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Preface

Electric energy is arguably a key agent for our material prosperity. With the notable exception of
photovoltaic generators, electric generators are exclusively used to produce electric energy from
mechanical energy. Also, more than 60% of all electric energy is used in electric motors for useful
mechanical work in various industries.

Renewable energy conversion is paramount in reducing the CO, quantity per kWh of electric
energy and in reducing the extra heat on Earth.

Electrical permanent magnet machines developed in the last two decades with torques up to the
MNm range are showing higher efficiency for smaller weights. However, the temptation to use
them in all industries—from wind and hydro generators; to ships, railroad, automotive, and aircraft
propulsion (integral or assisting); to small electric drives in various industries with robotics, home
appliances, and info-gadgets has led recently to a strong imbalance between high—specific energy
magnet demand and supply, which has been “solved” so far mainly by stark increases in the price
of high-quality permanent magnets (PMs).

In an effort to produce high-performance electric motors and generators, as well as drives for basi-
cally all industries, but mainly for renewable energy conversion, electric mobility, robotics and so on,
the variable reluctance concept in producing torque in electric machines, eventually assisted by
lower-total-cost PMs, has shown a spectacular surge in research and development (R&D) worldwide
in the last two decades.

The extension of electric machines to lower-speed applications—with less or no mechanical
transmission—in an effort to keep performance high but reduce initial and maintenance costs has
found a strong tool in the variable reluctance concept; it aims to produce electromagnetic torque
(and power) by creating strong magnetic anisotropies in electric machines (rather than by PM- or
direct current (DC)-excited or induced-current rotors).

Though the principle of the variable reluctance motor was patented in the late nineteenth century,
it was not until power electronics developed into a mature industry in the 1970s that reluctance
electric machines became a strong focus point in R&D and industry. Delayed by the spectacular
advent of PM electric machines for a few decades, only in the last 10 years have reluctance electric
machines enjoyed increased attention.

Very recently, such reluctance synchronous motor drives for variable speeds have reached mass
production from 10 kW to 500 kW.

Given the R&D results so far and the current trends in the industry, reluctance electric machines
and drives are expected to penetrate most industries.

Because of this, we believe an overview of recent progress with classifications, topologies, princi-
ples, modeling for design, and control is timely, and this is what the present monograph intends to do.

After an introductory chapter (Chapter 1), the book is divided into two parts:

Part 1. One- and three-phase reluctance synchronous motors in line-start (constant speed) and
then in variable-speed applications, with PM assistance to increase efficiency at moderate
extra initial cost and in variable-speed drives (Chapters 2 through 5).

Part 2. Reluctance motors and generators in pulse width modulation (PWM) converter-fed
variable speed drives, where high efficiency at a moderate power factor and moderate initial
system and ownership costs are paramount (Chapters 6 through 14).

Part 2 includes a myriad of topologies under the unique concept of flux modulation and includes:

* Claw pole rotor synchronous motors, Chapter 6
* Brushless DC—multiple phase reluctance machines (BLDC-MRMs), Chapter 7

xiii
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* Brushless doubly fed reluctance machines (BDFRMs), Chapter 8

* Switched flux PM synchronous machines (SF-PMSMs), Chapter 9

* Flux reversal PMSMs (FR-PMSMs), Chapter 10

* Vernier PM machines, Chapter 11

* Transverse-flux PMSMs (TF-PMSMs), Chapter 12

* Magnetic-gear dual-rotor reluctance electric machines (MG-REMs), Chapter 13
* DC+alternating current (AC) doubly salient electric machines, Chapter 14

The structure of all chapters is unitary to treat:

* Topologies of practical interest.

* Principles, basic modeling, performance, and preliminary design with numerical examples.

* Advanced modeling by magnetic equivalent circuit (MEC) with analytical optimal design
(AOD).

* Key finite elements method (FEM) validation of AOD or direct FEM-based geometrical
optimization design.

* Basic and up-to-date control of electric motors and generators with and without encoders.

* Sample representative results from recent literature and from authors’ publications are
included in all chapters.

Though it is a monograph, the book is conceived with self-sufficient chapters and thus is suitable to
use as a graduate textbook and a design assistant for electrical, electronics, and mechanical engineers
in various industries that investigate, design, fabricate, test, commission, and maintain electric motor-
generator drives in most industries that require digital motion (energy) control to reduce energy con-
sumption and increase productivity.

Ion Boldea and Lucian Tutelea
Timisoara, Romania

MATLAB® and Simulink® are registered trademark of The MathWorks, Inc. For product informa-
tion, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508 647 7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com


http://www.mathworks.com

’I Reluctance Electric Machines
An Introduction

1.1 ELECTRIC MACHINES: WHY AND WHERE?

Electric machines provide the conversion of electric energy (power) into mechanical energy (power)
in motor operation, and vice versa in generating operation. This dual energy conversion presupposes
energy storage in the form of magnetic energy located mainly in the airgap between the stator (fixed)
and rotor (rotating) parts and in the permanent magnets (if any).

Energy is the capacity of a conservative system to produce mechanical (useful) work. As all we do
in industry is, in fact, temperature and motion control, we may reduce it to energy control for better
productivity and energy savings for a given variable useful output.

The main forms of energy are mechanical (kinetic and potential), thermal, electromagnetic (and
electrostatic), and electrochemical.

According to the law of energy conservation, energy may not be created or disappear but only con-
verted from one form to another. In addition, each form of energy has its own fundamental laws that
govern its conversion and control, all discovered experimentally over the last three centuries.

Energy conversion starts with a primary source:

* Fossil fuels (coal, gas, petroleum, nuclear, waste)

e Solar thermal irradiation (1 kW/ m, average)

* Solar photovoltaic source

*  Wind (solar, ultimately) source

* Geothermal source

* Hydro (potential or kinetic) sources: potential (from water dams) and kinetic (from rivers,
marine currents, and waves)

In the process of energy conversion, electric machines are used to produce electric power, which is
very flexible in transport and rather clean, and allows for fast digital control. Only in solar photovol-
taic energy conversion (less than 1% of total) are electric machines not involved.

Electric machines are ubiquitous: there is one in every digital watch; three (the loudspeaker, micro-
phone, and ring actuator) in a cellular phone; tens in any house (for various appliances) and in auto-
mobiles; and hundreds on trains, streetcars, subway systems, ships, aircraft, and space missions, not
to mention most industrial processes that imply motion control to manufacture all the objects that
make for our material prosperity.

So far, the more electricity (installed power) used per capita (Norway leads the way), the higher the
material living standard. Environmental concerns are shifting this trend toward an optimal (limited)
installed electric power (kW /person) in power plants per citizen, which, through distributed systems
that make use of lower-pollution energy conversion processes (known as renewable), should provide
material comfort but keep the environment clean enough to sustain a good life.

This new, environmentally responsible trend of reducing chemical and thermal pollution will
emphasize electric energy conversion and control even more because of its natural merits in clean-
ness, ease of transport, distribution, and digital control.
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But this means ever better electric machines as generators (for almost all produced electricity) and
motors (60% of all electric power is used in motion control), all with better power electronics digital
control systems.

Here, “better” means:

* Lower initial (materials plus fabrication) costs in USD/Nm for motors and USD/kVA in
generators and static power converters.

* Lower global costs (initial motor [plus power electronics converter] losses, plus mainte-
nance costs) for the entire life of the electric machine/drive.

* Sometimes (for low power), the lower global costs are replaced by a simplified energy
conversion ratio called efficiency (power or energy efficiency) to output power (energy)/
input power (energy). There are even more demanding standards of energy conversion,
mainly for line-start (grid-connected) constant-speed electric motors—standards expressed
in high efficiency classes.

1.2 ELECTRIC MACHINE (AND DRIVE) PRINCIPLES AND TOPOLOGIES

Electric machines are built from milliwatt to 2 GW power per unit. With more than 12,000 GW in
installed electric power plants in the world (400 GW in wind generators already), the total electrical
energy usage should still increase at a rate of a single-digit percentage in the next decades, mainly due
to strong anticipated developments in high-population areas (China, India, Africa, South America) as
they strive for higher prosperity.

Existing electric machines, generators, and motors alike, as they are reversible, may be classified
by principle as mature technologies that started around 1830, in three main (standard) categories:

* Brush-commutator (fixed magnetic field) machines (Figure 1.1): brush-DC machines
* Induction (traveling magnetic field) machines: AC machines (Figures 1.2 and 1.3)
* DC plus AC (synchronous)-traveling magnetic field machines (Figure 1.4)

Each type of standard electric machine in Figures 1.1 through 1.4 has merits and demerits.

For constant-speed (line-start) applications (still above 50% of all electric motors and most gen-
erators), the AC induction and synchronous machines are dominant in three-phase topologies at
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FIGURE 1.1 DC brush commutator machine.
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FIGURE 1.2 Three (or more)-phase variable-speed induction machines (plus static converter control): (a) with
cage rotor (brushless); (b) with wound rotor (with slip rings and brushes, in standard topology).

medium and large power/units and in split-phase capacitor topologies for one-phase AC sources at
low powers (motors less than 1 Nm).

While PM DC-brush motors are still used as low-power actuators, mainly in vehicles and robotics,
AC variable-speed motors with static power converter (variable voltage and frequency) control are
dominant in the markets for all power levels.

The development of high-energy PMs in the last decades—based on sintered Sm,Coy (up
to 300°C) and NdFeB (up to 120°C), with permanent flux densities above 1.1 T and coercive
force of around (and above) 900 kA /m (recoil permeability . = 1.05-1.07 ug; po—air magnetic
permeability: 1o = 1.256 x 10~ H/m), which are capable of large magnetic energy storage of a
maximum of 210/250 kJ/m>, have led to formidable progress in high-efficiency electric genera-
tors and motors both in line-start and variable-speed (with static power converter control)
electric drives.
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FIGURE 1.3 Line start cage-rotor induction machines: (a) three-phase type (http://www.electrical4u.com/
starting-methods-for-polyphase-induction-machine/); (b) split-phase capacitor type (http://circuitglobe.com/
split-phase-induction-motor.html).

The recent trends of using PM synchronous machines as wind generators or standalone generators
in vehicles or electric propulsion in electric and hybrid electric vehicles (EVs and HEVs) has deba-
lanced the equilibrium between demand and offer in rare-earth high-energy PMs.

Additionally, even betting on the hope that new high-energy PMs will be available abundantly at
less than 25 USD/kg (now 75-100 USD/kg), it seems wise to follow approaches that:

* Use high-energy, rare-earth PMs mostly in low-power machines and in medium- and high-
power machines only at high speeds such that the PM kgs/kW remains less than about 25%
of the initial active materials cost of the electric machine.

* Reduce or eliminate high-energy, rare-earth PM usage in high-demand machines by replac-
ing them with induction machines, DC-excited synchronous machines, or reluctance electric
machines.

* And the middle way: use reluctance electric machines with low-cost (Ferrite [B, = 0.45 T] or
bonded NdFeB [B,= 0.6 T]) PM assistance, not so much for additional torque but for a
wider constant power—speed range (better power factor, also, with lower static power con-
verter KVA ratings).

1.3 RELUCTANCE ELECTRIC MACHINE PRINCIPLES

Electric machines produce electromagnetic torque either to oppose motion (in generator mode) or
promote motion (in motor mode). In general, the torque formula, based on the definitions of forces
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FIGURE 1.4 Electric generators: (a) cage rotor induction generator—constant speed/grid connected (http://
powerelectronics.com/alternative-energy/energy-converters-low-wind-speed); (b) three-phase DC excited syn-
chronous motor—variable speed, by static converter control (http://www.alternative-energy-tutorials.com/
wind-energy /synchronous-generator.html).

in electromagnetic fields, has the general expressions per phase (Figure 1.5):

v
oW, i, O, . .
T, =+ %(Z) N Wmag = JldT =¥i— Wcomag (1.1
aer i=ct
or
OWnao (P, 0, l .
. _( ag( ))  Weomeg = jlpd, (1.2)
aer Y=ct

0

T, is the electromagnetic torque (in Nm), 6, is the rotor axis position (in radians), Wiae and Weo mag
are machine-stored magnetic energy and coenergy, V' is the flux linkage (per machine phase), and i is
the machine phase current.

In general, the flux linkage per phase ¥ is dependent on machine phase inductances and currents,
and, if the AC machine has a DC excitation system or PMs on the rotor, the latter contribution to the
flux linkage has to be observed. In matrix form for a three-phase AC machine:

“'Pa,b,c‘ = [Lapc(Or, tape)| + liape| + |lPPM abe(01)] (1.3)
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FIGURE 1.5 Magnetic energy and coenergy from magnetic flux linkage/current (mmf) curve of electric
machines.

When the self (and mutual if any) inductances depend on the rotor (PM) axis position, even in the
absence of a PM (or DC excitation on the rotor or stator), the machine is called the reluctance type and
is capable of producing torque because, implicitly, the magnetic energy (coenergy) varies with rotor
position, as in Equations 1.1 and 1.2.

A reluctance machine may be assisted by PMs for better performance, as the energy input to mag-
netize once the PMs will be manifold surplanted by the copper loss in a DC excitation system over the
machine’s operational life.

Let us illustrate the reluctance electric machine principle on AC single-phase primitive reluctance
machines without and with PM assistance (Figure 1.6).

