added in DSS, constituting
the triangular distribution structure composed of database, model base, and method base, as shown in
Figure 15.3.

15.3.1.1 Dialogue Management Subsystem

The dialogue management subsystem serves as the interface between the user and computer in DSS and plays
an important role in transmitting and transforming commands and data between the operator, model base,
method base, and database. Its core is the man—machine interface. The system user wants to benefit from
the system output but learns little about the system, so the man—machine dialogue subsystem serves the
DSS window. Whether it is strong or weak directly represents the level of the system.

15.3.1.2 Database Management System

The database management system stores, manages, provides, and maintains data used for decision support
and serves as the foundation for supporting the model base subsystem and the method base subsystem; it
consists of database, data extraction module, data dictionary, database management system, and data query
module. The database storing specific business system data is the source database. The difference between the
source database and DSS database is that data stored in the former is for a single purpose and is utilized in a
lower level, while data stored the latter basically can be used for decisions and is information in a true sense.
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Figure 15.3 Triangular structure of DSS.

The function of the data extraction module is to extract data from the database that can be used for decision
support, and the extraction process features the selection, enrichment, and transformation of data in the source
database.

15.3.1.3 Model Base Management System

The model base management system is a computer software system used to build and manage models. It is the
most complicated and most difficult to be realized in DSS and is composed of a model base and a model base
management system. The model base stores basic model modules, cell models, and their relationships which
can be shared by various decision problems or be used for specific problems. In terms of economy, decision
support models can be classified into the following types by cell model structure:

1. Prediction model, such as electric quantity prediction model, and load (power) prediction model.

2. Comprehensive balance model, such as electric quantity balance model of various classes of voltage
systems, and electric quantity balance model of line losses of loss calculation units.

3. Structure optimization model, such as power sales structure optimization model, and time of use power
purchase and sales optimization model.

4. Economic control model, such as cost control model necessary for lean production.

Basic model elements are stored in the model base mainly by four means (subprogram, statement, data, and
logical relationship), where the logical way is mainly used for the intelligent decision support system intro-
duced below.

15.3.1.4 Method Base Management System

The method base management system stores, manages, calls, and maintains generic algorithms, standard func-
tions, and other methods to be used in DSS components; it is composed of a method base and a method base
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management system. Methods in the base are generally stored by programs; for example, the load flow calculation
method for complicated grids is a large program. The method base subsystem provides a suitable environment for
DSS by describing the programs of external interfaces, so as to realize interactive data access (such as extracting a
power grid topological connection from the graphics base), data selection from database (such as extracting oper-
ating data from the SCADA system), and selection of algorithms (such as different load flow algorithms) from the
method base during calculation. Then, the method base subsystem integrates data and algorithms for calculation,
and displays the calculation results in an intuitive and clear manner for decision makers.

Method programs stored in the method base generally include sorting algorithm, classification algorithm,
program evaluation and review technique, linear planning, dynamic planning, various statistical algorithms,
combined algorithms, and so on. The single-unit line loss calculation methods explained in Chapters 1-13
can be introduced for the in-depth application of line loss mass information, such as rms current method, equiv-
alent load curve method considering the load factor, load loss coefficient C method, equivalent resistance
method for calculating multi-branch line losses, dispersion coefficient method, double component balance
method, voltage loss rate method, load flow calculation method for theoretical calculation of complicated grid
losses, equivalent power method, three-mode (maximum, normal, and minimum) section calculation method,
and loss allocation calculation method when electricity is mutually transmitted among regional and provin-
cial grids.

15.3.2 Intelligent Decision Support System and Group
Decision Support System

15.3.2.1 Intelligent Decision Support System

The intelligent decision support system (IDSS) is formed based on the traditional DSS in combination with
the expert system (ES). The ES is a knowledge system used to explain and solve problems through a computer
by utilizing expert knowledge and knowledge reasoning.

With a knowledge base as the core, IDSS introduces a heuristic method and other artificial intelligence
calculation methods on the basis of models of numerical calculation and allows partial or more qualitative
analysis tasks originally undertaken by operators to be done by computer. The reasoning mechanism of knowl-
edge can obtain new knowledge and the accumulation of knowledge helps with the constant enhancing of sys-
tem capabilities. The man—machine dialogue subsystem of IDSS adopts natural language processing
technology to form an intelligent man—computer interaction. Such an interactive interface enables users to raise
decision problems in natural language. The natural language processing function converts them into problem
descriptions that can be understood by a computer, which then delivers solutions. With natural language pro-
cessing technology, decision makers do not have to rely on computer professionals, but can use IDSS directly.

In a typical IDSS structure, knowledge base and inference engine are added on the basis of the traditional
three-base DSS, and a natural language processing system is added in the man—machine dialogue system. In
addition, a problem-processing system is added. In this way, they constitute a “four-base” system structure.

15.3.2.2 Group Decision Support System

With the development of economic regionalization and globalization, a group decision support system
(GDSS) has emerged against the backdrop where several decision makers seek for the optimal solution to
a problem through asynchronous and allopatric cooperation and consultation within a period. Based on
DSS and by means of computer networks and communication technology, GDSS enables several decision
makers to collaboratively seek semi-structured or unstructured solutions to a decision problem by complying
with common standards and specifications.

Compared with traditional DSS, GDSS must be established in an LAN or WAN; and a rules base, com-
munication base, shared common database, model base, and method base are then added to GDSS. The State
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Grid Corporation of China which has established a WAN; and regional power grids composed of several
provincial power grids have conditions for establishing GDSS. There are objective requirements for establish-
ing GDSS for the purpose of safe and economical operation of grids over a large range. Therefore, it is pos-
sible and necessary to establish GDSS within a power grid enterprise.

15.3.3 Conceptual Model of Power Grid Enterprise

The conceptual model of a power grid enterprise should be able to reflect the main production and operation
characteristics of the enterprise and be able to evaluate the operating results of the enterprise. It can be a group
of mathematical models reflecting production and operation characteristics, or a comprehensive mathematical
model reflecting enterprise characteristics by total quantity or unit quantity. As the core model of DSS, the
enterprise conceptual model plays an important role in the top-down structural design of a decision support
system.

15.3.3.1 Conceptual Model of Power Grid Enterprise with Total Power Sales
Quantity as Core

Assume that x is total power sales quantity under various voltages; y is average unit price of power sales under
various voltages (called average sales price for short); z is comprehensive line loss rate; a is average unit price
of power purchase calculated according to different unit prices of power purchase and electric quantities
under different voltages and different time of use periods; b is enterprise fixed expense (including depreci-
ation, maintenance fee, personnel wages and welfare, taxes not related to power sales quantity, and other
fees); c is tax rate of taxes imposed on power sales; W is enterprise profit. The conceptual model of the power
grid enterprise can be obtained as shown in Formula (15.1)

W=(1—c)xy—1a—_xz—b

In other words, the pre-tax profit (profit before payment of income tax) of the enterprise is equal to the sales
revenue after proportional tax minus the variable cost (power purchase expense) minus the fixed expense.

15.3.3.2 Conceptual Model of Power Grid Enterprise Per Unit Power Sales Quantity

Formula (15.1) is divided by the power sales quantity x on both side to derive the formula of profit per unit
power sales quantity

a

wo=W/x=(l-c)y- ) (15.1)

1-z

Wherein by — fixed expense per unit power sales quantity [Yuan/(kW-h)];
a

12" average unit price of power purchase considering line loss factor, known as “unit price of
-z
power purchase with loss” [Yuan/(kW-h)]for short.

In other words, the profit per unit power sales quantity is equal to the average price of power sales after pro-

portional tax minus the unit price of power purchase with loss minus the fixed expense per unit power sales
quantity.
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15.3.3.3 Basic Analyses which can be Realized by the Conceptual Model of
Power Grid Enterprise

According to Section 13.1 of Chapter 13, the conceptual model of power grid enterprise can be used to con-
duct the following basic analyses: (i) break-even point analysis, as shown in Formula (14.2); (ii) analysis of
profit and tax amount per unit power sales quantity, as shown in Formula (14.3); (iii) analysis of factors affect-
ing profits, as shown in Formula (14.4); (iv) analysis of strong correlation of line losses to profits, as shown in
Formula (14.5), which indicates that the effect of increase in profits by reducing the line loss rate depends on
three factors of power sales quantity, average unit price of power purchase and original line loss rate, reveal-
ing the special significance of loss reduction for profit increase.

15.3.4 Business Conceptual Model of Power Grid Enterprise

For all core business processes, the power grid enterprise can create business conceptual models reflecting the
basic features of these processes, and the models may be simple or complex. In benchmarking work con-
ducted in recent years, the State Grid Corporation of China listed many indicators which provide basic con-
ditions for the combination and establishment of various business conceptual models.