Neglecting magnetic saturation in the flux ¥ expressions in Figure 1.6, the magnetic co-energy
Equation 1.1 may be calculated simply for the three cases (with Equation 1.3): pure variable reluc-
tance rotor, PM rotor, and PM-stator assistance:

i

2
. l
Weo mag)Rel = jlpdl = (Lo + Ly cos 2er)E (1.4)
0
i? ,
Weo mag)PMReZ = (Lo + Ly cos 26,) 5 — Wpwmisin 9}/ (1.5)
, 2
(Weomag)pms ret = (L + L cos 2905 + Wpm - i cos b, (1.6)

The electromagnetic torque 7, in the three cases (from Equation 1.1) is

Tureny = —Lo - i* - sin 20, (1.7)
Tepmren = —La - i sin20, — Wpy - i - cos 6, (1.8)
Tepmsren = —Lo - i - sin 26, — Wpyr, - i - sin 6, (1.9)

A few remarks are in order:

» The average torque per revolution is zero, so the machine may not start in this primitive
topology (constant airgap and symmetric poles in stator and rotor). Something has to be
done to place the rotor in a safe self-starting position.

* The torque may be positive or negative (motor or generator).
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FIGURE 1.6 Single-phase AC reluctance primitive machine: (a) pure variable reluctance rotor; (b) with rotor
PM; (c) with stator PM.

* A bipolar current shape “intact” with rotor position should be provided to produce nonzero
average torque, but only in multiphase topologies with nonzero mutual variable inductances.
Monopolar current may also be used, but then only one of the inductance ramps (the positive
one) may be used for torque production (roughly half torque).

* The PM placed in the minimum inductance axis for the PM rotor assists in producing torque
while it decreases both Ly and L,.

* Only the L, term produces reluctance torque.

* The PMs may also be placed on the stator, but then the maximum available AC PM flux
linkage is less than half that obtained with rotor PMs for the same magnet volume for the
configuration in Figure 1.6c. In alternative configurations, the PM flux linkage may reverse
polarity in the AC stator coil, but then only half the latter’s span is active: this is how stator
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PM-assisted (switched flux or flux reversal) reluctance machines experience, one way or
another, a kind of “homopolar” effect (limit). Practical reluctance machines are built in
more involved configurations: single phase and multiphase; with and without AC excitation
or PM assistance; with distributed or tooth-wound AC coils; with a stator and a rotor (single
airgap) or with an additional part, a flux modulator (for low-speed torque magnification:
magnetic gearing effect), which may be fixed or rotating.

* This is how reluctance synchronous machines (pure or with PM assistance) and reluctance
flux-modulation machines come into play to:
* Reduce initial costs (by reducing [or eliminating] PM costs) in variable-speed drives
* Increase efficiency at only 56 p.u. starting current in line-start applications when a cage

is also present on the variable reluctance rotor

1.4 RELUCTANCE ELECTRIC MACHINE CLASSIFICATIONS

We attempt here to classify the myriad of reluctance electric machines, many introduced in the last
two decades, first into two categories:

1. Reluctance synchronous machines
2. Flux-modulation reluctance machines

1.4.1 RELUCTANCE SYNCHRONOUS MACHINES

Reluctance synchronous machines (RSMs) have a uniformly slotted stator core with distributed (with
almost pole—pitch 7 span coils) windings connected in two (split phase), three, or more phases, fed
with sinusoidal currents that produce, basically, a travelling magnetomotive force (mmf) (Figure 1.7).

Fy=F, - cos(wlt — fx) (1.10)
T

They exhibit 2p poles per rotor periphery. The rotor is of the variable reluctance type, showing the
same number of poles 2p, = 2p, = 2p.
The variable reluctance rotor may be built in quite a few configurations:

* With regular laminations and concentrated (Figure 1.8a) or distributed magnetic anisotropy
(Figure 1.8b)

* With axial-lamination poles with through shaft 2p >4 (Figure 1.9a) and, respectively,
nonthrough shaft for 2p = 2 poles

FIGURE 1.7 Distributed winding stators of RSMs: (a) three phases, 2p = 2 poles; (b) four phases, 2p =4,
g=1.
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FIGURE 1.8 Regular-lamination variable reluctance rotors: (a) with concentrated anisotropy (with salient stan-
dard poles); (b) with distributed anisotropy (with multiple flux barriers).

FIGURE 1.9 Axially laminated anisotropic rotors with through shaft (2p > 4).

As demonstrated later, large magnetic anisotropy (magnetization inductance differential L,/ Ly,,)
in the two orthogonal (d, ¢g) axes is required for high/competitive torque density (Nm/kg or
Nmy/liter), while a high ratio (Lg, + Lg)/(Lgm + Lg) = La/L, is required for an acceptable power
factor and thus a wider constant power speed range [1,2].

The first RSMs, using salient (standard) rotor poles, exhibited a low total saliency ratio L,/L, =~
1.8-2.5 [3], but their rotor simplicity and ruggedness proved practical, mainly in low-power (espe-
cially high-speed) applications.

Multiple flux-barrier rotors (Figure 1.8) making use of regular laminations, proposed in the late
1950s [4], have gained recent industrial acceptance (ASEA Brown Boveri [ABB] site [S]) to powers
up to 500 kW in variable-speed inverter fed drives, with 1.5%-3% more efficiency than induction
motors with the same stator but a power factor smaller by 8%—10% (segmented rotor configurations
retain only a historical interest).

The axially laminated anisotropic (ALA) rotor (Figure 1.9) [6] is still considered less practical
(unless performance is far more important than initial cost and materials plus fabrication) because
the stator ¢ axis current magnetic field space harmonics produce additional losses in the ALA rotor.
While the second objection has been solved by using thin slits (three to four per entire rotor axial
length), the first objection still hampers its commercialization.

Typical data on recent commercial RSMs for variable-speed drives (no cage on the rotor) are
shown in Table 1.1 (after [5]).

The RSMs may be used also in line-start (constant-speed) machines; however, a cage has to be
added on the rotor for asynchronous starting (Figure 1.10).

Higher efficiency in contemporary line-start RSMs (split-phase and three-phase) has been more
vigorously pursued, especially with PM (even Ferrite) assistance than induction motors but keeping
the starting current lower than 6.5 p.u. (per unit) (Table 1.2).
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TABLE 1.1

Sample Performance of RSMs for Variable Speed

Machine Type IM SynSRM SynSRM
Evaluation Type Measur. Measur. Calc.
Speed [rpm] 1498 1501 1500
f1 [Hz] 51 50 50
Slip [%] 2099 0 0
Vlph [V rms] 215 205 219
I1 [A rma] 29 31 31
Losses [W] 1280 928 1028
Stator Copper Losses [W] 536 613 611
Friction Losses [W] 86 86 78
Rest Losses [W] 658 229 338
T [Nm] 88.3 87.7 87.2
T/I1 [Nm/A] 0.26 0.23 0.23
Pout [kW] 13.9 13.8 13.7
Pin [kW] 15.1 14.7 14.7
Slin [kVA] 18.6 19.2 20.6
Motor 1 [%] 91.5 93.7 93.0
PF1 0.82 0.77 0.71
n - PF1 0.746 0.717 0.664
1/(n-PF1) 1.34 1.39 15
Winding Temp. Rise [K] 66 61 61
Housing Temp. Rise [K] 42 36 NA
Shaft on N-side Temp. Rise [K] 32 19 NA
Shaft on D-side Temp. Rise [K] NA 21 NA
Inv. Avr. Switch Freq. [kHz] 4 4 NA
Inverter Losses [W] 442 442 NA
Inverter 1 [%] 97.2 97.1 NA
System 7 [%] 88.9 91.0 NA

The nonsymmetric cage in Figure 1.10a is admittedly producing additional torque pulsations
during asynchronous starting, but it uses the rotor cross-section better while leaving room for the
assisting PMs.

RSMs are in general provided with distributed windings in the stator to produce higher magnetic
anisotropy. Good results may be obtained with z/g (pole pitch/airgap) > 300 and g > 3 slots/pole/
phase [1]: Lgyn/Lgm > 20.

However, at least for variable speed, RSM tooth-wound coil stator windings have also been pro-
posed with variable reluctance rotors only for it to be found that L,;/L, < 2.5 in general, because the
high differential leakage inductance of such windings reduces the L;/L, ratio to small values. All
RSMs are operated with sinusoidal stator currents. For variable speed, field-oriented or direct torque
control is applied. Noticing the lower power factor of RSMs for variable-speed drives, a new family
of multiphase reluctance machines with two-level bipolar flat-top current control was introduced
[7-10]. This new breed of REM is called here brushless DC multiphase reluctance machines, which
operate in fact as DC brush machines, utilizing the inverter ceiling voltage better to produce an effi-
ciently wide constant power speed range. BLDC-MRMs act in a way as synchronous machines in the
sense that the number of poles of diametrical (pole pitch span) coil stator winding and magnetically
anisotropic rotor are the same: p; =p, = p.

So the stator current frequency f| = n - p; n-speed.
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FIGURE 1.10 Cage rotor with magnetic anisotropy: (a) with cage inside flux barriers (and PMs); (b) with cage
above PM (and low magnetic saliency Lg,/Lg, = 1.3-1.6); (c) with cage (no PMs) as thin conductor sheets
between axial laminations.

1.4.2 BRrusHLESS DIRECT CURRENT-MULTIPHASE RELUCTANCE MACHINES

BLDC-MRMs were introduced in the late twentieth century [7-9] and revived recently [10] when
fault tolerance became an important practical issue and multiphase inverter technologies reached
mature stages.

The machine topology springs from an inverting (swapping) stator with a rotor in a DC brush
machine stripped of DC excitation and with brushes moved at the pole corners, with the mechanical
commutator replaced by inverter control of bipolar two-level flat-top currents (Figure 1.11).

The BLDC-MRM is characterized by the following:

* A g =1 multiphase diametrical coil stator winding (m =35, 6, 7,...).

» The rotor has a large magnetic reluctance in axis g so that L,,/Lg4, < (4-5) to reduce the
armature reaction of my torque phases placed temporarily under rotor poles.

* The myr = m—my phases, placed temporarily between rotor poles, produce an electromag-
netic force (emf) in the torque phases at an optimum airgap of the machine.

* A too-small airgap will delay the commutation of current, while one that is too large will
increase the losses for the AC excitation process in the m phases. This not-so-small airgap
may be useful for high-speed applications to reduce mechanical losses for good perfor-
mance, even if a carbon fiber shell is mounted to enforce the rotor mechanically. A small
airgap, we should remember, is a must in both RSMs (with sinusoidal current) and switched
reluctance motors.
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TABLE 1.2
Typical Standard Efficiency Classes

Standard & Year Published State
IEC 60034-1, Ed. 12, 2010. Rating and performance.

Application: Rotating electrical machines. Active.
IEC 60034-2-1, Ed. 1, 2007, Standard methods for determining losses and efficiency from tests

(excluding machines for traction vehicles).

Establishes methods of determining efficiencies from tests, and also specifies methods of obtaining

specific losses.

Application: DC machines and AC synchronous and induction machines of all sizes within the Active, but under

scope of IEC 60034-1. revision.
IEC 60034-2-2, Ed.1, 2010, Specific methods for determining separate losses of large machines

from tests—supplement to IEC60034-2-1.

Establishes additional methods of determining separate losses and to define an efficiency

supplementing IEC 60034-2-1. These methods apply when full-load testing is not practical and

results in a greater uncertainty.

Application: Special and large rotating electrical machines Active.
IEC 60034-2-3, Ed. 1, 2011, Specific test methods for determining losses and efficiency of

converter-fed AC motors.

Application: Converter-fed motors Not active. Draft.
IEC 60034-30, Ed. 1. 2008, Efficiency classes of single-speed, three-phase, cage induction motors

(IE code). Active, but under

Application: 0.75-375kW, 2, 4, and 6 poles, 50 and 60 Hz. revision.

IEC 60034-31, Ed. 1, 2010, Selection of energy-efficient motors including variable speed

applications—Application guide.

Provides a guideline of technical aspects for the application of energy-efficient, three-phase,

electric motors. It not only applies to motor manufacturers, original equipment manufacturers, end

users, regulators, and legislators, but to all other interested parties.

Application: Motors covered by IEC 60034-30 and variable frequency/speed drives. Active.
IEC 60034-17, Ed. 4, 2006, Cage induction motors when fed from converters—Application guide.

Deals with the steady-state operation of cage induction motors within the scope of IEC 60034-12

when fed from converters. Covers the operation over the whole speed setting range, but does not

deal with starting or transient phenomena.

Application: Cage induction motors fed from converters. Active.

* The BLDC-MRM operates more like a DC brush machine with a flat-top bipolar current, at a
power angle that fluctuates around 90%.

» Itis to be noted that the excitation of this machine is performed in AC, but the flat-top bipolar
currents and the division of phases into torque (m7) and field phases (1) may produce better
inverter voltage ceiling utilization. This translates into a wider constant power speed range
(CPSR > 4, if Lyy,/ Ly > 4) where the excitation current is reduced for flux weakening and
not increased as in interior PM synchronous motors (IPMSMs); this should mean better effi-
ciency during flux weakening for larger constant power speed ranges (CCPSRs); much as in
DC-excited synchronous motors.