15.3.4.1 Business Conceptual Model of Value Creation Process — Decomposition
of Per Capita Contribution Margin

As one of the core indicators put forward by the State Grid Corporation of China in benchmarking, the per
capita contribution margin is an integrated indicator used to measure the enterprise profitability and overall
quality of staff, so itis suitable to use it as a core content of the business conceptual model in the value creation
process. Because this indicator is a ratio, the continued multiplication of a ratio can be used to decompose and
expand this indicator. In other words,

gross margin  gross sales total assets
X

Per capita contribution margin = gross margin/headcount =
gross sales  total assets headcount

= pre-tax profit ratio of sales x sales per unit asset X per capita asset

The formula expressed by symbols is
Wih.
Wy = ;xq Sz»sthj (152)

Wherein ~ Wh.q, S,.sh» 2 — Pre-tax total profit, sales revenue per unit asset, per capita asset value;
y — average unit price of power sales [Yuan/(kW-h)];
x — power sales quantity (kW-h).

Substitute the pre-tax profit calculation Formula (15.1) into Formula (15.2) to obtain

Wij = [(1_C)_a//y_bo/y}sz-shzrj (153)
d=a/(1-2)

Wherein ¢ — proportional tax rate, only including urban construction tax and additional tax of education;
a' — unit price of power purchase considering line losses;
z — line loss rate.

In Formula (15.3), inside the square brackets is a ratio; S,.¢, is also a ratio; z; is an actual value.
Formula (15.3) is the decomposition result of the per capita contribution margin indicator and is
the business conceptual model in the value creation process of the power grid enterprise. According to
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Formula (15.3), in addition to increasing the average unit price of power sales y, and reducing the unit price of
power purchase with loss @’ and the fixed expense per unit power sales, increasing the sales per unit asset,
reducing the headcount and improving the per capita asset value are effective ways to improve the per capita
contribution margin.

15.3.4.2 Support to Value Creation Process

1. Power grid construction management process. The actual performance of the invested annual construc-
tion fund is mainly analyzed in terms of the following indicators

Rate of performance Kjy,of construction fund in current year = settled fund of
operated projects in current year/used construction fund in current year (15.4)

Unit investment benefit Wjspfrom grid construction = added power supply benefit from operated
equipment in current year/average revenue in payback period of operated projects in current year

(15.5)

Numerator in Formula (15.5) = added electric supply from newly operated equipment in current year x
power supply reliability rate x (1 — repeated electric supply rate) x (1 — z,) x average link price difference
in production system; z, is average line loss rate of operated equipment in current year.

Power grid construction process efficiency Wish.gsh = Kjsh Wjsh (15.6)

2. Human resource management process. The contribution of human resource increase to enterprise benefit
increase is mainly analyzed as follows

Human resource increase coefficient Kg; = personnel equivalent density at end of
current year/personnel equivalent density atend of last year (15.7)

In Formula (15.7), personnel equivalent density refers to the ratio between the sum of education
background, academic degree, professional title, and skill level of each permanent employee which are
converted by relevant coefficients and the number of permanent employees in the enterprise. Wherein:
conversion coefficients of education background and academic degree: doctoral candidate (including doc-
toral degree) 1.5, master degree candidate (including master degree) 1.2, undergraduate (including
bachelor’s degree) 1.0, junior college 0.80, technical secondary school, technical school and vocational
high school 0.60, high school or below 0.40; conversion coefficient of professional title: senior 1.2, inter-
mediate 1.0, junior 0.60, no title 0.40; conversion coefficient of skill level: senior technician 1.30,
technician 1.0, senior worker 0.80, intermediate worker 0.60, junior worker or below 0.40.

Rate of human cost contribution = Kgy Kprate of profit creation per unit wage
= KgrLK> X cost—profit ratio X cost—wage ratio (15.8)
= Kr1K> (enterprise total profit/total cost) ’

x (total cost/total wages and welfares)

Wherein K, — corporate culture appreciation coefficient, evaluated by the management team year
by year.

15.3.4.3 Modification and Integration of Model Group

The business conceptual model mentioned in this book is just a preliminary exploration. The coordination and
consistency of calculation results of various business conceptual models need to be checked by
macro-indicators such as enterprise total profit, and to be gradually realized through various coefficient
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adjustments. This is what is done during operation and commissioning of DSS and is an inevitable process to
form the enterprise decision support knowledge base.

15.4 Utilization of Line Loss Mass Information
15.4.1 Basic Concept of Data Warehouse
15.4.1.1 Definition and Characteristics of Data Warehouse

The data warehouse (DW) is a decision subject-oriented, integrated, time-varying, non-volatile, and
read-major data set, and generally can be divided into Web data warehouse, parallel data warehouse,
multi-dimensional data warehouse, and packed data warehouse.

Decision subject orientation means that DW, centering on some subjects, eliminates useless data to decision,
and provides a concise overview specific to the subjects. Integrating data from one or more disparate sources
creates a DW with consistent naming convention, coding structure, and attribute quality. Time-varying means
data storage provides historical information, and DW implicitly or explicitly includes time elements. Non-volatile
means DW always physically separates stored data and needs no transaction processing, recovery, and concur-
rency control due to such separation. Read-major means DW data are mainly queried for decision-making and
generally do not have to be updated in a timely manner. Such data can be refreshed regularly or on demand. Gen-
erally DW only needs two types of data processing, namely data initial loading and data access.

15.4.1.2 Conceptual Structure and Hierarchical Structure of Data Warehouse

The conceptual structure of DW includes data source, data staging area, data warehouse databases, data mar-
ket (or mart), knowledge mining base, and a variety of management tools and applications.

The overall hierarchical structure of DW is generally divided into DW basic function layer, DW manage-
ment layer, and DW environment support layer.

The DW basic function layer includes extracting data from data source, transforming extracted data, and
loading transformed data to DW, known as the extract/transformation/load (ELT) process; establishing data
markets (marts) according to the needs of users; completing DW functions such as complex query, decision
analysis, and knowledge mining.

The DW management layer includes data management and metadata management and is mainly respon-
sible for extracting, transforming, loading, updating, and refreshing data in DW. Metadata refers to critical
data generated during the creation of DW regarding data source definition, object definition, and transforma-
tion rule, so it is “data about data”.

The DW environment support layer includes data transmission and the data warehouse base.

15.4.1.3 Data Organization and Basic Data Model of DW

The data organization of DW is different from a database and is usually implemented in a hierarchical way,
generally including four levels of early detailed data, current detailed data, mildly integrated data, and highly
integrated data. Highly integrated data is completely refined and is a kind of quasi decision data. The organ-
ization structure of the four levels of data is uniformly completed by metadata.

The basic data model of DW includes a star-like model (fact-centered), a snowflake model (multi-layer
diffusion), and a multi-dimensional model (cube).

15.4.1.4 Design Steps of DW

DW design generally has the following nine steps: collect and analyze business requirements; build the data
model and physical design of DW; define the data source; choose the DW technology and platform; extract
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data from the operational database, transform data and load data to the DW; choose access and reporting tools;
choose the database connection software; choose data analysis and data display software; update the DW.

15.4.2  Basic Concepts of Data Mining and Online Analysis
15.4.2.1 Concept and Process of Data Mining

Data mining (DM) means extracting information and knowledge that are unknown but have potential value
from a large quantity of incomplete, noisy, fuzzy, and random practical application data.

The process of DM is as follows: as for the identified business object, clearly define the business problem
and recognize the purpose of DM; prepare data, including data selection, data preprocessing, and data trans-
formation; mine the transformed data with an applicable algorithm; analyze, interpret, and evaluate the result
(visualization technology is usually used to display the result of analysis); integrate the knowledge resulted
from analysis into the organization structure of the business information system for knowledge assimilation.

15.4.2.2 Relationship and Difference Between DW and DM

1. Relationship. DW provides better and wider data sources for DM; DW provides a new support platform
for DM; DW provides convenient conditions for better usage of DM. DM provides better decision support
for DW; DM puts forwards higher requirements for the data organization of DW; DM provides wider
technical support for DW.

2. Difference. DW is a kind of data storage and data organization technology and provides data sources; DM
is a kind of data analysis technology and conducts in-depth analysis of data in DW.

15.4.2.3 Concept and Characteristics of Online Analysis Processing

Online analysis processing (OLAP) is a kind of software technology and enables analysts, managers or opera-
tors to rapidly, consistently and interactively access the information that is transformed from original data, can
be really understood by users and truly reflect enterprise characteristics from multiple perspectives, thus
getting a deep understanding of the data.

OLAP has the following characteristics: rapid — OLAP can respond to the users’ most analytical requests in
5 s; analyzable — OLAP can process any application-related logical analysis and statistical analysis; multi-
dimensional — OLAP must provide a multi-dimensional view and analysis of data, including full support to
hierarchy dimension and multiple hierarchy dimension; informative — OLAP must be able to obtain infor-
mation in time and manage high-capacity information regardless of the quantity of data and the place where
data is stored.

15.4.2.4 Technical Core of OLAP - Basic Concept of ‘“Dimension”

1. Concept of dimension. Dimension is a specific perspective from which people observe data and is a kind of
attribute for considering or analyzing problems; “dimension” can be defined as a set of attributes, such as
time dimension, geographical dimension, product dimension, and price dimension.

2. Levels and members of dimension. The specific perspective from which people observe data is a dimen-
sion. Dimension can also be described from various aspects with different detailed degrees, known as
levels of dimension. For example, day, month, quarter, and year are four levels of the time dimension.

A member of a dimension is one value of this dimension and means a description of the position of a
data item in this dimension. For example, some year, some month, or some day is the description of a
position in the time dimension and is one value of the time dimension.
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3. Multi-dimensional array and data unit. Multi-dimensional array refers to a combination of dimensions
and variables. A multi-dimensional array can be expressed by dimension 1, dimension 2,
dimension n; variables, such as time, region, product, sales volume. Data unit, also called unit cell, is value
of a multi-dimensional array, such as February 2006, Taiyuan, Printer, RMB 100 000.

15.4.3 Application of Data Warehouse Technology in Electric Power
Dispatching and Marketing Systems

The electric power system is one of the industries with high application level of informatization, and electric
power dispatching and marketing systems are the biggest two departments with the largest amount of infor-
mation in the power grid enterprise. A good knowledge of management and the application of mass infor-
mation in these two departments is of essential reference for the in-depth application of line loss mass
information and the construction of an enterprise data warehouse.

15.4.3.1 Structure and Function of Electric Power Dispatching Data Platform

1. Structure of internal and external data platforms. According to the guiding thought and general frame-
work of integration of dispatching system data and the requirements of security protection architecture of
electric power secondary system of China National Power Dispatching and Communication Center, the
State Grid Automation Research Institute put forward a reference architecture for a dispatching data plat-
form [51] which is generally divided into internal platform and external platform, located in the production
control area and the management information area, respectively. Transversely speaking, internal and
external platforms execute forward and reverse isolations through dedicated physical isolation device; lon-
gitudinally speaking, the internal platform realizes longitudinal data exchange through SPDNet, and the
external platform realizes longitudinal data exchange through SPTNet. To ensure overall integrity, the
composition of modules is basically equivalent in internal and external platforms, both including an under-
lying data model, a unified dispatching system, a data acquisition system, a storage system, a data proces-
sing system, a data output system, a data transmission system, a data display system, and a data service.
The reference architecture of a dispatching data platform is shown in Figure 15.4.

2. Security protection based on isolation device. The information network of dispatching department is usu-
ally divided into security areas I, II, III, and IV. In general, power grid monitoring is in security area I;
electric power trading is in security area II; dispatching management information system (DMIS) is in
security area III; and application systems are in security area IV. The data platform should be located
in security area III. Because security isolation device is installed between security area II and security
area III, and TCP/IP direct connection is set, the data exchange platform crossing the “isolation device”
should meet the following three requirements: (i) real-time data transmission is realized from security area
1I to security area III, mainly used for transmitting SCADA and EMS real-time data and abnormal accident
alarm, (ii) database synchronization is allowed, and the platform provides data transmission functions such
as timing transmission, batch synchronization, write trigger, modify trigger, and instant call, and
(iii) during file transmission, after the user designates the file directory to be synchronized in internal
and external servers, the platform should automatically maintain synchronization of contents under direc-
tories of the two servers and maintain the consistency between the external and internal files within the
specified time.

3. Technologies and functions of the data platform.

a. Data acquisition is the input part of the data platform, and common data acquisition modes include
receiving data files, such as txt, Excel, XML (extensible markup language), E language files
(E language is an independently developed Chinese programming language that is suitable for domestic
situations); extracting historical databases, including Oracle relational database, DB2, SQL, Server,
Sybase, and so on; receiving real-time messages via specific protocol, including EMS real-time data

www. Technicalbookspdf.com



Management and Utilization of Line Loss Mass Information for an Electric Power System 325

. icati . Application A, B
Display Application A, B Display pp!
system Data service system Data service
—
Forward
Storage system Storage system
Transmission Transmission
system system L .

Acquisition | Processing Output Reverse Acquisition| Processing Output
system system system —_ system system system
Unified task dispatching system Unified task dispatching system
Unified data model in internal platform Unified data model in internal platform
Transmission Transmission
system system

Figure 15.4 Reference architecture of dispatching data platform.

(104 protocol), quasi real-time energy data (102 protocol). To be general-purpose, the data acquisition
system is usually realized by forward mapping technology, that is, specific mapping is used to satisfy
requirements of diversified data formats. Data processed by the data acquisition system enters the back-
ground storage system according to unified regulations and standards.

b. The storage system serves as a concentrated place to store all data in the data platform; data types
include grid model, equipment parameters, power generation data (unified dispatching, unified distri-
bution, peak regulation, local power plant, self-generation power plant, etc.), power utilization data,
power reception data, load data, system frequency data, power generation plan, circuit parameters,
maintenance data, large customer load, flow gate energy, meteorological data, and so on. The key
to the storage system is the data model design. The data platform generally provides a definition of
the data model and management and maintenance tools (metadata management) and has instrumenta-
lization-based model modification and expansion capabilities which are very necessary for the flexi-
bility and expansion capability of the whole data platform. The data platform should hold a lot of quasi
real-time data (1, 5, 15 min sampling data), so the data model must give consideration to the storage
efficiency of the mass data and the ease of use of program processing. A preferable mode is a hybrid
storage mode which realizes the balance between efficiency and user friendliness. In other words, the
integrated design between the data model of the platform and the common information model (CIM) in
IEC 61970 can realize an automatic synchronization of power grid models in EMS, internal platform,
external platform, and DMIS, providing these systems with consistent data and allowing convenient
data maintenance.

c. Data output. The output system outputs data in the storage system in the required external form through
reverse mapping technology. XML and other international standardized technologies can be adopted,
or the simple and efficient E language specification recommended by the China National Power Dis-
patching and Communication Center can also be followed. The output system can unify the external
caliber of dispatch data, transmit it to the unified data center in a centralized manner, and distribute it to
information nodes on demand, thus achieving better integration effect and meeting the need of enter-
prise decision support.
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Figure 15.5 Example of data processing by time axis and object axis.

. The data transmission system is used for transverse and longitudinal data transmission and processing

in the whole system. Its main functions include transverse and unified penetration of security areas,
longitudinal and unified spanning of higher and lower levels, unified authentication, encryption and
decryption necessary in transmission, and guaranteeing of unified quality of service (QOS). The data
transmission system supports the transmission of not only conventional files, but also data messages
and other data transmission modes with high real-time requirements.

. Data processing means the secondary processing of original data in the storage system, such as sorting,

sum, average, extreme value, year on year comparison, and other operations, and processed data can be
reprocessed, thus forming a processing cycle. Data processing allows the formation of a higher level of
comprehensive subject data model in the storage system, and provides sufficient data resource reserves
for subsequent statistical analysis, report generation, data mining (DM), and other advanced applica-
tions. Data processing is generally realized by rule-driven technology and supports user-defined rules.
The principal line of data processing is attribute axis, time axis, and object axis, and various data
processing algorithms basically can be decomposed to any combination of the three basic processing
algorithms. An example of data processing by time axis and object axis is shown in Figure 15.5.

With regard to complex data processing requirements (such as relevant formulas of rate of increase),
flexible scripting techniques can be adopted for definition and description, and the definition results are
automatically executed by a dedicated script engine.

. Data exchange and sharing. The above data acquisition, transmission, and output technologies can be

collectively referred to as data exchange technology, and the formed platform can be called a data
exchange platform. Combining the data exchange platform with the data storage technology based
on the unified data model can form a higher level of data sharing platform, which not only meets
the demands of data exchange, but also further provides a perfect data integration function, thus pro-
viding support for a wider range of data sharing.