1.4.3 THe CLAW POLE-=SYNCHRONOUS MOTOR

The claw pole—synchronous motor (CP-SM) (Figure 1.12) may also be assimilated into a reluctance
machine, as the rotor magnetic claws host a single DC coil (and/or a ring-shaped PM) to produce
a 2p pole airgap flux density distribution, with a stator with a typical distributed three-phase winding
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FIGURE 1.11 Six-phase BLDC-MRM: (a) equivalent exciterless DC-brush machine and rotary (or linear)
simplified geometry; (b) typical flat-top bipolar phase current wave forms. (After D. Ursu et al., IEEE Trans,
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FIGURE 1.12 The claw-pole synchronous machine: (a) with DC circular coil excitation; (b) with ring-shaped-
PM rotor; (c) with DC excitation plus interpole PMs (to increase output and efficiency).
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[11]. Its main merit is the reduction of DC excitation losses and rotor ruggedness with a large number
of poles, 2p > 8 in general.

1.4.4 SwiTCHED RELUCTANCE MACHINES
Switched reluctance machine (SRM) topologies [12,13] include:
* A single (or dual) stator laminated core with N; open slots

» The stator slots host either tooth-wound coils (Figure 1.13a) or diametrical (distributed) coil
winding (Figure 1.13b)

(b)

Phase 3

Reluctance
Rotor
poles

Flux paths when
Phase 1 ON

Phase 4 Phase 1

Phase 1" Y \{ / Phase 4’

Winding

Phase 2’ connection

FIGURE 1.13 SRM: stator with multiphase coils: (a) single stator with tooth-wound three-phase coils; (b) dual
stator with diametrical four-phase coils and segmented rotor.
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* The rotor laminated core shows N, salient (Figure 1.13a) or distributed anisotropy poles
(Figure 1.14b)
¢ In general,

N,—N,= +2K; K=1,2,.... (1.11)

SRMs have a rugged structure and are not costly, being capable of high efficiency (to suit even
automotive traction standards [14]). However, being fed with one single-polarity current, with one
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FIGURE 1.14 Six-pole two-phase SRM: (a) cross-section; (b) ALA rotor; (c) phase inductance L versus rotor
position 6,.

echnicalbookspdf.com




16 Reluctance Electric Machines

(or two) phases active at any time, and exposing a rather large inductance (needed for a high saliency
ratio [Lg,,/Lgm > (4-6)]), the static power converters that feed SRMs are made as dedicated objects to
handle large kVA (due to low kW/kVA = 0.6 — 0.7).

The SRM may be considered synchronous because the fundamental frequency of the stator
currents is fy = n - N,: N, rotor salient poles (pole pairs) and n speed, though the current pulses are
monopolar. On the other hand, if we calculate the stator mmf fundamental number of poles, we
may consider it p, =2 K and thus Equation 1.11 translates into Ny — N, = +p,.

But this is the synchronism condition for the so-called “flux modulation” or Vernier reluctance
machines, with Ny the pole pairs of a fixed flux-modulator and N, the pole pairs of the variable
reluctance rotor.

1.4.5 WHEN AND WHERE RELUCTANCE SYNCHRONOUS MACHINES
SuURPASS INDUCTION MACHINES

Any comparison between electric machines should be carefully based on similar performance criteria,
the same stator, and similar inverters for variable-speed drives, or based on the efficiency x power
factor for line-start machines with same stator, maximum power factor, voltage, flux linkage, and
winding losses.

The torque of the IM has, in the dg-model, the standard formula:

1 - LSC/LX .

_— 1.12
[+ Lo/L, (1-12)

3 ..
(Te)IM = Ep (s — Lsc)ldlq; COS Prax ~

with:

Vi m ¥ w13 Wy =\ Lsia) + Lselg)’s ¥r = Ly - La

3. 5 a0 3 (L’
Pcopper = ERs(lfi + l£2]) + ERr (L_é) lczl; Li=L¢+Ly Lie=Lyg+Ly
‘m

Core losses are neglected above, and L, and L, are the no load and, respectively, the short-circuit
inductance of IM; R;, R, are stator and rotor phase resistances.
Similarly, for the RSM:

(T.) 3 (Ly — Ly)igi,; cos 1= Ly/La
e =5P: - ldlg; max "~ T 7
RSM 217 d q)ldlq Pma 1+ L,/Ly

Vs ~ \Ps T W1, lPs = V (Ldid)2 + (Lqiq)z; Ld = le + Ldm; Lq = le + Lqm

3. 5.
Pcopper = ERs(l(zz + l;)

(1.13)

From Equations 1.12 and 1.13 we may infer that:

* The IM under field-oriented control (W, = const) operates like an RSM with Ly — L ;
Ly — L,

* For the same stator and 2p = 2, 4, 6, it is feasible to expect Ly~ L, and L, = L; thus, the
same torque is obtained with the same stator currents i, and i, butin RSM, there are no rotor
winding losses and thus (pco)rsm < (Pco)rv- Consequently, the efficiency can be 3%—6%
better for RSMs.
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* Now, concerning the maximum power factor, it is not easy to make (Ly)rsm = (Lgc)nm for the
same stator (unless an ALA rotor is used) and thus L, > L; consequently, the power factor
is 6%—10% lower for RSMs, even with multiple-flux-barrier rotors.

* A smaller power factor with a better efficiency would require about the same inverter for the
same stator machine; thus, we remain with the advantage of a few percentage points more
efficiency for a cageless rotor in variable-speed inverter-fed drives.

» For line-start applications, only the advantage of a few percentage points more efficiency
over the IM of the same stator remains; fortunately, the starting current remains for RSM
in the standard range of 5.5-6.5 p.u. This means that the line-start RSM may qualify for a
superior-class efficiency motor with reasonable starting current at reasonable costs (about
the same stator as the lower efficiency class IM). Moreover, adding PMs on the cage rotor
in addition to magnetic saliency may further improve the performance (efficiency x power
factor) of line-start RSMs. The standard value of the starting current level of RPM allows use
of the existing local lower grid ratings in contrast to high class efficiency recent IMs, which
require 7—8 p.u. starting currents.

1.5 FLUX-MODULATION RELUCTANCE ELECTRIC MACHINES

RSMs and CP-SMs are typical multiphase traveling field sinusoidal current synchronous machines.
BLDC-MRMs and SRMs are quasisynchronous machines with impure traveling/jumping magnetic-
airgap fields and with bipolar (monopolar, respectively) flat current waveforms.

Quite a few other quasisynchronous machines have been proposed, some recently, but some
decades ago. In general, they combine PM torque contribution to reluctance torque effects, almost
all being most suitable for low/moderate speeds, but where fundamental frequencies as high as
1 kHz can be handled by the PWM inverter that controls such machines.

They basically contain not two but three elements:

* The exciter (eventually with PMs) part: with p, pole-pairs
* The flux modulator with variable reluctance part: with p,, pole-pairs
* The armature m.m.f. part: with p, pole-pairs

At least one of these parts should be, in general, stationary. Also, only the constant and first space
harmonic components of airgap permeance are considered.
Let us consider a traveling excitation m.m.f. F.(6;, 1):

Fo(05, Qc, t) = F,1 - COS (Pobs — peQet) (1.14)
And the airgap permeance function A, (produced by the flux modulator side).
Ag(Os, Q1) = Ao + Ay oS (85 — prunt) (1.15)
In general,
Ay < Ag/2 (1.16)
Now, the airgap flux density B,.(6,.t) is:

Byo(O, 1) = Fe1(0y, 1) - Ng(Os, Qi) (1.17)
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or
Bye = Fe1 Ao cos (P05 — peL2,1t)

1
+ iFelAl COS[(pe + pn)bs — (P2, £ PQO)l‘] (1.18)

The armature-side m.m.f. is also considered a traveling wave:
Fa(eh t) = Fal - COS (pags _paQat) (119)

To produce constant torque, B (6,,t) and F,(6,,t) should act in synchronicity; thus, they should
have:

» The same pole pairs: p, = |p. + Pl
* The same angular speed Q, = (p.Q2. + pPn<2y)/ (e + Pm)
» They should not be aligned with each other (B,, and F,)

Such a typical flux-modulation REM, shown in Figure 1.15, comprises three parts (not two as do
RSMs).

Both the flux modulator and the exciter may rotate at speeds €2,,, and €., or the flux modulator (and
the armature) may be stationary. Only if the flux modulator is stationary (€2,, = 0) will the armature
and excitation m.m.fs exhibit the same frequency (Q, = Q,).

If the speed of coordinates is @ and equal to the speed of the flux modulator (£2,,) and Q! and €
are the speeds of the armature and excitation m.m.fs with respect to it, the power balance offers the
relationships:

Q _w.—ay Pe Pe {lforpmzpeH’a (1.20)

@ ooy T T < torp = pe =

T, = —<1 + sgn&>Ta; T, =sgn—T,,
p

m

T,=+fT,
Positive

directi;n/,.«

Magnets

Low speed
PM rotor

High'speed Ferromagnetic
Armature field pole piece rotor
T,=-(1+p)T,

FIGURE 1.15 Generic flux-modulation REM [ = sign(p./p.)]-
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Where T,,, T,, and T, are the torques exerted on the flux-modulator, armature, and exciter,
respectively.
As visible in Equation 1.20, which exhibits two terms, to maximize the torque: § = +1; thus:

— pege - PQO
Pe — Pm

:Q, (1.21)

Pa = |pe —Pm

An apparent torque magnification effect occurs in flux-modulation reluctance electric machines
(FM-REMs) via the first harmonic of airgap permeance and here from the expected increased torque
density, provided the numbers of pole pairs p, and p,, are large, with p, = 1,2, as proved later in the
book, for a reasonable power factor and efficiency. But, for a given motor/generator speed, this
means a rather large fundamental current frequency to be handled thorough the PWM converter.
This is how low- (hundreds and tens of rpms) and medium- (a few thousand rpms) speed applications
are considered the main targets for FM-REMs for wind and hydro generators and automotive and
industrial variable-speed drives.

To go the natural way, we will first present the main categories of FM-REMs as introduced in the
literature and then at the end treat a few aspects that are common to them all:

e Vernier machine drives

e Flux-switched (stator PM) machine drives
e Flux reversal machine drives

e Transverse flux machine drives

* Dual stator-winding REM drives

* Magnetically geared REM drives

They will have dedicated separate chapters later in this book.

1.5.1  VERNIER PERMANENT MAGNET MACHINE DRIVES

Vernier machines are multiphase surface or spoke-shaped PM-rotor REMs (Figure 1.16a and b)
[15—17], where the flux modulator role is played by the stator N, teeth and open slots, while the rotor
holds 2p PM poles and the stators hold a 2p, pole distributed (standard) AC winding such that:

Ny =p+pa (1.22)
It may be built with a radial airgap (Figure 1.16) or an axial airgap.

(a) (b)
Winding_——

Stator - Conductor

O PM (2Z, pieces)

Rotor Stator

FIGURE 1.16 Vernier PM machines: (a) with surface PM-rotor. (After D. Li et al., IEEE Trans, vol. IA-50,
no. 6, 2014, pp. 3664-3674. [17]); (b) with spoke-PM-rotor and distributed winding.
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The two pole stator windings (Figure 1.16b) lead to an increase of torque density in Nm/liter of the
active machine part but imply long end connection coils (2p, = 2, 4) in general to keep the power
factor within reasonable limits (0.75-0.85). Also, the frame is long and the between-stators rotor
implies a sophisticated fabrication process. From this latter point of view, the axial airgap version
with two identical stators [18] seems more manufacturable. For N; = 24 slots, p, =2 pole pairs
(g =2 slots/pole/phase, three phases), p = 22 PM pole pairs (24 = 22 + 2), an outside stator diam-
eter of 630 mm, stack length [, =50 mm, 1000 Nm, 30 rpm machine [16], with the spoke—
magnet-rotor dual-stator configuration (Figure 1.16b), the torque density has been increased 1.73
times with respect to the surface—PM-rotor single-stator topologies (Figure 1.16a), for a measured
efficiency of 0.85 and a power factor of 0.83 at 6.6 Nm/liter of stator stack (active) total volume
for 1.2 A/mm? current density. The latter indicates the use of a lot of copper for this good perfor-
mance. There are a few advantages to Vernier PM machines:

* The occurrence of two terms in the emf, torque and power: one related to constant (conven-
tional) airgap permeance and the other related to its first harmonic (addition), produced by
the flux modulator (stator open slotting structure), is characteristic of Vernier machines.

* However, the conventional term of torque refers to a machine component with 2 p, =2, 4
poles, which does not produce a great amount of torque.

* The usage of all magnets all the time in the spoke—PM-rotor with two stators, when less PM
flux is also wasted by fringing between rotor poles, is another clear benefit.

* Vernier machines offer the possibility of improving the power factor by carefully designing
the machine with spoke magnets and dual stators, with high (1.4 T) stator teeth flux density
and radially long magnets to produce a large PM flux concentration, which reduces the
armature reaction to reasonable values.

* All these are corroborated with a small number of poles of armature (stator) m.m.f. 2p, and
slots /pole/phase(qg =1, 2).

* However, the fabrication difficulties and the long coil end connections, inevitable for the
rather short stack length imposed by the cantilever configuration of the rotor, constitute
strong challenges for the radial airgap dual-stator Vernier machine. The situation is slightly
better for the axial airgap version [18].

1.5.2  FLUX-SWITCHED (STATOR PERMANENT MAGNET) RELUCTANCE ELECTRIC MACHINES

The placement of PMs in the stator offers advantages in terms of a rugged, passive magnetically
anisotropic rotor where the stator PMs may be protected mechanically and cooled more easily
[19,20]; see Figure 1.17a and b. However, the PM eddy currents have to be considered since all
AC armature fields may go through them.