. Data service. The platform offers standard API interfaces for peripheral online applications and pro-

vides data service for various applications. In addition to the standard service, the platform allows
interface expansion based on the Component Interface Specification (CIS) of IEC 61970 and provides
non-standard cross-platform service encapsulation.

. Data display. Based on metadata from the data model, data can be displayed from multi-angles and

multi-levels through a variety of data representation and interaction means, such as form, bar chart,
curve, and report. Many types of reports are generated through the data platform, and common reports
include load report, electric quantity report, voltage report, loss report, load and electric quantity anal-
ysis report, planning report, power generation and utilization balance report, evaluation report, and
various brief reports and daily reports.
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Advanced display systems can also provide functions like data verification, data backfill, and data log,
and can even provide a custom display which can be realized automatically without administrator inter-
vention, that is a custom desktop display. This enables desktop users to get rid of administrator pre-
defined displays and satisfies their temporary and special data requirements. It is of great importance
to in-depth utilization from data market (or mart) to enterprise data.

4. Normalization and standardization of data integration. One objective of integrating the dispatch data is to

formulate a set of dispatching specifications and standards that comply with application requirements
through the construction of data platform. The core is to unify the naming specification and standard
of objects (devices) and data, providing a basis for automatic data acquisition, automatic model synchro-
nization, and automatic data correlation. The China National Power Dispatching and Communication
Center established an instructive specification for naming power grid objects, giving standard names
for objects in many power grids above provincial level, and providing a normative definition of names,
semantic meanings, and dimensions of common data in the reports of a dispatching production system. All
of these provisions should be followed in the development of the data platform. Before national industrial
standards are established, regional and provincial power grid enterprises may define their own regulations
and standards based on the principle of “compatible with existing standards, making standards for the
future” to meet the actual needs of data integration.

15.4.3.2 Dimensional Modeling of Marketing Department

1.

Fact properties and related dimensions of electric power marketing subjects. According to the analysis of
business data and business processes of the marketing department of the power grid enterprise, relevant
decision subjects can be preliminarily determined, and then factual properties and related dimensions of
these subjects can be listed [52], as shown in Table 15.1.

. Data markets connected by common dimensions. The dimensional model allows the formation of a bus

structure for data markets (or marts) based on consistent dimensions and facts, thereby closely relating

Table 15.1 Fact properties and related dimensions of electric power marketing subjects.

Decision subject

Fact properties

Dimensions

Analysis of electric
quantity

Analysis of
electricity fee

Analysis of
customers
Analysis of load

Analysis of
measurement

Analysis of business
expansion

Analysis of repair
statistics

Analysis of compli-
ant against power
supply service

Time of use active energy, total active energy,
total reactive energy

Basic electricity fee, energy electricity fee,
reward and punishment electricity fee, peak—
valley increase, overdue fee

Number of customers, capacity of power use,
customer credit

Peak—valley load, fiducial point load, load
factor

Quantity of measuring equipment, precision
type, pre-calibration qualified rate, verifica-
tion rate

Quantity applied, quantity to be installed,
capacity to be installed

Rate of request for repair, workload of request
for repair

Complaint rate, complaint quantity, settling
rate

Time, customer, type of power use, voltage
class

Time, customer, payment, preferential,
voltage class

Time, customer, type of power use,

voltage class

Time, customer, industry, type of power use,
voltage class, weather, date type

Time, customer, industry, type of power use,
voltage class

Installation location, meter category, manufac-
turer, use state Time, customer, industry, type
of power use, voltage class

Time, customer, request for repair, settling
result

Time, customer, complaint type, settling
situation, satisfaction degree
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different data markets through dimensions and realizing the integration of data in subjects. As for two deci-
sion analysis subjects of electric quantity analysis and electricity fee analysis, data markets of the two sub-
jects are connected through three dimensions of customer, voltage class, and time, as shown in Figure 15.6.

In fact, the dimensional model of one subject can be used to establish a unit data market. When a new data
market is established and expanded gradually to the whole power grid enterprise, the enterprise data ware-
house can be established.

15.4.4 In-Depth Utilization of Line Loss Mass Information — Integration
of Data in Dispatching and Marketing Systems

15.4.4.1 Analysis of DSS in Position for Power Grid Enterprise

According to analyses of the value creation process and enterprise model for a power grid enterprise, two
parameters that are most closely related to the enterprise operating profit are sales energy and average sales
price (also known as average price of power sales) in the marketing system. Therefore, the setting of DSS in
the external data platform of the marketing system is an appropriate locating plan, so as to protect information
on customers and electricity fees.

During April 2005 to March 2006, the State Grid Corporation of China conducted three representative day
load measurements and theoretical line loss calculations [53] for its electric power systems according to max-
imum load mode, normal load mode, and minimum load mode. According to statistics and analysis, the elec-
tricity losses of 110(66) kV grids account for 17% of total losses, and the electricity losses of 220 kV and 500
(330) kV grids account for 23.2% and 8.2% in total losses, respectively. This shows that the line losses of loss
calculation units managed by the dispatching system account for about 48.4% in total losses, while the line
losses of loss calculation units managed by the marketing system, that is total losses of 0.38 kV low-voltage
grids and 10-35 kV distribution networks, account for about 51.6% in total losses. If the proportion of elec-
tricity line losses and the work of loss reduction and energy saving are only considered for the analysis, the
dispatching system and the marketing system have equivalent responsibilities within the power grid enter-
prise. When considering the locating of DSS in the power grid enterprise, it is reasonable and necessary to
further consider the data integration of the dispatching system and the marketing system, provided one
accepts that main network losses and distribution line losses are almost equal.

15.4.4.2 Planning Idea of “Two-Base” Structure for Line Loss Information
of Main and Distribution Networks

The DSS of a power grid enterprise is established in the terminal link of business operation and can directly
connect the overall parts of the enterprise. Just considering the in-depth utilization of line loss information,
however, two data warehouses can be established in the main and distribution networks. This “two-base”
structure has not only a separate work division but also a mutual connection, facilitating the in-depth utili-
zation of information in each warehouse. According to the requirements of DSS, analysis subjects that con-
nect “two bases” can be determined, so that one data market with analysis subjects that belong to dispatching
system is connected with the other data market with analysis subjects that belong to the marketing system,
thus forming a larger data market with subjects of analyzing enterprise operating results, and promoting the
comprehensive construction of an enterprise data warehouse.

15.4.4.3 Analysis Subjects of Main Network Loss Data Warehouse and
Distribution Network Line Loss Data Warehouse

1. Analysis subjects of main network losses. Taking a regional power grid enterprise as an example, the fact
properties and related dimensions of analysis subjects of main network losses are shown in Table 15.2.
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Table 15.2 Fact properties and related dimensions of analysis subjects of main network losses.

Decision analysis subject

Fact properties

Dimensions

Analysis of loss allocation
among provincial networks

Analysis of 500 kV losses

Analysis of loss rate by
voltage

Analysis of energy balance

Analysis of voltage and
reactive power

Analysis of losses under
maintenance mode
Analysis of loss reduction
and energy saving in the
main network

Loads, power flows, energies and voltages of the
whole network and provincial networks under
maximum, normal and minimum modes

Loads, power flows, energies and voltages of the
whole network and provincial networks under
maximum, normal and minimum modes

Quarterly 220, 110(66) kV loss rates; loads,
power flows, energies and voltages under

various modes

Quarterly input and output energies of 220, 110(66)
kV substations; unbalance rate of bus energy

Bus voltage qualified rates of 500, 220 kV
substations under various modes; reactive power
flow and compensation

Loads, power flows, voltages and losses of
provincial networks under maintenance mode
Economical operation mode, loop net, off-network
operation, reactive optimization, voltage control
level

Time, provincial network, load,
power flow, voltage, energy,
exchanged energy

Time, provincial network, load,
power flow, voltage, energy

Time, provincial network, load,
power flow, voltage, energy

Time, provincial network,
substation, voltage, energy

Time, provincial network,
substation, voltage, compensation
capacity

Time, provincial network, load,
power flow, voltage, loss

Time, provincial network, load,
power flow, voltage

2. Analysis subjects of distribution network line losses. Taking a prefectural power grid enterprise as an
example, the fact properties and related dimensions of analysis subjects of distribution network line losses
are shown in Table 15.3.

15.4.4.4 Expansion of Utilization of Line Loss Mass Information by Subjects
of Loss Reduction and Profit Increase

1. Analysis of loss reduction and profit increase for the main network. For convenience, this paragraph uses
the subscripts 1 and 2 to represent the main network and the distribution network, respectively. If the aver-
age unit price of power purchase is ao, loss rate of main network z;, fixed expense of main network b,
output energy of main network x;, and output price of main network a;, then the operating profit (not
considering the influence of proportional tax rate) of the main network can be calculated as per the fol-
lowing formula

Wi =aix;—aox1/(1-21)-b; (15.9)
With Formula (15.9) as a mathematical model, the influence of loss rate of the main network on its oper-
ating profit can be analyzed.

2. Analysis of loss reduction and profit increase for the distribution network. If the line loss rate of the dis-
tribution network is z,, fixed expense b,, average price of power sales y, and power sales quantity x,, then
the operating profit of the distribution network can be calculated as per the following formula

aixp
Wr=yx,— 1]

—b, (15.10)
—22

3. Analysis of loss reduction and profit increase for the whole network by DSS.

W=W, +W, (15.11)
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Table 15.3 Fact properties and related dimensions of analysis subjects of distribution network line losses.

Decision analysis subject

Fact properties

Dimensions

Analysis of line losses in
various power supply areas

Analysis of line loss rate by
voltage

Analysis of electric supply
structure

Analysis of voltage level

Analysis of loss constituent
ratio

Analysis of comprehensive line
loss rate

Analysis of loss reduction
and energy saving in the
distribution network

Quarterly electric supplies, power sales quantities
and statistical line loss rates in 220, 110 kV
power supply areas

Quarterly electric supplies, power sales quantities
and statistical line loss rates in 35, 10, 0.38 kV
power supply areas

Quarterly secondary step-down electric supply
ratio and electricity line losses of three-winding
main transformer

Monthly distribution export voltage, electric
supply, power sales quantity, dispersion
compensation

Quarterly 35, 10 kV no-load electricity

losses, load electricity losses and 6 values
Quarterly electric supply with loss, electric supply
without loss, line loss rate with loss, comprehensive
line loss rate

Quarterly reduced electricity losses, average price
of power purchase, average price of power sales,
profit increase

Time, power supply area,
energy, line loss rate

Time, power supply area,
energy, line loss rate

Time, main transformer, electric
supply, line loss rate

Time, line, electric supply,
voltage, compensation capacity

Time, line, electric supply, line
loss rate
Time, area, electric supply, line
loss rate

Time, area, electric supply,
planned line loss rate and
actual line loss rate

Due to

W=yxa—aox/(1=z1)= (b1 +b2)
W=yxa—agx2/(1-2)= (b1 +b2)

(15.12)
(15.13)

Formula (15.12) calculates the electric supply of the main network according to its output energy and loss
rate, thereby calculating the power purchase expense. Formula (15.13) calculates the power purchase
expense of the whole network according to the final power sales quantity of the distribution network
and the comprehensive line loss rate z of the whole network. The results of Formulas (15.12) and
(15.13) should be consistent. Obviously, neither formula considers the actual influence of direct supply
energy provided by the main network to customers.

Decision support analysis shows a change in the proportions of W, and W,. This change can be com-
pared with the change in z; and z,, so from the level of enterprise one finds the degree of influence of line
losses in the main network and the distribution network on the increase in enterprise profit, thus adjusting
the direction of loss reduction and energy saving. This analysis of the influence on enterprise macro-
benefit is obviously more thorough than a comparison of electricity losses, and this is the significance
of decision support.

15.4.4.5 Expansion of Utilization of Line Loss Mass Information by Data Mining

1. Calculation of reduced payment of electricity fees due to unqualified energy. As early as October 1996,
Reference [87] stipulated that, if a customer has explicit requirements for voltage and frequency quality in
apower supply contract, 20% of electricity fees of the energy purchased by the customer within any period
when the voltage quality or frequency is unqualified should be deducted for compensation. Actually there
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Figure 15.7 Process of integration of voltage quality and load data: (a) integration relationship dimension; (b) integration

pro

cess and result.

are few such compensation cases, but this provision is reasonable from the perspective of power grid enter-
prises’ social responsibilities. To measure unqualified energy and to calculate compensation, it is neces-
sary to integrate the voltage, frequency, load, and electricity price of the dispatching system and the
marketing system. See Figure 15.7 for the integration process.

If the ratio between qualified sales energy and total sales energy is ka, given the characteristics of
load curve of a customer sensitive to voltage quality and the provision of time of use electricity price,
the average price of power sales p,, of the customer can be calculated, so a compensated electricity fee
when the voltage quality exceeds the upper or lower limit can be calculated as per the following
formula

Wpsh =0.20p,y (1—ka)A (15.14)
Calculation of loss reduction and energy saving benefits. According to the analysis in Section 6.4 of
Chapter 6, a higher voltage level can reduce the total electric energy losses of most distribution lines whose
proportion of no-load losses is small.

According to Formula (6.1), AA = CA? + B=CA%(1 + 0). If it is assumed that the loss constituent ratio 6
remains unchanged within a short time, then the rate of change in total losses with the load loss coefficient
is d(AA)/C = A(1 + 0); according to Formula (6.14), the partial derivative of load loss coefficient C to
voltage is JC/JU,, = —(2C/Uy,,), and substitute it into the just mentioned formula to obtain

U,

av

d(AA)~dCA%(1+0) = (a_c) dUA%(1+0) = - (?]—C)Az(l +0)dU,

av
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Since C = AA/[A%(1 + 6)], substitute it into the above to obtain
d(AA)~ —(2AA/dU,, )/ Uy
that is

d(AA) N_szav
A T TU,

(15.15)

According to Formula (15.15), when 6 remains unchanged within a short time, the rate of relative change
in electric energy losses is two times the rate of change in voltage level, and their change directions are
opposite.

If the average price of power purchase is a,,, then the loss reduction and energy saving benefits of
distribution lines after the voltage level is improved can be calculated as per the following formula

Wish = tayd(AA) %204, AASU,, (15.16)

3. Analysis of benefits from information integration and voltage control for several voltage-sensitive custo-
mers. If several voltage-sensitive customers are in different distribution lines of a 10 kV bus in a step-down
substation and signed power supply quality contracts, it is necessary to integrate voltage qualified rates ka;
at all customer ends, average prices of power sales p,, ; of all customers during peak, normal, and valley
periods, and monthly power sales quantities to the marketing system and to calculate the reduced payment
>t Wp.ehi of electricity fees due to the poor quality of the outgoing voltage in the 10 kV bus.

Total losses Z}"z 1 AA; can be obtained according to statistics of line losses in all 10kV outgoing lines of
this bus in last month, and the reduced electricity line losses can be calculated after the voltage level is
improved according to the average voltage level in the previous month. Loss reduction benefits are
calculated as per Formula (15.16).

Under an acceptable voltage level, the change in total quality compensations to voltage-sensitive cus-
tomers for the next month is collected and compared with the loss reduction benefits due to the increase in
voltage level, so the new understanding of benefit optimization by voltage control can be obtained. As a
result, the in-depth utilization of line loss mass information is necessary and possible, and this is helpful
for the establishment and improvement of the enterprise operation decision support knowledge base.
Enterprise lean operation is endless, and like various kinds of enterprise information, line loss mass infor-
mation is expected to be utilized in an in-depth manner with renewed efforts from the managers. During
the progress of information-driven modernization, line loss managers and researchers still shoulder heavy
responsibilities.
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Appendix A

Calculation Curve of Corona
Loss Power AP,

Assume that E\; is conductor surface maximum electric field intensity, § is relative air density, r is calculation

P cor

radius of conductor, and n is number of conductors per phase. Then, is corona loss power of each

conductor per phase and per kilometer under all kinds of weather conditions.

APCO]’ . .
With Ey/6 (kV/em) as x-coordinate and —— [kW/(km-phase)] as y-coordinate, different or values
n

correspond to different calculation curves of corona loss power. See Figures A.1 to A.4 for calculation curves
of corona loss power under good days, rainy days, foggy days, and icy and snowy days.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
© 2016 China Electric Power Press. Published 2016 by John Wiley & Sons Singapore Pte Ltd.