The PM flux produced in the stator changes polarity in the stator coils in Figure 1.17 and thus an
apparently larger AC emf is produced; however, only a small part of the coil span is traveled by PM
flux density, so the iron and coil utilization is not large in this machine. A contemporary three-phase
flux-switch (FS) PMSM, where the key factor is also the magnetic anisotropy of both stator and rotor,
is shown in Figure 1.18 [21].

* Again, in such machines, the flux-modulation principle operates but in general is hidden in
the literature by so many stator teeth to salient pole combinations [21].

» It appears that the 12/10 combination, with its multiples, is a fair choice/compromise when
torque density, efficiency, power factor radial forces, noise, and vibration are all considered.

* Even in this case [22], a rather complete comparison with the typical IPMSM with spoke—
PM-rotor for the 12 slot/10 pole combination yields conclusions such as:
o About the same torque per weight, but for more PM weight in the case of FS-PMSM.
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FIGURE 1.17 Original flux-switch single-phase PM machines: (a) with interior stator. (After E. Binder, “Mag-
netoelectric rotating machine” (Magnetelektrische Schwungradmaschine), German Patent no. DE741163 C,
5 Nov. 1943. [19]); (b) with interior rotor. (After S.E. Rauch, L. J. Johnson, AIEE Trans, vol. 74 1II, 1955,
pp- 1261-1268. [20])

o FS-PMSM is slightly better in terms of CPSR capability (Figure 1.19), but the core
losses are larger.
o The use of ferrites in FS-PMSM is an option (less torque, less torque ripple) for a given
volume, but the risk of PM demagnetization is larger.
 In spite of this tight competition with IPMSM, the FS-PMSM is thoroughly investigated in
combined (hybrid) excitation—(DC + PM)-stator—to yield wider CPSR for tractionlike
applications.
* Moreover, FS-DC-excited SMs are being proposed for motoring and generating in different
stator/rotor (slot/pole) combinations [23,24] (Figure 1.20).
* While acceptable torque density may be produced, DC-excited FS-RMs are characterized by:
* A large machine reactance in p.u., which is useful for a wide CPSR in motoring but
inflicts a low power factor (0.6) for competitive torque density: the same also leads to

(a) (b)
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FIGURE1.18 Typical three-phase flux-switch PMSM: (a) with separated phase coils. (After C. H. T. Lee et al.,
IEEE Trans, vol. EC-30, no.4, 2015, pp. 1565-1573. [27]); (b) with neighboring phase coils (with magnetic flux
lines under load). (After A. Fasolo et al., IEEE Trans, vol. IA-50, no. 6, 2014, pp. 3708-3716. [22])
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FIGURE 1.19 Flux weakening control results of: SPMSM, V-IPMSM (Vernier - interior permanent magnet
synchronous motor), IPM 2 (spoke PMs), IPM (single flux barrier rotor) and SF-PMSM. (A. Fasolo et al.,
IEEE Trans, vol. IA-50, no. 6, 2014, pp. 3708-3716. [22])

(a) (b)
DC field

windings OW

- 0N ¥
£ 7D NoAAT

— DC Armature

FIGURE 1.20 DC excitation FS-REM: (a) 24/10 combination. (After E. Sulaiman et al., Record of EPE—

2011, Birmingham, UK. [23]); (b) 12/10 combination. (After X. Liu, Z. Q. Zhu, Record of IEEE—ECCE,
2013. [24])

large voltage regulation in autonomous generator mode with PWM converter (or diode
rectifier) output.

¢ Lower efficiency at low speeds (due to DC excitation losses) but acceptable efficiency
during flux weakening for wide CPSR.

1.5.3 FLux-ReversaL RELUCTANCE ELECTRIC MACHINES

In yet another slight topology modification, flux-reversal (FR) REMs have been introduced, with PMs
on the stator [25] or rotor [26]—Figure 1.21a and b:

* The main advantage of FR-REMs, which may be assimilated (as principle) with FS-REMs
with stator PMs, is that they make use of conventional laminations in their cores and thus are
supposed to be easier to fabricate. The large PM flux fringing in stator—SPM configurations
(Figure 1.21a) is partially compensated by the topology with rotor PMs (Figure 1.21b),
where all magnets are active all the time. Larger tooth (pole)-wound coils in the stator are
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FIGURE 1.21 Flux reversal REMs: (a) with stator PMs; (b) with rotor PMs.

presupposed in all FR-REMs. A DC stator-excited version of an FR-REM was introduced
recently [27]—Figure 1.22—in an effort to eliminate PMs in a large machine, typical for
wind generator applications. Apparently, trapezoidal (BLDC) current control is more suit-
able than sinusoidal current, as the emf waveform [27] tends to be trapezoidal.

In yet another effort to improve FR-REMs, the stator was partitioned, with the PMs placed on a
dedicated (additional) interior stator while the flux-modulation anisotropic rotor runs between the

two stators [28]—Figure 1.23. Even a consequent pole PM interior stator will do to reduce PM weight
per Nm notably.

* While the configuration with spoke magnets exhibits the highest torque density, it does so
with poor PM usage.

* The configuration with V-shaped magnets is, in terms of efficiency and PM cost, competi-
tive [28]. Still, the fabrication complexity with an in-between rotor is not to be overlooked.

* However, axial airgap topologies of rotor—PM or portioned—stator PM FR-REMs might
be easier to fabricate, though they imply spooled axial lamination cores.

Rotor Stator

Armature i i DC-field

winding winding

FIGURE1.22 DC stator excited four-phase FR-REM. (After C. H. T. Lee et al., I[EEE Trans, vol. EC-30, no. 4,
2015, pp. 1565-1573. [27])
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FIGURE 1.23 Portioned stator FR-REM. (After Z. Q. Zhu et al., IEEE Trans, vol. IA-52, no. 1, 2016,
pp- 199-208. [28])—12/10—combination: (a) with spoke magnets; (b) with V-shaped magnets.

1.5.4 THE TRANSVERSE FLUX-RELUCTANCE ELECTRIC MACHINE

In an effort to decouple the magnetic circuit (core) and electric circuit (winding) design, the transverse
flux (TF) machine was introduced [29-31]—Figures 1.24 and 1.25.

Here, the circular phase coil imposes three (m) one-phase machines placed in a row axially on the
shaft. But the circumferential coil embraces all stator poles Ny, which are equal to the number of rotor
(stator) PM pole pairs p or the number of rotor salient poles N, (with interpoles such that the machine
acts as a synchronous machine). We may also count it as a flux-modulation REM with the number of

FIGURE 1.24 (a) Transverse flux REM; (b) with PM rotor poles; (c) salient pole rotor. (After H. Weh, H. May,
Record of ICEM—1986, Munchen, Germany, vol. 3, pp. 1101-1111. [29])
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FIGURE 1.25 TF-REM with stator PMs. (After J. Luo et al., Record of IEEE—IAS—2001 Annual Meeting,
Chicago IL. [30]): (a) with axial airgap; (b) with radial airgap.

flux modulator (stator) salient poles equal to the rotor pole pairs p. Consequently, the pole pairs of
stator mmf p, are expected to be: p, = Ny—p = 0, but this means that the stator mmf is homopolar
along the rotor periphery; and so it is!

The TF-REM with PMs is credited with high torque density for small pole pitches 7~ 10-12 mm
for mechanical airgaps of 1-2 mm. The spoke-type PM rotor configuration (Figure 1.23b) makes bet-
ter use of PMs but leads to a higher armature reaction (and thus higher machine inductance), which
means, again, a lower power factor or higher voltage regulation as an autonomous generator.

* Asthe number of poles increases for a given geometry circumferential coil (mmf), the torque
increases, while the PM flux fringing (leaking between rotor poles) also increases. At some
low pole pitch 7~ 10—-12 mm with mechanical airgap g = 1-2 mm, the two effects cancel
each other out and thus no further torque “magnification” is noticed.

* And there is the problem of fabricating the TF-REM that involves multiple axial lamination
cores mounted together or solid magnetic composite (SMC) cores; in the latter case, the per-
formance (torque density) is reduced by pgymc = (500-700) up at B = 1.5 T, with about 20%
for same machine geometry.

 Still, offering practically the lowest copper loss torque (W /Nm) and high torque density—by
torque magnification (multiple pole embrace stator coils), the TF-REM with PMs is to be
pursued in applications where torque density/copper losses should be high, mainly in
high torque—low speed drives, to limit the fundamental frequency f; = n-p and thus keep
the core loss under control while having also enough switching frequency f;,,/f; ratio in
the PWM converter that controls the machine as a motor or generator via vector or direct
torque control.

1.5.5 NoOTE ON POWER FACTOR IN FLUX-MODULATION-RELUCTANCE ELECTRIC MACHINES

Basically, the power factor in all flux-modulation machines—which, in spite of being salient pole
machines, do not exhibit notably magnetic anisotropy 1 < L;/L, <1.1—as in synchronous machines
is given approximately (losses neglected) by:

1
COS Prateq =~ ; w1 = 2xf] (1.23)

1+ (wlLqu rated>2
wllPPMl
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* As shown in detail in Reference 32, all FM-REMs are plagued by a large inductance L, in
p-u. values. This is essentially because the constant component of airgap magnetic perme-
ance Ao produces a smaller portion of torque than the first harmonic A, which is small in
general (A; < Ag/2). Moreover, Ag imposes an additional large inductance component;
thus, with a large number of poles, L, becomes large in p.u. and the power factor decreases.

* The attempt to produce a high PM flux linkage Wpyp; by spoke-magnet rotors and dual sta-
tors in Vernier machines in order to increase the power factor is an example of how to alle-
viate the situation; provided the airgap is increased over 1-1.5 mm, even for 1000-Nm
machines, to keep L, reasonably large, as in TF-REMs, the machine behaves as having
two magnetic airgaps.

1.5.6 THE DuaL STATOR WINDING (DouBLY FED BRuUSHLESS) RELUCTANCE ELECTRIC MACHINE

A variable-reluctance rotor with p, salient poles is integrated in a uniformly slotted stator core that
hosts two distributed three-phase AC windings of different pole pairs p; and p, (Figure 1.25) such as:

pr=p1+p (1.24)

Equation 1.24 again fulfills the condition of continuous torque (the frequency theorem) valid for all
flux-modulation machines.

* The interaction between the main winding (designed for 1 p.u. power ratings) connected to
the grid and the auxiliary winding (0.2—0.3 p.u. rating) connected to the grid through a bidir-
ectional AC-AC PWM converter is realized through the first space harmonics of airgap
magnetic permeance (A;). The constant component (Ag) results in a large leakage induc-
tance (low power factor [0.7-0.8], in principle).

* Also, as Aj/Ay <0.5 [33], the coupling between the two windings yields an equivalent
winding factor of max. 0.5, which excludes the claim of high torque density from principle.

* But the absence of brushes—present in standard doubly fed induction machines used for
limited speed range variation in motors/generators—and the partial ratings of the PWM con-
verter (20%—-30%) makes their topology of some interest in niche applications (wind gener-
ators) and limited-speed range-control drives with light starting (large ventilators, etc.).

Note: The auxiliary (control) winding may be DC fed, and then the speed n = f|/p,, which is 50% of
what a regular SM with same rotor would produce.

1.5.7 MAGNETICALLY-GEARED RELUCTANCE ELECTRIC MACHINE DRIVES

So far, we have treated FM-REMs with a single rotor where the flux modulator role was played by the
stator or rotor itself.

However, to obtain more aggressive torque magnification, the magnetic gearing effect is used in
FM-REMs with basically two rotors.

There are many topologies that fit this denomination, and they have been proposed recently to
eliminate the mechanical gears in very-low-speed drives (less than, say, 100 rpm) with torque densi-
ties around/above 100 Nm/liter; Figure 1.26 illustrates a recent one [34].

PMs are present on the stator poles (with p,, poles) and on the high-speed rotor (with p pole pairs):
the flux-modulator, which now is the low-speed main rotor, has g, salient poles (in fact pole pairs).
The FM principle still stands:

qm =P + Pa (1.25)
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FIGURE 1.26 Brushless doubly fed reluctance machine—stator connection and variable reluctance rotor.

The outer rotor is integrated with the stator that contains both PMs and the AC winding, which has
six coils like in a typical flux-reversal REM.

Here, the torque is the result of interactions between the high-speed PM rotor field (p pole pairs)
and the stator PM fundamental field as modulated by the flux modulator and stator windings. The
so-called gear ratio G, is:

G=Tm o148 b p (1.26)
p p

* With p =2 (Figure 1.27) pole pairs on the high-speed rotor, p, is chosen for a given gear
ratio G,. A value of p, = 19 pole pairs for the stator PM field is considered in Reference
34, the preferred option. Then g, = p + p, =2 + 19 = 21 salient poles on the flux modula-
tor. For a 50-Nm, 150-rpm motor, the efficiency was calculated at 90.8%.

* The NdFeB magnet weight was 0.834 kg, and the total motor active mass was calculated at
roughly 5 kg.

* However, the measured efficiency was lower than 80%, showing that some losses have not
been accounted for.

* The 10 Nm/kg is impressive, but the motor cost and complexity should be considered, too.

* For more on motor-integrated PM gears, see References 35 and 36.

Outer stator

Modulator pieces
(Low-speed rotor)

High-speed rotor

Permanent magnets fixed on stator surface

FIGURE 1.27 Magnetically geared FM-REM. (After P. M. Tlali et al., IEEE Trans, vol. MAG-52, no. 2,
2016, pp. 8100610. [34])
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In Reference 36, for 10 MW at 9.65 rpm, 48.25 Hz, an efficiency of 99% is calculated for a total
mass of 65 tons but with a total of 13 tons of sintered NdFeB magnets!

1.6 SUMMARY

» Electric energy is a key agent for prosperity in a cleaner environment.

* Electric energy needs in kWh/capita will continue to increase in the next decades, especially
in emerging economies with large populations.

* More electric energy in an intelligent mix of fossil-fuel and renewable primary sources
needs even better electric machines of moderate/affordable initial cost.

* Electric energy savings can be obtained by higher-efficiency line-start motors and variable-
speed-drive electric machinery.

* Low speed—high torque applications (for direct motor and generator drives in vehicular pro-
pulsion and wind/hydro generator applications and robotics) prompt the need for new R&D
efforts in the field.

* High-energy PM potential usage in large quantities in wind generators and electric vehicular
propulsion has led recently to a large disequilibrium between demand and supply, with the
consequence of a sharp increase in high-energy PM price (100 USD/kg or so).

* The high-energy (B, > 1.1 T) PMs, high price should trigger a search for alternative electric
machines that use fewer or no high-energy PMs per kW of motor/generator.

* This is how reluctance electric machines come into play again, but this time with improved
torque density, efficiency, and power factors, at affordable costs for both line-start and
variable-speed applications.

* REMsmay use some PMs for assistance (preferably Ferrite magnets [6 USD /kg, B, = 0.45 T]
that should provide high magnetic saliency to guarantee high performance).

* In an effort to synthesize the extremely rich heritage of R&D efforts on REMs in the last two
decades, we have divided them into two categories first:
¢ Reluctance synchronous machines
* Flux-modulation reluctance electric machines

* RSMs are traveling field machines with distributed stator windings and a variable reluctance
rotor with strong magnetic saliency (high Lg,,/L,, ratio). The stator slot openings do not
play any primary role in energy conversion.

* High-saliency rotors for RSMs include multiple flux-barrier and axially laminated aniso-
tropic rotors. A small airgap is a precondition for high magnetic saliency. This limits the
maximum speed, as the ratio pole pitch/airgap should be greater than 100/1 (preferably
above 300/1 for ALA rotors).

* RSMs may be built for variable-speed PWM converter-controlled drives or for line-
start applications.

* Adding PMs (even Ferrites) increases the power factor and allows for higher power or wider
constant power speed range in variable-speed drives.

* Variable-speed RSMs have become commercial recently (up to 500 kW, 1500 kW occasion-
ally), with 2%—4% more efficiency but 5%—8% less power factor than IMs (with the same
stator) for an initial motor cost reduced by some 15%-20%.

* Line-start RSMs (split-phase or three-phase) of high class efficiency are needed and feasible,
as they also maintain the starting current in the range of 6-6.5 p.u. value in contrast to high
class efficiency IMs, which still require a 7-7.5 p.u. starting current (with the inconvenience
of demanding the overrating of local power grids both in residential and factory
applications).

* Claw-pole synchronous machines and switched reluctance machines are considered in the
class of quasisynchronous machines.
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* CP-SMs have a variable reluctance rotor to produce a multipolar airgap field with a single
circular (or ring-shaped) DC excitation coil magnet in the CP rotor, offering the best utili-
zation of the rotor-produced magnetic field.

* SRMs are reviewed, as recent progress has led to high performance (in efficiency [95%] and
torque density [45 Nm/liter] at 60 kW and 3000 rpm) that may qualify them for electric pro-
pulsion on electric and hybrid electric vehicles.

* RSMs, CP-SMs, and SRMs are investigated in dedicated chapters in Part 1 of this book.

* Flux-modulation REM topologies are characterized by three (not two) main parts that con-
tribute directly to electric energy conversion:
¢ The exciter part
¢ The flux-modulator part
e The armature part

At least one part should be fixed (the armature), while one or both of the others may rotate. A kind
of torque magnification occurs in such machines, which may be exploited for low/moderate-
speed applications.

All FM-REMs require full (or partial) rating power PWM converter control for variable speed
operation, and none has a cage on the rotor.

The key to the operation of FM-REMs is the contribution of both the constant and first space har-
monic of airgap performance (produced by the variable reactance flux modulator) to the interaction
between the exciter (with PMs, in general) and the armature mmf of the stator. The presence of two
terms in torque production generates a kind of torque magnification (magnetic gearing effect), which
is the main asset of FM-REMs.

From the rich literature on FM-REMs, a few main categories have been deciphered and character-
ized in this introductory chapter: Vernier PM machines, flux-switch (stator PM) machines, flux-rever-
sal (stator PM) machines, transverse flux PM machines, dual-stator winding reluctance machines, and
magnetically geared (dual rotor) machines.

Their main merits and demerits are emphasized, but their thorough investigation (modeling,
design, and control) will be performed in dedicated chapters later in the second part of the book.
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Line-Start Three-Phase
Reluctance Synchronous

Machines
Modeling, Performance, and
Design

2.1 INTRODUCTION

Line-start three-phase RSMs are built with a magnetically anisotropic rotor (L, > Ly,,), host of a
cage winding and sometimes of PMs, for better steady-state (synchronous) performance: efficiency
and power factor.

They are proposed to replace induction motors in line-start constant-speed applications in the hope
that they can produce high class efficiency in economical conditions (of initial cost and energy con-
sumption reduction for given mechanical work, leading to an investment payback time of less than
3 years, in general).

The IEC 60034-30 standard (second edition) includes minimum efficiency requirements for IE 1,
2, 3, 4, and 5 efficiency classes of performance, according to Figure 2.1 [1].

These demanding requirements have to put the existing reality and trends in electric machinery
R&D and fabrication face to face to assess the potential of meeting them.

Table 2.1 assesses the potential of various electric motor technologies in terms of efficiency [1].

Table 2.1 shows that, at least for efficiency classes IE4 and 5, there are very few candidates, and,
among them, line-start PM motors are cited. To add more to the other challenges of IE2, 3, and 4
induction motors, the situation for the case of 7.5-kW four-pole motors is described in Table 2.2 [1].

From this table we may decipher a few hard facts:

* While the efficiency increases from 87% to 93%, the initial cost of the line start permanent
magnet synchronous machine (LSPMSM) (class IE 4) is 233% of that of the IM of class IE
2. Class IE 1 is now out of fabrication in the E.U., but such existing motors will continue to
operate for the next decade or so. Moreover, the starting current of LSPMSM is 7.8 p.u.,
lower than that of IM class IE3 (8.5 p.u.) but still too large to avoid oversizing local power
grids that supply such motors without deep voltage surges during motor start.

* Still, the simple payback time for IE3-IM and IE4-LSPMSM 7.5-kW motors when replacing
IE1-IMs has been calculated at 0.5 and, respectively, 2.8 years!

* Line-start PMSMs with strong PMs and small magnetic saliency have been most frequently
considered so far. This is how efficiency was markedly increased, though with a notably
higher-cost motor, which, in addition, is not yet capable of reducing the starting current
to 6.2-6.8 p.u., as in IE1 class IMs (Table 2.2).

* So the argument for economical energy savings with reasonable payback time (less than
2-2.5 years) by line-start RSMs with strong magnetic saliency and eventually with
lower-cost PM assistance is: Are they economically feasible, while also providing starting
currents below 6.8 p.u. to avoid overrating the local power grids that supply such motors?
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* As a step toward such a demanding goal, this chapter treats first line-start RSMs without
any PMs and then ones with ferrite-PM assistance, while at the end, LSPMSMs with
strong PMs and low magnetic saliency (1.8/1) are also investigated in terms of modeling,
performance, and design, with representative case study results.

100 IEC 60034-30, ed. 2
95 F

90 -

@
w 85F
£ IE5, P, = [0.12-800] kW
= 80
;:)‘ Four-pole fixed-speed motors
:q:;j 75T -e— IE1 Standard efficiency, 50Hz
5 2ok -a- [E2 High efficiency, 50Hz
E] =#~ [E3 Premium efficiency, 50Hz
'g 651, == [E4 Super premium efficiency, 50Hz
z == [E5 Ultra premium efficiency, 50Hz

60 ~e-. IE1 Standard efficiency, 60Hz

-=- [E2 High efficiency, 60Hz
55T ~#+ IE3 Premium efficiency, 60Hz
50 i i i
0.1 1 10 100 1000

Rated power (kW)

FIGURE 2.1 Efficiency class limits for four-pole three-phase AC motors (0.12-800 kW) according to IEC
60034-30 standard (second edition, 2014). (After A. T. Almeida, F. T. J. E. Ferreira, A. Q. Duarte, IEEE Trans
on, vol. IA-50, no. 2, 2014, pp. 1274-1285. [1])

TABLE 2.1
Efficiency Potential of Various Electric Motors
Motor Type Line-Start  IE1 1E2 1E3 IE4 IE5
Three-phase SCIM Random- and form-wound windings:
IP2x (open motors) Yes Yes Yes Diff. No No
IP4x and above Random-wound windings Yes Yes Yes Yes Yes Diff.
(enclosed motors) Form-wound windings Yes Yes Yes Yes Diff. No
Three-phase wound-rotor induction motors Yes Yes Yes  Yes Diff. No
Single-phase SCIM One capacitor Yes Yes Dif. No No No
Two switchable capacitors Yes Yes Yes Diff. No No
Synchronous motors ~ VSD-fed PMSM No Yes Yes  Yes Yes Diff.
‘Wound-rotor Some Yes Yes  Yes Diff.  No
LSPM Yes® Yes Yes  Yes Yes Diff.
Sinusoidal-field reluctance Some Yes  Yes  Yes Yes Diff.

Source: After A. T. Almeida, F. T. J. E. Ferreira, A. Q. Duarte, IEEE Trans on, vol. IA-50, no. 2, 2014, pp. 1274-1285. [1]
“LSPMs have some limitations on their line-start capabilities with respect to torque and external inertia.

Notes: The mark:

* “Yes” means that the motors are considered to be the state of present commercial technology and are therefore suitable for
consideration in mandatory requirements in legislation (i.e., the efficiency class is achievable with present technology, although in
some cases it may not be economical).

* “No” means the efficiency class is not achievable with present commercial technology.

« “Diff.” (= “Difficult”’) means that the energy-efficiency level may be achieved with present commercial technology for some but not
all power ratings, and the standardized frame-size may be exceeded.

« “Line-start” means the capability of the motor to start directly from the line without the need for a VSD (direct on-line [DOL] starting;
Design N of IEC60034-12 for single-speed squirrel-cage induction motors [SCIMs]).
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2.2 THREE-PHASE LINE-START RELUCTANCE SYNCHRONOUS
MACHINES: TOPOLOGIES, FIELD DISTRIBUTION, AND CIRCUIT
PARAMETERS

2.2.1 ToPOLOGIES

As implied in Chapter 1, three-phase line-start RSMs with cage rotors are built only with distributed
symmetric three-phase windings, in general with g (slots/pole/phase) > 2(3) and an integer number
in order to reduce additional cage losses due to excessive stator mmf space harmonics and “harvest
more completely the fruits of high magnetic saliency in the rotor.”

The number of stator winding and rotor poles may be 2, 4..., but as experience shows, to get good
torque density and an acceptable power factor, pole pitch/airgap > 150 and magnetic saliency
Leam/Lgn > 5 + 10 [2] are required.

As the stator has, as for induction machines, uniform slotting and a distributed three-phase wind-
ing, Figure 2.2 illustrates a few representative rotor topologies for 2p =2 and 2p =4.

To assess performance, the flux distribution and then circuit parameters in the dq model are
required:

Ld = Ldm + LSlv Lq = Lqm + LS!? RSv era qu» Lrldv Lrlq and PMemf - EPM (1f any)-

2.2.2  ANALYTICAL (CRUDE) FLux DISTRIBUTION AND PRELIMINARY CIRCUIT
PARAMETERS FORMULAE

To calculate even approximately the distribution of magnetic flux lines by analytical methods
is helpful (Figure 2.3) if portrayed with the rotor axis d aligned to the stator mmf (axis d) or at
90° (axis g).

Typical FEM-derived flux lines in an RSM with no PMs, an ALA rotor (Figure 2.3a), and the
airgap flux density variation with the rotor position for a given mmf in axes d and g (Figure 2.3b)
reveal the complexity of the problem, as airgap flux densities have rich space harmonics content.

It is evident that, due to stator slotting and rotor multiflux barriers in the rotor, the airgap flux
density in both the d and g axes shows high-frequency space harmonics. Also, in axis g, per half a
pole, the airgap flux density changes polarity a few times, indicating that the magnetic potential of
the rotor is not constant. Thus, the flux lines cross the airgap a few times, then the stator slot openings.
This is good, as the fundamental flux density Bgg1 is reduced, but the space harmonics may induce
notable eddy currents in the rotor axial laminations.

They may be reduced by thin radial slits (three to four per total stack length).

On the contrary, in regular lamination (multiple flux barrier) rotors, the g axis airgap flux density
does not, in general, show negative components under a pole, but its fundamental is reduced less,
though still notably (Figure 2.4).