336 Appendix A

100
APo; 80

Il
0.9

i5H
STT
— ]4 11

1.8

( KW )50 ~

40 /]
km-Phase 30 P

20
)
/
[

—

—
[ ——
\
P
o
~
—~
I

— Tt/

10
8.0
6.0

bl
Pt

~r_]
-
™~
I
P
™~
P

5.0
4.0
3.0

~]
—

2.0

~—]

1.0
0.8

0.6 /
05 /

0.4
0.3

[~
N~
I~

NN S S N
=
S~

S e B Oy

o~ T~
~—
\
\
M
T
\\

0.2

0.1 //
7
]

0.08

0.06
/
0.05 1/
/
/

N N SRS
=

™~
™~

T
™
™
N

0.04
0.03

\\‘\ ™
-
~
e
—
T~

T e ————

~J

0.02 /
Wi

20 22 24 26 28 30 32 34 36 38 40 42 44 46
E?M(kV/cm)

Figure A.1 Calculation curve of corona loss power (good days).
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Appendix B

Calculation of Electrical
Parameters of Power Grid Units

B.1 Parameters of Overhead Lines
B.1.1 Parameters of Overhead Transmission Lines

The equivalent circuit of an overhead transmission line is shown in Figure B.1.
The parameters of the line shown in Figure B.1 are calculated as follows:

The resistance R is

o 14
R=—I=—I B.1
n nS (B.1)

Wherein  r¢ — conductor resistance per unit length (Q/km);
L — line length (km);
n — the number of bundled conductors; n = 1 means single conductor;
p — calculation electrical resistivity of conductor (Q-mm*/km); p =31.5 for aluminum conductors
and p = 18.8 for copper conductors;
S — nominal sectional area of conductor (mm?).

Reactance X and susceptance B are respectively

Dy, 0.0157
X=xl= (0.14451g + )1 (B.2)
Teq
7.58
B=bl=| —7, x107¢ |1 (B.3)
av
Ig
Teq
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O O

Figure B.1 Equivalent circuit of overhead transmission line.

Dy = y Dy, DycDeca
Teq =1/ rag;!

Wherein  x,, by — reactance (2/km) and susceptance (1/(€2-km) per phase and per kilometer of line;
D,, — average geometrical spacing (cm);
D.p, Dy, D, — distances among three-phase conductors (cm);
Teq — €quivalent radius of conductor per phase (cm);
r — calculation radius of conductor (cm);

a,y — geometric mean of split spacing (cm; depending on the number of bundled conductors 7; see
Table 8.2 for details).

If the length of the line is more than 300 km but does not exceed 1000 km, the R, X, B values calculated by
the above formulas should be corrected before serving as parameters of the circuit. The correction coefficients
of resistance, reactance, and susceptance are

1
K=1- §x0b012 (B.4)
P b
Ke=1-¢ (xobo-rg£> (B.5)
3+K;
K,=0.5 B.6
b % 1+K; (B.6)
The corrected parameters are

R =K.R (B.7)

X' =KX (B.8)

B =K,B (B.9)

The calculation of conductance G is omitted. If the length of the line is smaller than 80 km and the voltage is
35 kV and below, parameters G and B can both be omitted.
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B.1.2  Parameters of Steel Conductor Overhead Lines

The resistance ro changes with current, which can be referred to in the relevant manual. The reactance is
xo = X' o + X"y, wherein X is the external reactance of the steel conductor, that is

Dyy
xp=0.144 51g : (B.10)

X" is the internal reactance of steel conductor and depends on the quantity of current, which can be referred to
in the relevant manual.

B.1.3  Parameters of Two-Wire One-Ground Overhead Lines

Parameters of the conductor phase of the two-wire one-ground overhead line are similar to those of the three-
phase system line, that is

ro= B
S D (B.11)
xp=0.144 51g— +0.015 7
r
Wherein  r¢ — conductor resistance per unit length (/km);
Xo — conductor reactance per unit length (€/km);
p — resistance coefficient of conductor (©-mm>/km);
S — sectional area of conductor (mm?);
D — spacing between conductors (cm);
r — calculation radius of conductor (cm).
The resistance rq and reactance x4 of the grounding phase per kilometer are respectively
1
rdzg(r0+27'di) (B12)
1
xdzg(x0+2xdi) (B'13)

Wherein  rg; — ground resistance per unit length (Q/km), generally ry; ~ 0.05 Q/km;
Xgi — ground reactance per unit length (€/km), generally xg; = 0.43 Q/km for ordinary soil.

B.2 Parameters of Transformer

B.2.1 Parameters of Two-Winding Transformer

The equivalent circuit of a two-winding transformer is shown in Figure B.2.

In the equivalent circuit of a two-winding transformer, three-winding transformer, or auto-transformer,
there are no-load power losses APy and AQ, of transformer in the power supply side. The resistance
R () and reactance X () in the equivalent circuit of the two-winding transformer are respectively

_ AP NUE x10°

R
A

(B.14)
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R+jX
o 1 o)
APy+jAQ,
o O
Figure B.2 Equivalent circuit of two-winding transformer.
Au,U§ x 10
x = 2 UN XY (B.15)
SN
Aug =1/ (Auy)* = (Auy ) (B.16)
AP,
Auy == %100 (B.17)
N

Wherein  AP;y — rated load losses (short-circuit losses) of transformer (kW);
Uy — rated voltage of transformer (kV);
Sn — rated capacity of transformer (kVA);

Au, — percentage of voltage drop in transformer reactance to rated voltage;
Auy — percentage of short-circuit voltage (impedance voltage) of transformer'.

As for a transformer whose capacity is above 1000 kV A, its reactance X is much larger than its resistance,

so Au, ~ Auy, and

o AuUZx10
SN

No-load reactive losses AQy (kvar) in the equivalent circuit are

oSN
AQy=——
=700

Wherein iy — percentage of no-load current of transformer.

B.2.2  Parameters of Three-Winding Transformer

The equivalent circuit of a three-winding transformer is shown in Figure B.3.

(B.18)

To calculate the parameters of a three-winding transformer, it is important to know the capacity ratio
of windings on three sides of the transformer and the capacity under which the load losses APy and the

percentage of short-circuit voltage Auy are determined.

! Short-circuit voltage Au is usually expressed by percentage of rated voltage, that is Auy = (
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< O

Figure B.3 Equivalent circuit of three-winding transformer.

1. When the capacity ratio of the three windings of the transformer is 100/100/100, and the load losses in the
windings are APy nhoms AP APpn.mas the load losses of each winding are respectively

1
1

AP Nm= E(APLN-h-m + AP N1~ APLNR) (B.20)
1

APLN-I = E(APLN-h-l + APLN.mAl—APLNAh.m) (le)

The equivalent resistance of each winding that is included into the high-voltage side rated voltage U,y
is respectively

AP Ny U3 x 103
R1=M (B.22)
S%
AP U2 x 10°
2=LNS+X (B.23)
N
PinaU% x 10°
3=M (B.24)

K

Wherein  subscripts h, m, 1 — high-, medium-, and low-voltage sides of the three-winding transformer;
Sn — rated capacity of the transformer.

If short-circuit voltages among the windings are respectively Auy.p.m, Aty.pn.1, Alt.m.1, then the percent-
age of short-circuit voltage drop of each winding is respectively

1

Ay = E (Aukh‘m + Auypg— Auk.mJ) (st)
1

Ay = 5 (Auk.h.m + At — Auk.h.l) (B.26)
1

Auy = E(Auk.m] + Auk,}” —Al/lk.h,m) (B.27)
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Table B.1 Data after inclusion within the rated capacity of the

transformer.
Capacity ratio 100/100/50 Capacity ratio 100/50/100
APLN»h~m = APLN-h- S 2
; 2 APLNhm = AP N <ﬂ>
AP = APy, (3 S
LN-h1 = LN-h1 SSN :4APLN.h.m
=4AP N p Sin\ 2
2 APLNn1= AP Ny <ﬂ)
APrxm = APy (22 -
LN-m-1 = LN-m-1 S3N — AP/LN.M
=4AP N1 Sin) 2
, " AP Nm1= APiN~m~l <ﬂ>
Auk,h.m = Auk_h_m SZN
S =4AP .,
Auk-h-l — Auf(.h.l (ﬂ) LN-m-1
San Ay Au, (SIN>
k-hm = k-h- <~
=2Au T\ SN
S =2Aup
Auk.m.l = Aul’(_m,] <ﬂ> , kh
S3N Auk.h.l = Auk,h_l
=2Aul . S
kml Abtgem = A, | <SLN>
2N

=2Au

Then, the equivalent reactance of each winding that is included into the high-voltage side rated voltage
U\ is respectively

A, U % 10
X, = DUy x 10 (B.28)
SN
A U3 % 10
X, = StkemZin X 1) (B.29)
SN
AuU% x 10
XFM (B.30)
SN

2. When the capacity ratio is 100/100/50 (or 100/50/100), and the load losses and percentages of the short-
circuit voltage in the windings are obtained from the test, which is conducted based on the smaller winding
capacity, they must be included in the rated capacity data of the transformer before being used to calculate
the equivalent resistance and reactance according to the above formulas.

If the load losses before the inclusion are AP’y npms AP L1 AP Lnma, and percentages of short-
circuit voltage drop are Au'y p.m, A1, Aty.m, the data after inclusion to the rated capacity of the trans-
former are shown in Table B.1.