On top of that, the PM airgap flux density distribution (at zero stator currents)—Figure 2.5—-shows
space harmonics that will become time harmonics in the back emf (Epyy).

The results in Figures 2.3 through 2.5 have been obtained by FEM to completely illustrate the sit-
uation. For preliminary design (or performance calculations), simplified circuit constant parameter
formulae are required. For that, only the fundamental in airgap flux density is considered. At a
very preliminary stage, the expressions of magnetizing inductances L, and L, of an RSM
(with distributed AC windings) are standard [2]:

L . 6 : ﬂO(WlKWI)ZT : lstack .
d.gm — s
" ﬂzp *8dgq - (1 + st,q)

8a=8 K. Ko, g=_8a+ grB (2.1
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FIGURE 2.2 Line-start RSM rotor topologies: (a, b, ¢) 2p =2; (d, e, ) 2p =4.

where: W,—turns per phase (one current path only); Ky,—fundamental winding factor; 7—pole
pitch; Iyack—stack length; p—pole pairs; K. ,—Carter coefficient for stator and rotor; K, ,—equiv-
alent saturation coefficients; gpg—the equivalent additional airgap provided by the rotor flux barriers.

The average length of flux barriers along a g-axis flux line in the rotor makes a maximum of 2 - ggp.

Note on Magnetic Saturation: Magnetic saturation is a complex phenomenon with local variations
and, approximately, may be considered dependent on the iy, i, stator current and the PM flux linkage
Ypum, according to the concept of cross-coupling saturation. In the flux barrier rotor at very low cur-
rents, before the rotor flux bridges saturate, L,,, is large (almost equal to Ly,,). As the stator currents
increase, the rotor flux bridges saturate and thus L, decreases dramatically to produce reasonable
torque (by magnetic saliency). For line-start RSMs, this variation of L, with current is beneficial

for RSM self-synchronization.
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FIGURE 2.3 FEM-extracted RSM stator DC mmf magnetic flux lines at standstill in axes d and ¢ (a, b); and
airgap flux density in axes d and ¢ (c, d) for a 2p =2 pole ALA rotor (as in Figure 2.1c).

v

FIGURE 2.4 Airgap flux density versus rotor position in axis d, (a); and g, (b), for a multiple flux barrier rotor
(as in Figure 2.2e).

PMg

S
\ 4

FIGURE 2.5 PM-produced airgap flux density in an RSM with flux-barrier rotor (as in Figure 2.1b).
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Not so in ALA rotors, where L, is smaller but rather constant (independent of current): here,
however, the larger magnetic saliency produces a higher peak reluctance torque that also helps
self-synchronization under notable loads (1.2-1.3 p.u.).

For the simplified two-pole rotor in Figure 2.2a, the ratio of Lg,,/L,

L
Zdm _ 8q (2.2)
Lyn  8a
may be approximated by considering magnetic reluctances in axes d and g:
84 », 8+ 8FB ¥ Benge ; g — airgap (2.3)

8d g+ 8cage

where gpg—the radial thickness of the flux barrier (only one flux barrier here), say, equal to 9 * g,
and g..ce—the equivalent radial airgap of the rotor cage bar region: with an equivalent height of
the rotor cage (for infinite core permeability), /icage & 11-g and considering 60% core, 40% rotor slots
8cage X Neage * 0.6 = 6.6 mm.

So, in this hypothetical cage [3],

Ly 1+94+6.6
S _Lam _s(1+9+66)_, 4 (2.4)
84 Lgm g(1+6.6)
This magnetic saliency ratio seems modest, but with high-energy PMs, it leads to outstanding per-
formance, as seen later in this chapter.
The stator leakage inductance Ly with its components is, as for IMs [2]:

2u,W?
Ly = e

(Asiot + Az + Aend + Aditr) (2.5)

Simple but still reliable expressions of nondimensional slot, airgap, end connection, and differen-
tial leakage permeances Ao, Az, Aend, and Ag;er are [2]:

hsu hsO bxl + bx() bsl + bs2
A N — <15-2; byw=—"—7—; by=—""—
slot 3bsav + 3bsOav . 2 2
5¢K./byy x (36, +1)/4
g = 8Kl X CAEDA 0 o5k ks
5+ 4ch/bs0
g (2.6)
Aend = 0.34 —— (leng — 0.647) < 0.7 — 0.8 (for double layer windings)
stack
Sg v>1 Kiy
Adiff = K. Z >

with hg,, A, hgo, and by, as useful (copper-filled) slot height, average useful slot width, slot neck
height, and slot neck average width (Figure 2.6). The differential leakage inductance component
(by Agjge) refers to space harmonics of the stator airgap field and implies that all these harmonics cross
the airgap; this is true for high-order harmonics if 7/zv > g.

In a similar way, the PM emf (PMs in axis ¢ here) may be written as:

2
Epmg1 = w1 (BgPMl T lstack) x Wi - kwi 2.7
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FIGURE 2.6 Typical stator semiclosed slots.
where
Bgpmi A~ —Bgpym - sinapy X — (2.8)
b4 n

gFBPM/ﬂrec (2 9)

B ~ B, -
s (gFB [Hree T8+ gcage) (1 + Kfring e)

where B, is the remnant flux density of the PM, y.. is its recoil relative permeability (Uiec =
1.05-1.11, in general), and Ky ine . accounts for the PM flux “lost” in the rotor; Ky ing ., for the
rotor in Figure 2.2a, is probably 0.15-0.25), but it may be calculated by FEM and then approximated
better. The term grgpy is the equivalent thickness of flux barriers filled with PMs. We have to add
the leakage inductance L,; and resistance of the rotor cage R,.

Considering again the symmetric cage of Figure 2.1a, we may simply use the standard formula [2].
But the presence of the flux bridge below the rotor slots notably reduces the slot leakage permeance
Asior- For the simplified rotor slot in Figure 2.7, as shown in [4]:

h hy,
Adtotr & 2 (1 = Cy)*+ 5 [1 + 3Cw(Cy — 1)] (2.10)
b, 3b

sr

hrO/bVO + hsr/2bsr

Cy =
Y i Wi/bs + o /bro + e/ 2bg,

<1 @.11)

with u,—the relative permeability (10-20 p.u.) of the flux bridge W; below the slots. When W; x~ o,
C,, =0, Ao » gets the standard formula:

hrO hsr

j'slotr = (2 12)

by ' 3by

Flux bam‘er PM

=
N

FIGURE 2.7 Rotor slot and flux barrier (a); end ring dimensions (b).
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Also, the end connection (cage ring) permeance A, ying 18:

3Drjng Dring

-In4.7 -
n a+2b

<07-10 (2.13)

/16 ring ~°
g

2Ivrletack sin—-

N,

The combined cage bar and its end ring section resistance are approximated to:

Rring

2 . sin? <@>
N,

where Dy, is the average diameter of the cage ring and a and b are its cross-section dimensions; N,
is the number of rotor slots, while Ry, and Ry, are the bar and its ring section (per both sides)
electrical resistances.

Similarly, the bar + ring section leakage inductance Ly, is:

Rpe = Rpar + (214)

Ly = ﬂolstack(j'slotr + /1zr + }vering) (2.15)

The reduced values R,, L,; to the stator are [2]:

N, N,
R, =Rpe—: Lie=1Lp — 2.16
N,
K = 2.17
Y6 WKy, ( )

Note:

* The flux bridges in the rotor (close to flux barriers) modify (decrease) the leakage inductance
of the rotor, which is beneficial for starting and self-synchronization under light load. Those
bridges, however, saturate at small stator and rotor currents and give rise to additional torque
pulsations during asynchronous operation.

* The calculation of L,; and R, was rather simple for the symmetric cage (Figure 2.2a), but it
is more complicated when part of the flux barriers is occupied by the cage, which is now
asymmetric, and, apparently, only FEM can be truly useful /practical in this case.

NUMERICAL EXAMPLE 2.1: CONSTANT CIRCUIT PARAMETERS

Let us consider a PM-assisted three-phase (delta connection) RSM with two poles and the rotor in
Figure 2.2a, with a rectangular rotor bar as in Figure 2.7, with the data:

Line voltage: V; =380V (RMS)

Frequency: f;, =50 Hz

Inner stator diameter D;; =90 mm

Stator core length /gack = 90 mm

Airgap g =0.55 mm

Slots per pole per phase g =5

Rotor slots N, =22 with an alleged power of 5 kW at 3000 rpm
PM radial thickness: hpy =3 mm

The flux barrier (PM radial) thickness ggg = hpp + 0.5 = 3.5 mm
Flux bridge thickness below-slots W; =2 mm
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Cage bar height h, = 6 mm

Cage bar width b, =5 mm

Rotor slot opening b, =1 mm;

Height of rotor teeth tip h,o=1mm

Ring cross-section a (radial) = h,o + hs, + w;/2 = 8 mm, b (axial) =25 mm
Ring average diameter Dying = D;s — 2g —a = 80.9 mm
Remnant flux density B,=1.15T

PM recoil relative permeability uec = 1.07 p.u.
Chorded coils: y/z=13/15

Phase connection: D

PM span: 135° = app

Calculate

a.

The number of stator turns if the no-load phase (line) voltage-PM emf is Eppy = 0.9 V)
(RMS).

. All circuit parameters considering the permeability of iron infinite all throughout, except

in the rotor flux bridges below the slots, where u,; =10 (p.u.).

Solution
. Epm =09V =342V (rms)
Epm
=—"=1.5395Wb
Ypm \/Zm(n
sin (%)
ky = 4/}[ =0.9567
qSIn(@)
—sin(Y. T =
Koy = sm(T 2) 0.9781
kyw = kw1 - kywo = 0.9358
hppm
B.g = B, Frec =0.6597 T

h
( M + 8rB — hPM> “kKiringe + 8

rec

where K ing e is approximated with:

2w;
kfringe1 =1 +7;frb bﬁ = 1.0415

apm g Dsi Psr

D.:
Kfringe = Krringen - z =1.3128
fringe fringel Dy — 2(g+ h,o i hsr) — grs

2

@py = = Bagt * 7+ lyack - 107° = 0.0063 Wb
¥

where

77.'D5,‘

2p

W, = M _ 5617187 turns
kw PM
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W1 is adjusted to an integer number multiple of the product of poles and number of slots per
phase and pole, so, finally, Wy =260 turns.

b. hpm
+ grs — hem
Dy — 2 hro + hg) —
g1 =g+ B, e D = 2gt o T ha) Z 888 _ 4 5484 mm
kfringe1 Dsi
1
8d = i apy, — 2-9281 mm
sin(—) 1 fsin(—>
2 + 2
81 8
1
8q = T VAN 1.7855 mm
ol )l )
+
81 8
6o (N1 ky )z -
Ly = AN 2) Ttk _ 0.1965 H
pPr°8d
6po(N1ky )z -
Lam = o (N1 2) Lk _ 03223 H
pregd
/stack _5
Rbar :p/,\/h b =969-107° Q
srsr
27[Dring 6
Ring = paj———=3.7315-107" Q
s Pl Nraringbring
Rring —4
Rpe = Rbar+7ﬂ= 1.8902-107" Q
2sin? (p_)
N;
ho | hy
= —Do2by 5857
ﬂeri+h_r0 hse
bsr br() 2bsr
hrO 2 hsr
Ay =— (1 —cyw) "+ 1+ 3cy(cy, —1)] =0.6653
o= o (1= ) (1 4 3cu(cw = 1))
2.5g
=—2>—=0.2254
" 5bg+2g

PU Lo, S Py . T
& . [ pr & Aring + 2brin
2Nr/stack sin (W) 8 8

r

) = 0.8098

Lpe = ”Olstack ()bsr + Az + Aering) =1.9232-10"H

N,
ki = L —=0.0147
"7 6Ny 0.0
N;
R, = Rbe% =6.3788 Q

N,
Le = LbeW = 0.0065 H
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2.3 SYNCHRONOUS STEADY STATE BY THE CIRCUIT MODEL

At synchronous speed n; =f;/p, ideally, the currents induced in the rotor cage are zero. Let us
mention again that PMs are “planted” in axis g of the rotor (along L, with L;> L,).

We may safely use the dg (space phasor) model of a cageless synchronous machine with L,, L
and Wpyy,1 under steady state [2]:

q>

iRy — Vs = —jo,¥s; W = Lyig + j(Lyiy — Pemigr) (2.18)
3 b . .
T, = Ep[lPPMql cig+ (La — Ly) - ia - ig] (2.19)
;S = id +Jl‘]’ VS = Vd +JV 5 eer :par

with

5 2r 2z
Vi(i) =5 | Vi + Votinlé 3 +Vlie ' 3 | (2.20)

and V,,, V,, V., i, ip, i as stator phase voltages and currents and 8,—rotor d axis position; 6,, = p0, =
electrical angle; p—pole pairs; ¥,—stator flux linkage space vector, here in rotor coordinates.

The vector diagram based on the above equations, which here includes the iron losses (as a resis-
tive circuit in parallel at terminals V,, V), is presented in Figure 2.8.

Va = icaReore; Vq = ichcore; Vs = Rcore;c
and 2.21)

lgs = Ig + lcas iqs = iq + icq; Iss = lgg +jiqs

FIGURE 2.8 Vector diagram for synchronous steady operation (motoring).
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A few remarks are in order:

* The assisting PMs (preferably of low cost) in axis g are producing some additional torque,
but mainly they are increasing the power factor and thus, implicitly, the efficiency.