With the calculated AP} nhms APLNR1 APLN.m1and Aty p.ms Aty 1, Ay, the equivalent resistance
and equivalent reactance can be calculated by the formulas for the capacity ratio of 100/100/100.

3. Auto-transformer. The parameter calculation and equivalent circuit of auto-transformers are the same as
those of general two-winding or three-winding transformers.
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Derivation of Loss Factor Formula
by Subsection Integration Method

Chinese electric power scholar Liu Yingkuan derived a loss factor formula by the subsection integration
method when he worked with the Xining Administration of Power Supply in 1981, which was an outstanding
high-level achievement. Due to the narrow transmission of the original materials [14] few people knew about
them, so this appendix quotes such materials for sharing with the readers.

It is well-known that if a load curve is given, its § and f values can be uniquely determined. However, if the
f and fvalues are given, it is impossible to uniquely determine a load curve. Instead, a family of load curves
can be determined.

As shown in Figure C.1, the double-step load curve BCDE represents the critical state under which a max-
imum change in the family of load curves occurs, while the horizontal linear load curve AF represents the
critical state under which a minimum change in the family of load curves occurs.

The actual family of load curves is within the range of rectangles ABCN’ and N’DEF formed by the two
critical states. The key to identify the two rectangles is to find the projection positions of the step points in the
horizontal axis. Allow ON = n, and then NK = 1 — n = m. Because the area of the double-step load curve
should be equal to the area under the horizontal linear load curve, and the y-coordinate OA is equal to
the average load f, so

pn+mx1.0=f

Substitute m = (1 — n) into the above formula to obtain

n= -7

-1
(C.1)

I

1-f

After the position of N is determined, to derive the loss factor formula comes down to the above two rec-
tangles. Do average calculation of the integrated square of the family of load curves.

Line Loss Analysis and Calculation of Electric Power Systems, First Edition. Anguan Wu and Baoshan Ni.
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Figure C.1 Range of the family of load curves with four sections of broken lines.

1 NO) 72 1.0(m) #T

Assume that a moving point H(z;, y;) is in the rectangle ABCN'. Accordingly, there is a moving point
G(z2, y,) in the rectangle N'FED. Here, the origin of coordinates for 7, is N for convenient analysis. To
ensure that the area under the broken lines is equal to the load factor f, the position of G must be subject
to the position of H. For example, if H is located in B, G should be located in E accordingly, so a definite
relationship occurs between G and H in the coordinates, that is

y=f+ 2 (f=n)

72=m(1—2)
n

(C.2)

According to Formula (C.2), functional expressions of the four sections of broken lines can be listed

BH section

HN'’ section

N'G section

GE section

1d0=ﬁ+(w—ﬁk% (0O<r<7y)
f=n

7(1—11) (Tl StSn)
n—t;

L(t) =y +

13(z)=f+(y2—f)é (0<t<72)
—2 (t-72) (m2<t<m)
m-=1y

14(),‘) =y +

(C.3)

1
In the per unit value coordinate system, loss factor F = [ I 2(e)dt. To get an average of the integrated square
0

of the family of load curves, do an integral calculation of the square of the linear function in each section
by the time variable ¢. Then, do an average calculation of the integral interval by x-coordinate parameters
71, 7. Finally, do an average calculation of the integral interval by y-coordinate parameters y;, y,. See
Table C.1 for the three integral processes.
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Table C.1 Table of results of three integral calculations on four sections of linear functions.

Average of integral interval by Average of integral interval by
. Integral of square of load curve a <
Linear 1 d 1 d
section by ¢ Jllz(t)dt v (a=b) p(z)dr y (c—d) w(y)dy
. b d
T | n f
BH Jlf(t)dt:(p, (1) ;J(I’I(Tl)dﬁ =y, (1) (—lﬁ)Jllll(yl)dy
0
s
1 2 2 _n n
=30 (P ) =g pnen) =3¢ (1157 +55f +2f°)
n | n fA
o [ROa=ee) Joman=va0) L[t
K " (f —ﬂ)ﬂ
1 n
:g(n—rl)(f2+fy1+y%) g(f +1+y7) %( 112+ 56 +25°)
[ | m 1
NG 1
NG Jlg(t)dtz(m(rz) ;th (72)dmy =3 (y2) mJy/3(y2)dy2
1 m b
— 2 m
= 0203 +0f +F) =5 (2 +yf +?) =2 (112 +5+2)
m 1 n 1
GE 1
GE Jlf(t)dt=¢4(12) ;J(ﬂ4(72)d72='l/4()’2) = )JVM()’Z)dyz
7 0 E /
1 m m
:g(m—'rz)(l+y2+y%) €(1+y2+y2) :%(2f2+5f+11)

Add up the four formulas in the four columns of Table C.1 and substitute Formula (C.1) to obtain

1
23 13
F=[Pwa=2r4 2 app-p)
f)[ 36 36 (C.4)

=0.639f2+0.361(f +fB-p)
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Appendix D

Actual Measurement Analysis
of No-load Power Losses and
Relationship between No-load
Current and Voltage of
Distribution Transformers

D.1 Actual Measurement Analysis of APy(U) of General Transformers

Test data are quoted from Reference [23], and the test samples are two 50 kVA general transformers
(hot-rolled silicon-steel sheet). See Table D.1 for actual measurement data and relevant calculated values
(analysis I).

If APy, = an*, then 1gA Py, =1ga + blgU,. Use the correlational analysis method to obtain lga = 0.0358 48.
So a = 1.086, b = 4.041, correlation coefficient » = 0.9514; the approximate formula is

APy, ~1.08U*° (U, #1.0)

D.2 Actual Measurement Analysis of APy(U) of Low Loss Transformers

Test data are quoted from Reference [23], and the test sample is one 100 kVA transformer. See Table D.2 for
actual measurement data and relevant calculated values (analysis II).

If APy, = an*, then 1gA Py, = 1ga + blgU,. Use the correlational analysis method to obtain a = 1.011 8 =
1.012, b = 1.836 = 1.84, correlation coefficient r = 0.932. So the approximate formula is

APy, ~1.012U (U, #1.0)
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352 Appendix D
Table D.1 Actual measurement data and relevant calculated values (analysis I).

Voltage No-load losses Voltage No-load losses
Actual Actual Actual Actual
measurement measurement measurement measurement
Uv) 1gU. APy(W) 1gAP, Uuw) 1gU, APy(W) 1gAP,
9013 -0.0462 408 —0.1437 | 9000 -0.045 76 248 -0.076 84
9525 -0.0223 432 -0.1189 | 9488 -0.022 83 265 -0.048 05
10 025 0 568 0 10 000 0 296 0
10 550 0.0222 704 0.0932 | 10 500 0.021 19 392 0.121 99
10 988 0.0398 952 0.2243 | 11 000 0.041 39 528 0.2513
Table D.2 Actual measurement data and relevant calculated values (analysis II).

Voltage No-load losses Voltage No-load losses
Actual Actual Actual Actual
measurement measurement measurement measurement
U 1gU. APy(W) 1gAP, Uw) 1gU, APy(W) 1gAPy,
9193 —-0.0244 280 -0.03 10 008 0.012 46 300 0
9455 -0.012 23 290 -0.0147 | 10282 0.024 20 340 0.054 36
9725 0 300 0 10 463 0.031 77 360 0.079 18
Table D.3 Actual measurement data and relevant calculated values (analysis III).
U 9013 9525 10 025 10 55 10 988 9000 9488 100 105 110
U, 0.8991 0.9501 1.0 1.0524 1.097 0.9 0.9488 1.0 1.05 1.1
In(A) 0.088 0.113 0.145 0.188 0.245 0.082 0.102 0.132 0.163 0.22
Io. 0.6069 0.7793 1.0 1.2966 1.6897 0.6212 0.7727 1.0 1.2348 1.6667
D.3 Actual Measurement Analysis of Iy(U) of General Transformers

Test data are quoted from Reference [23], and the test samples are two 50 kVA general transformers
(hot-rolled silicon-steel sheet). See Table D.3 for actual measurement data and relevant calculated values
(analysis III).