* The core loss (R.ore), Which in Equation 2.21 is related to total flux linkage (including PM
contribution), leads to a decrease in efficiency, as expected, but also contributes to a slight
increase in power factor (as stator winding losses do) in motor operation mode.

Equations 2.18 through 2.21 also lead to the dg-equivalent circuits in Figure 2.9.

Let us denote the power angle 8y, of this machine as the angle between total flux linkage ¥
and axis q.

Now, neglecting the core loss (R .. & 00) and copper losses (R; = 0), we may calculate the torque
T, versus power angle Oy characteristic, from Equations 2.18 through 2.21 as:

Vs
W, sindy, = Lyi; — Wemg1;  Wscosdy, = Lyig; Wy =— (2.22)
W,
3 V2 lPPM 10y COSélp_ 1 1 1 .
Tor—o ~-pS|—L 1. -4 ([ — 25 2.23
( )gzomo:w zpw%[ Vs Ly +2 Ly La Hn o 229

The problem with PMs is that there is no guarantee that the orientation of PM flux is such that
its flux subtracts from L,i, and, consequently, the PM torque component is positive in motoring.
The power angle may take a value where the PM torque is negative and thus the efficiency is lower.
This leads to the conclusion that for, say, rated torque to provide good efficiency, the PM flux
should have such a value that only for positive PM torque is the former achieved with high efficiency
(Figure 2.10) [6].

Figure 2.10 clearly shows that for no PMs does the rated torque obtained either in point A or A’
provide the same stable performance.

But for Wpamg1< Wpmgi', there are still two stable operation points, B and B’. However, in B’,
the performance (efficiency) will be lower because the PM torque is mild but negative.

On the contrary, for stronger PMs, only point C remains stable, and thus the machine, after
self-synchronization, still settles for 6y, in point C.

This is an important design warning suggesting that the PM flux may not be too low in order to
secure efficiency higher than without PMs.

The presence of losses, which are important in low-torque machines, will move points A, B, and C
to the left for power, but the phenomenon remains the same.

Mathematically, we should use two more equations from the space phasor diagram:

— w, ¥ sindy + R, ¥, sindy/L; = V; <O0;
(2.24)
Vi = Vi + VoW, cos by + Ry(W, sin by + Ypug ) /Ly =V,

FIGURE 2.9 Steady-state equivalent circuits of PM-assisted RSM at synchronous speed: (a) in axis d; (b) in
axis q.
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FIGURE 2.10 Torque versus power angle &y (for zero losses). (After S. T. Boroujeni, M. Haghparast,
N. Bianchi, EPCS Journal, vol. 43, no. 5, 2015, pp. 594-606. [6])

with

3 Womat 1/1 1 .
T,==. Sp2| 22 5 B e — 20y, 2.25
Sp ¥ |: Lv. cos By + 5 (L Ld) sin %:| (2.25)

q

In general, the rated torque/peak torque ratio Tryeq/Tpeak = 0.6-0.7 for such PM-assisted RSMs,
“to leave room” for self-stabilization after mild torque perturbations.
A simplified condition for maximum torque is obtained from Equation 2.25 as:

. 1 1
sin Oy, + (L_q - L_d) - cos 20y, =0 (2.26)

Wpmg1

shag

for zero losses.
As expected, for Wpng1 = 0, Sy = 45°.
When PMs are absent, Equations 2.24 and 2.25 yield:

R, R, .

Y| —w, sin 6y, +—cos oy, | = Vg, Y| w,cos oy, +—sin oy, | =V, 2.27)
Ay s 7L s

Vi=Vi+V, (2.28)

With dy given, from Equation 2.27, ‘¥, is calculated. Then, from Equation 2.25 and Wppg = 0:

3 1/1 1
Torsm = =pW¥? - = [ — — — ) sin 26 2.29
rsM = 5P¥ 5 (Lq Ld) sin 26y, (2.29)
Finally, from Equation 2.21, with Wpy, =0,
ig,ig and iy = /i& + i2 are determined.
The stator copper and core loss are:
3 3 V?
copper — 7Rv 2’ core — 5 ° £ 2.30
P PP 2 s> P 2 Rcore ( )
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Thus, the efficiency 1 may be calculated as:

T, o,
y = e /P 2.31)
Te : CUr/P + Pcopper + Pcore + Pmec + Padditional
- V. V.
= g+ —d—i-j(iq + 1 ) (2.32)
So the power factor cos ¢ is:
Te r
cos p, = M (2.33)
Py Vs 'ss
5 Vsl
If all losses are neglected, the ideal power factor cos g; is:
L
1 — 2 sin28y;
T,w, ( L ) ’
cos g = 5 /P _ O (2.34)
— ] L=si o i
2 Vs 2\/005 5\2;” + 7”18]; *
q
So, the maximum ideal power factor for the pure RSM is:
T
L
COS @imaxRSM = LZ (235)
1424
+ L,

Note: The losses in the machine improve the power factor in motoring while they worsen it in gen-
erating, but the former reduces efficiency in both cases.

As already alluded to in Chapter 1, it is feasible to produce, for the same stator, the same torque at
better efficiency than in IM, but it is very difficult to have a better power factor unless L, (RSM) < L.
(of IM). The latter condition apparently may be met only with ALA rotors.

EXAMPLE 2.2

¥
For the PM-assisted RSM in Example 2.1, but with % = 0.1, 0.2, 0.3, calculate the torque

N
versus power angle 8y for zero losses in the machine. The stator leakage inductance is considered

10% from the main (d axis) inductance (Lgp, = 0.3223 H, Ly, = 0.1965 H), and the stator resistance
is Ry =2.7 Q.

Wrmg1
Then, for ——-
en, for —5

factor, torque, current) versus power angle 6.
Iron losses equivalent resistance Ri,on = 15000 ), mechanical losses pech = 2% of ideal rated
power obtained as 0.6 of peak ideal power.

~ 0.2, calculate the steady-state machine performance (efficiency, power
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Solution

L,,=0.1*0.3223 =0.03223 H
Ly=Lgm + Lo =0.3545 H
Ly=Lym + Lig=0.2287 H

The ideal torque versus power angle is computed by Equation 2.23 and shown in Figure 2.11.
The permanent magnet-induced voltage is:

EPM = —WYpm = —76V (rms)

The currents in axes d and g are computed with following relation (reversing a 2 x 2 matrix is
not a problem on modern computers).

(/d> _( R, aJ1Lq>1 —Vinsin(8ys) + Epm
lq wlg Rs Vi €05 (8y5)

The stator current components versus power angle are shown in Figure 2.12.
The core losses are not included in the previous equation, as they are computed separately and
added to the input power.

3.V

iron

Piron = =28.88 W

0.3

6 /) —o]
e

Torque (Nm)
.
> N\
),/
/4
\\
\
=~

AL X
/ \
|/ \

-200 —-150 -100 -50 0 50 100 150 200
Power angle (deg.)

DN

FIGURE 2.11 Ideal torque versus power angle.
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FIGURE 2.12 Stator current components versus power angle.

The complex values of the currents and voltage are:
Ii=1lg+jlg Vi=—Vi-sin@,) + Vi, - cos@y,,)
The input and output powers are computed:
Pgrigs = 3Real (Vs - I£) + Piron
Pout =3 [@1 - (Lg — Lg) - Iq — Epm] “ lg — Prmec

P . . . .
P % and its dependence on the power angle in comparison with the
(@]

The output torque is T =

ideal value is shown in Figure 2.13.

The efficiency is computed as the ratio between output and input power, considering that the
negative values mean a generator regime, where the mechanical power means input power and
the electrical power is the output power. For some angles, both mechanical and electrical powers
are input powers and efficiency is considered zero, as shown in Figure 2.14.

The power factor is computed as the cosine angle between voltage and current.

The rated power angle is 2.0603 degrees; rated current values are: Iy, =3.3768 A, Iy, = 1.3747
A, I, =3.6459 A, rated torque T,,=3.5015 Nm, rated efficiency 1, =0.7552, rated power factor
0.3435. This is only a didactic example where a PM machine is used with less PM than a PM-assis-
ted reluctance machine, where the torque should be produced by a large difference between d and
g axis inductance.

A practical PM-assisted machine has to have several flux barriers (as shown in Figure 2.2b to
secure a large Ly/L, ratio, while the topology in Figure 2.2a with results in Figures 2.11 through
2.14 has a small saliency [in this case only 1.5498]).

47
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FIGURE 2.13 Output torque versus power angle.
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FIGURE 2.14 Efficiency and power factor versus power angle.
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2.4 ASYNCHRONOUS TORQUE COMPONENTS

For asynchronous running transients and stability investigations, the dg model with cage rotor
will be considered.

As the PM-RSM is investigated, the PMs will be considered in axis ¢ (L, < L), and thus the
dg model (in rotor coordinates) is [4].

v v
Va=Rig+" "~ oMy Vy=Ri, + th + 0%,

v, av,,
dr ’ dr
Wi = (Lam + Lgdia + Lamlar; qu = (Lqm + Lxl)iq - \PPMql + Lqmiqr

d
0= Rdridr + 0= Rqriqr +

Wir = Lam(a + iar) + Lart - iar; qur = Lqm(iq + iqr) - \PPMql + Lqu . iq

3 . .
T, = EP(leq - lPqld)

(2.36)
Jdo, o do
) dt — Le load » dt — Wy
2 2 ;
Valor ig) 2 cosf, cos (aer - g) CcoS <06r + ?ﬂ) Va(or ia)
=3 o oo || Vator i)
Vq(Or l(]) —sin Her —sin (96, — ?> —sin ger + ?) Vc(or lc)

. . 2r .
Vabe = Vysin wlt—(l—l)? ; 1=1,2,3

Once the machine parameters—inductances, resistances, PM flux, and inertia J—are known,
for given phase voltages V,, V,, V. and given initial conditions, including initial speed and load
torque versus speed, the system of Equation 2.36 may be solved numerically for a myriad of
operation modes.

However, such a numerical approach would shed little light on the machine transients, say, during
starting or asynchronous operation. Designing a PM-RSM with good starting, self-synchronization,
and steady-state performance requires additional, intuitively obtained knowledge, as the torque has
quite a few components and the magnetic saturation in the machine, both in the stator and rotor, varies
notably during asynchronous acceleration and self-synchronization (L, and L, vary notably, but,
Ly, Ly, and Ly, also vary, though less).

It is rather straightforward that the machine torque during asynchronous running: o,<w [o, is the
frequency of stator voltages V,(t), V,,(t), V.(?)] is:

T, =Tpm + Tcage (2.37)

where:
3 .
Tpm = ip‘PPMql 7 (2.33)

3
_p[Ldm(id + idr)iq - Lqm (lq + iqr) ld]

Tcage = )

. (2.39)

= [(Ldm - Lqm)idiq + LdmiqidV - Lqmidiqr] ’ 2
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During asynchronous starting, the stator (and cage) currents are known to be notably larger
than the rated current so that, immediately after start, the airgap flux (reflected by Ly, L) is around

Vv .. . . .
50% of the rated stator flux (‘I‘smted ~ —l>, but then it increases steadily during acceleration in
1

asynchronous mode.

So, in fact, the leakage flux paths are saturated at start, while the main (airgap) flux paths are not,
but the situation changes dramatically during asynchronous starting.

Only circuit and FEM (or time-step FEM) methods can capture these aspects with reasonable
precision, although the computation time is still rather prohibitive for the complex case in point.

Even with such methods, the separation of different components of asynchronous torque is
tedious, as only the frozen permeability methods may separate the real PM flux linkage, for example,
in magnetic saturation conditions.

Let us consider here the cage asynchronous torque components in a PM-RSM at slip S:

s=1-22 (2.40)
fi

where 7 is the speed (in rps), p—pole pairs; f; = w;/2n, the frequency of stator voltages.

2.4.1 THe CAGE TOrRQUE COMPONENTS

The magnetic field of stator currents rotates at f; /p, while the rotor rotates at speed n. Consequently,
the stator currents iy, i,, with respect to the rotor, show the slip frequency f, =S - fi:

iy = igsin Yi Vi= Swt 2.41)
Iy =1igC0SYy; ’

y; (Figure 2.8) is the angle between is and axis g and is varying with £, frequency.
In a similar way, the rotor currents (in rotor coordinates) i, and i, may be written as (@, = const):

igr = 1, sin (7,‘ - A}/,)

. . (2.42)
igr =i, cos(y; — Ay;)
Substituting Equations 2.41 and 2.42 into 2.39, the cage torque becomes (as in [3]).

Tcage = Tcagel + TcageZ (2.43)

3 Lin+Lgm . . .
Tcagel =P Hiq - Iy - i - sin Ay; (2.44)

2 2
3 L m L m . . . 2.

Teage2 = P qu. (i - iy - sin(2y; — Ay;) + i2 sin 2y;) (2.45)

Teager» With Ay; <907, yields a positive (motoring) torque component influenced by the magnetic
saturation produced periodically along axes d and ¢. This is an oscillating torque component at
frequency Sfi (Figure 2.15) [5].