If Iy, = aUP,, then Igly, = lga + blgU,. Use the correlational analysis method to obtain ¢ =1.016, b=4.973 ~
5.0, correlation coefficient r = 0.997 2. So the approximate formula is

Io, #1.00U>°
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AC angular frequency, 2

access system lines, 183

AC resistance, 7

active component, 163

active power, 2

actual, 19

additive, 225

adjustment of load curve, 255

adjustment of measuring point, 188

admittance, 191

aggregate level, 294

agricultural electric lines, 82

aluminum conductors, steel-cored aluminum
wires, 7

analytical formula, 31

angle error, 18

Anneberg formula, 135

apparent power, 48

approximate formula, 28

armored cable loss, 141

average loss allocation method, 209

axioms, 225

back transmission, 70

bare conductor, 7
Beijing—Tianjin—Tangshan power grids, 312
benefit evaluation, 181

benefit loss reduction, 178

bias ratio, 175

binomial, 29

biomass power generation, 179
boundary conditions, 36
branch line, 151

breakers, 257

break-even point, 282

broken line approximate expression, 18
bulk power sales quantity, 6
bundled conductors, 134
business conceptual model, 309

cable core, 1
cable sheath, 143
cross-linked cable, 141
impregnated paper insulated cable, 141
oil-filled cable, 144
PVC cable, 141
single core coaxial cable, 1
calibration, 19
capacitance, 1
capacitor, 1, 148
all-film dielectric capacitor, 148
certain event, 34
coal-electricity price linkage, 297
coalition, 224
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compensation, 69

capacity, 69

under compensation, 69

degree, 69

weak over compensation, 69
complex trading, 223
comprehensive line loss rate, 118
comprehensive load, 105
concentrated loads, 152

conductance, leakage conductance of dielectric, 2

conductivity, 2
constraint condition, 190
consumer, 117

with loss, 117

without loss, 117
convergence criterion, 186
cooperative game, 224
corrected, 135
correlation coefficient, 47
cost constituent ration, 301
criteria, 4, 134
critical field intensity, 132
critical increased losses, 219
cross-subsidization, 213
current load curve, active

power load curve, 3

curve fitting method, 138

data mining (DM), 323
data warehouse (DW), 323
decreasing order, 241
dedicated lines, 73
density, energy flow density, 1
depth, 36
corona loss, 135
valley depth, 36
derivative, 88
deviation, 10, 89
voltage deviation, 10
dielectric, 2
constant, 2
magnetizing, 2
particles, 2
digital filtering, 185
direct integration, 110
direct supply customers, 210
dispatching, data platform, 324
dispersion co-efficient method, 168
distribution function, 36
distribution density function, 37
double component balance method, 162

economic signal, 216
eddy, 144
electrical field intensity, 132
electric boilers, 150
electric energy metering system, 18, 189
electric supply, 3
structure, 113
electronic watt-hour meter, 18
energy-saving, 260
conductors, 261
hardware, 260
enterprise conceptual model, 309
enterprise resource planning (ERP), 313
equal time equivalent load, 53
equivalent load curve, 53
equivalent node power model, 190
equivalent reactive compensation electric
energy, 242
equivalent reactive compensation electric
power, 241
equivalent resistance method, 157
error, 18
variable, 260
evaluation, benefit evaluation, 260
excitation, 191
expected mean, 35
exponential curve, 26
expression, higher order
expression, 89
externality, 91

fiducial point load, 204
field effect transistor, 18
fitting effect, 47

flow tracing method, 209
form coefficient, 14
frequency, 7

full period, 181

function generator, 18
fuse, 148

game theory, 224
general formula, 35
global positioning system (GPS), 187
gradient, 133
grid, 4
China Southern Power, 4
State-Corporation of China, 4
grounding model, 145
ground wire, 260
group efficiency, 225
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hardware system, 18

harmonic, control technology, 261

high-frequency diode, 18

high-temperature superconducting
technology, 261

high-voltage power grid, 183

hot-rolled silicon-steel sheet, 92

hysteresis, 144

ideal load curve, 23
illumination load, 52
imbalance coefficient, 138
inclusion of load loss coefficient, 94
increase rate function, 122
indicator, 6
inductance, 2
initialization, 19
installation, 241
instantaneous peak, 31
insulating layers, 141
insulating sleeve, 258
insulator, 258
integral, 2
of active power loss, 2
integral equations, 45
integrated steel tape armored cable, 143
internalization, 299
investment, 75
iron loss, 7
iteration, 186

junction manhole, 145

kernel method, 230
kvar, 76

lagers, 26
large regional power grid, 5
lean management, 207
line loss prediction, 263
line loss rate, 3
comprehensive line loss rate, 6
link, 282
cost, 282
electric price, 282
output end, 304
load curve, 10
load duration curve, 10
load factor, 12
load flow calculation, 184
load line loss rate, 110

loop, 232
closed loop, 232
open loop, 232
loss, 1
allocation, 209
increment method, 224
loss factor, 16
loss of load probability (LOLP), 290
management information system, 5
structure coefficient, 122

magnetic conductivity, 2
main transformer, 146
mapping relation, 44
margin, 3
marginal, 126
marginal line loss, 126
marginal loss coefficient method, 209
marginal loss electric price, 214
marketing system, 324
mass information, 309
mathematical expectation, 37
metropolises, 29
minimum load rate, 12
moment, second-order central moment, 40
monopolized industries, 300
Monte-Carlo method, 41
multi-branch line, 157
multi-dimensional array, 324
multiple-factor analyses, 122
multi-section electricity price, 292
mutant, 16

natural power distribution, 232
natural power factor, 73

network topology, 312

node equivalent power, 190

node loss coefficient method, 209
no-load line loss rate, 110

normal distribution, 10
numerator polynomial, 110

objective function, 190

off-peak power factor, 184

on-grid price, 294

online analysis processing (OLAP), 323
on-line computation, 184

optimal distribution, 126

optimistic time, 63

overhead line, 7

overload, 22
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Index

parallel operation, 147
parameter, characterization load curve, 12
peak, 24
height, 36
load, 24
peak-valley time of use price, 290
pessimistic time, 43
phasing, 57
photovoltaic power generation, 179
point-by-point simplification method, 153
polarization loss, 2
power, 1
power factor, 16
transmission lines, 132
power grid
enterprises, 4
unit, 50, 131
power sales quantity, 3
with loss, 117
without loss, 117
poynting vector, 1
predict, 87
prefectural power grid, 183
price system in cap, 300
primary, 146
side, 146
winding, 146
procedure, 41
profit and tax amount, 282
program evaluation review technique (PERT), 43
provincial power grid, 5
proximal effect, 141
PVC insulated cable, 141
Pythagoras Theorem, 35

quantity electricity, 3

rated, 146
ratio, 18
cost-profit-ratio, 303
debt asset ratio, 303
debt service coverage ratio, 303
error, 18
interest coverage ratio, 303
raw data, 185
reactive power, 9
reactor, 149
real-time calculation, 186
real-time price, 289
receiving ends, 81
recursive calculation, 292

reduction effect, 115

redundancy, 186

regional marginal loss electricity price method, 216
regional power grids, 183

relative dielectric constant, 141
relaxed load, 228

reliable, 197

representative day, 21

resource, distribution resource, 178
return on assets, 303

reverse calculation, 304

reverse flow, 179

rms current method, 21

rolling prediction method, 272

sales businesses price, 290

samples, 30

saving modes, 186

scalar quantity, 210

seamless connection, 291

sensitivity coefficient, 228

separation between power plants and power grids,
4,209

separation main business and ancillary, 300

sequential set, 33

series current-limiting reactor, 149

Shapley method, 224

sheath loss, 143

short-term marginal cost, 289

single electricity purchaser model, 290

skin effect, 7

smooth current method, 26

social responsibilities, 332

staggering peak, 154

standard power grid, 197

star connection, 18

state estimating, 185

statically indeterminate equations, 185

statistical criteria, 4

sub-conductor, 135

subsection integration, 32

subset, 216

superposition of peak values, 210

supervisory control and data acquisition (SCADA)
system, 185

symmetry, 225

synchronous compensator, 149

temperature coefficient, 8
three-mode division, 44
three-phase line, 16
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tie lines, 54

time division multiplier, 18

time tag, 187

total line loss rate, 109

transformer, 54
longitudinal and transverse voltage regulating

transformer, 235

three-winding transformer, 132
two-winding transformer, 132

transit electric supply, 6, 119

trinomial, 30

triple load power supply model, 211

triplicate, 134

typical significance, 24

unequal time equivalent load curve, 57
union set, 216

unique, 211

unit price of electricity purchase, 282
urban public lines, 73

vague, 43
valley filling, 197
value creation processes, 313
variable cost, 294
variant current, 23
virtual distribution, 195
visual management, 312
voltage, 9
characteristics, 105
drop measurements, 175
sensitive customers, 333

warehouse, 309
watt-hour, 18
weighted average, 8
method, 151
temperature, 8
voltage, 9
whole coal consumption power supply,
290, 301
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