The PMs produce a distinct saliency that is not present either in IMs or pure reluctance synchro-
nous machines by the variation in time of magnetic saturation, only during asynchronous operation.
This PM-saturation—induced saliency creates slip frequency (Sf;) pulsations in T,e; in addition to
the constant component. Both increase with machine inductances Ly, Ly, But Teage0, in addition
to the constant second term in Equation 2.45, shows torque pulsations at frequency 2 - S - fi. Teagen
occurs only if Ly, # L, which is typical of all RSMs. In general, the amplitude of T, is smaller
than that of T¢,g., especially in small-saliency (Lg,,/Lgm = 2), strong-magnet RSMs [5].
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FIGURE 2.15 Cage torque components: Tcagel, cage2- (After A. Takahashi et al., IEEE Trans on, vol. EC-28,
no. 4, 2013, pp. 805-814. [5])

2.4.2 PERMANENT MAGNET ASYNCHRONOUS TORQUE COMPONENTS

In separating PM torque components, we may infer that the PM torque produces a braking torque of
the rotor during asynchronous operation as the result of currents induced in the stator resistances by
the traveling field at speed n #f;/p.

At an arbitrary speed w,, the dq model of the PM-RSM in steady-state asynchronous mode
would be:

Vi = Ryiq — 0:(Lgig — Ypumg1); Epvi = —0:¥pugi

. . (2.46)
Vq = Rig + w,Lyiy

With respect to Epy, the stator voltage components V,;, V,, may be considered dephased by the
angle y, = S - w;¢ in asynchronous operation mode (similar to [3]):

Va=Vscosyy V, = Vsinyy, 2.47)
The PM torque is still obtained from Equation 2.38, but let us consider first the case of zero stator

resistance (R; = 0) and zero saliency (Ly = L, = Ly).

.2 |2
(Temg,—0 =~ Ypmy1 - ia = = p¥pmgl ——sin(Sw1?) (2.48)
3 WL
So, for R,=0 and zero saliency, the PM torque pulsates with slip frequency but has a zero
DC component.
In a similar way, for R, # 0 [5]:

Yemer - Vs . 2 @R
T, ~—L 2 gin(Swit + D) — P e
( PM)R;#O \/m 1 ( w1t + ) PMg1 Rg + w%Lg
r (2.49)
R,
tan ® =
w, Ly

The second term in Equation 2.49 is the conventional constant, PM-produced braking torque in
asynchronous operation (in fact at any speed).

But the first term in Equation 2.49 is pulsating, again, at slip frequency (as Tcage1)-

Magnetic saturation of the rotor due to high cage currents (Figure 2.16) produces additional torque
pulsations in T,g> as follows [5].

When the stator current field is applied along the positive longitudinal axis, the PM torque reaches
its positive maximum, but, at the same time, the main flux generated on the negative g axis is
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FIGURE2.16 PM torque waveform during asynchronous operation. (After A. Takahashi et al., IEEE Trans on,
vol. EC-28, no. 4, 2013, pp. 805-814. [5])

superimposed positively on the g axis PM flux, producing additional magnetic saturation. Thus,
the positive maximum of PM torque is reduced (Figure 2.16). The opposite happens when the stator
current field falls along the negative d axis, when the main flux further demagnetizes the magnets,
leading to a large maximum negative PM torque [5].

Note: So this kind of magnetic saturation produces not only additional torque pulsations but a larger
average PM braking torque, which has to be considered in a proper design.

Results on 7, obtained analytically (as above) and numerically by FEM are illustrated in [3].

The line-start PMSMs with strong magnets; Wpy/WPs = 0.896 p.u.; and practically no initial
saliency, Ly~ L, ~ Ls; Ly/L, = 0.53 p.u., R;=0.054 pu., V, = /2 - 1155V, [,+/2 = 14.5V2A
are shown in Figure 2.17 [3].

These results show higher average negative values of PM torque versus speed, notably higher
for all slips (but more aggressive at high slips, which may impede on motor starting if not considered
in the design).

2.4.3 ReLuctANCE TORQUE BENEFITS FOR SYNCHRONIZATION

Line-start RSMs without PMs, which have a high saliency, are known to provide for better self-
synchronization; that is, to secure self-synchronization for larger load torques.

A two-pole LS-PMSM with moderate saliency (Lg,/Lg,=1.8) and rather strong magnets
(the configuration in Figure 2.2a) with a flux bridge between circular magnets of 13 degrees for a
Ypm/WPs =0.896 p.u. [5] increases the maximum load torque for safe self-synchronization from
1.25 to 1.42 p.u. The efficiency for steady-state synchronous operation in a 5-kW two-pole motor
was also increased by more than 0.6% (4%—-5% more than an IM), while the motor stator winding
temperatures decreased by 37 K and the starting current was reduced by more than 25% [5]. This
reduction of starting current, with a strong increase in efficiency, may qualify the line-start PMSM
with mild saliency for high-efficiency standard motors at reasonably higher costs.

2.4.4 AsYMMETRIC CAGE MAY BENEFIT SELF-SYNCHRONIZATION

In initial cost-sensitive line-start RSMs without or with weak (low-cost) PMs (Wpn/Ws = 0.2-0.3),
the design of the rotor for both two and four poles tends to locate the cage in the flux barriers of the
rotor (Figures 2.2b and 2.18).

In the absence of PMs (which anyway produce here much smaller torque than asynchronous
torque), the average asynchronous torque may be obtained using the dg model of the machine
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FIGURE 2.17 Cage, (a) and PM, (b) torque components for a line-start PMSM. (After A. Takahashi et al.,
IEEE Trans on, vol. EC-30, no. 2, 2015, pp. 498-506. [3])

daA Asymmetric cage
dc
b
a q
Eventual
PMs

)
N7

FIGURE 2.18 Four-pole asymmetric cage rotor line-start PM-RSM.

(Equation 2.36) with d/dt = jSw, and w, = ct to yield progressively [6]:

s . N JS@1 L
Ed B Ld(lswl) ld(]Swl)’ Ld(]wl) B Ld er +jsw1(erl + Ldm)
. Cf . . jSCUILqm
— q(szl) lq (JSCOI) ’ q(le) 4 qu +]SCU1 (qul + Lqm) (250)
s ¢ ~_i¥%
Wy W
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As L,,q> L,,, it is evident that the asynchronous torque in Equation 2.51, valid for small
slip values (self-synchronization conditions), is increased more easily by reducing R, than by reduc-
ing R,,.

But R, is defined predominantly by the cage area in axis g and R,, by the cage area in axis d.

For a four-pole RSM of 10 Nm at 50 Hz and parameters as in Table 2.3 [6], the self-starting
simulation with different values of rotor cage resistances R,; and R,, is shown in Figure 2.19 [6]
to prove the beneficial influence on the process for R,, = 1.06  and R,; = 1.81 Q and high saliency
(Lgm/Lgm = 83 mH/16 mH).

The addition of small NdFeB magnets (‘¥'pyi,1 = 0.28 Wb)—or bigger Ferrite magnets—in axis g
has pushed the efficiency 3% up to 86.5% for a 0.77 power factor [6].

Though good, the performance does not qualify the motor for premium efficiency standards,
mainly due to weak PMs, which, however, do not notably impede starting (Figure 2.20).

2.4.5 TRANSIENTS AND STABILITY OF RELUCTANCE SYNCHRONOUS MACHINES

Considering Jy > 0, the voltage power angle (angle of axis ¢ with voltage vector, Figure 2.8), for
motoring:

Va=—V+/2siné, V,=V+2coss, (2.52)
Now for the dg model of RSM (no PMs):

doe, ds, d
0 ———; —
dt YUar dr

— s (2.53)

where s is the Laplace operator.
From Equation 2.36 with 2.53, we first obtain L,(s) and L,(s):

(1 + sTy) (1 +sTy)
Lis)=Lj——=:; L (s)=L,—= 2.54
d(s) d (1 + STo) q(s) q (1 + STqO) ( )
W(s) = La(s) - ia(s): Py(s) = Ly(s) - igls) (2.55)
The linearized model in Equation 2.36 becomes:
— VV/2(cos 8,9) - AS = S(A¥,) — @1 (AY,) + Ag0(sAS,) + Ry(Aiy)
— V/2(sind,0) - AS = s(AY,) + @1(AY,) — Aao(sAS,) + Ry(Aiy)
AlI"d = Ld(S)Aid
AY, = L,(s)A (2.56)

AT, + Js*(AS) = ATiou

3
ATe = Ep(lPdOAlq - lI’quid + iqulPd - idoAqu)
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TABLE 2.3

Geometrical Data of Considered Machine Stator

Motor poles 4
Motor stack length (mm) 80
Rotor radius (mm) 51
Stator slot number 36
Stator bore radius (mm) 51.5
Stator external radius (mm) 86.5
Stator winding turns number per phase; g = 0.5 mm 210

Parameters of Five Best Obtained Arc-Shape Geometries with Four FBs Per Pole; All Angles are in Degrees and o, is

41 For all Geometries

Geometryno. & b t3 4 @ a3 ay P11 B2 72 B3 73 Ba va Laflq
1 65 55 7 8 30 195 9 53 53.12 5254 50.72 47.45 3843 3090 4.01 13.35
2 6 6 4 125 30 225 13 56 56.61 5648 55.11 54.46 51.89 4527 253 13.31
3 6 5 45 125 30 225 13 53 53.15 5254 5096 49.64 46.53 39.31 201 13.14
4 6 5 5 105 30 20 11 56 5661 5648 5546 53.02 4821 4151 2.53 13.06
5 4 5 6 12 35 25 125 53 53.19 53.15 5254 5096 47.00 3843 201 1259
Extent of the Used Variables in Arc-Shaped FBs; All Angles are in Degrees

Nr of FBs a a, as ay t t, t; ty B

1 2043 - - - 7-20 - - - 50-60
2 15-27 3043 - - 4-9 7-14 - - 50-60
3 10-19 22-31 3443 - 4-7 4-7 7-14 - 50-60
4 9-16 19-25 28-35 3743 4-7 4-7 4-7 7-14 50-60
Extent of Used Variables in Trapezoidal-Shaped FBs; all Angles are in Degrees

Nr of FBs t; t, t; ty d, d, ds d, a B

1 5-15 - - - 8-25 - - - 18-26 130-146
2 2-8 2-8 - - 723 723 - - 18-26 130-146
3 2.6 26 5-10 - 720 720 720 - 18-26 130-146
4 2.6 26 26 5-10 5-16 516  5-16  5-16 18-26 130-146
Estimated Parameters of Considered LS SynRel Motor

Lo 83 mH R, 20

Lo, 14 mH Ry 1.81Q

Lis 4mH R, 1.06Q

Ly, 8 mH Vs 380V (line-line)
L 4mH fn 50 Hz

J 0.02kg - m? T 11.3-10-4a0?

Source: After S. T. Boroujeni, M. Haghparast, N. Bianchi, EPCS Journal, vol. 43, no. 5, 2015, pp. 594-606. [6]

As instabilities have been shown experimentally to occur, especially close to no-load operation,
the linearization will be operated around i,o = 0 (¥,0 =0, dyvo & 0, and iz, ‘¥ 40 nonzero, for machine

magnetization):

V2

i =——; Yao = Laiao

Zy

2.57)
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FIGURE 2.19 Self-starting speed transients for various asymmetric rotor cage resistance values. (After
S. T. Boroujeni, M. Haghparast, N. Bianchi, EPCS Journal, vol. 43, no. 5, 2015, pp. 594-606. [6])
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From Equations 2.55 and 2.56, one obtains:

(G(s) + Ks>)AS, = 0 (2.58)
JL, Z: \?
K= éz.Qﬂ); Zqs= /R + &?L3 (2.59)
()
(U]
bys* + b3s® + -+ + by
G(s) = (2.60)

sttt e+ -+

A high-order system is thus obtained whose characteristic Equation 2.60 has to be solved. Nega-
tive real part solutions of this equation mean stable operation, while zero real part solutions determine
the margin of stability.

The results in Figure 2.20 [7] lead to conclusions such as:

* Inherently stable operation of RSMs requires notable saliency at full load (here, L;/L, > 4).
* R, <R, which has been shown to add to stability, but the lower critical frequency f. has to
be kept low:

K
(flc)no load ~ 2777Lmq AY R(/rRs(l - Lq/Ld) (261)

* Also, very low saliency at no load is required, and thus multiple flux barrier rotors with mag-
netic bridges that saturate notably below full load are suitable (Equation 2.61).

» The ALA rotor may allow lower values of R, for low f;. but with a deep slot cage with a
small skin effect around synchronous speed.

* The transient torque during acceleration shows small pulsations, which indicates the
absence of a torque saddle at half-speed (due in general to cage asymmetry); also, the start-
ing current is only 6 p.u.

* With L,;/L, =4 at full load, however, the maximum ideal power factor would be:

L1
COS ggimax = ij = —Al" frd 06 (262)
I+— 14—
tn, 'ta

* This is how more sophisticated rotor topologies have to be found that mitigate starting tor-
que, starting current with self-synchronization stability, and high steady state performance
(with PM assistance).

2.5 ELECTROMAGNIETIC DESIGN ISSUES

Electromagnetic design issues consist in general of:

* Machine specifications

* Machine modeling method

* Design optimization

* Optimal design (geometry) thorough validation by 3D FEM
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2.5.1  MACHINE SPECIFICATIONS ARE CLOSELY RELATED TO APPLICATION

As an example, typical specifications for an oil-pump application would be as follows:

Output power 20kW
Speed 1000 rpm
Torque 200 Nm
Voltage 380V
Frequency 50Hz

Starting /rated current <10/1
Starting /rated torque ~ >3/1

Rated efficiency >0.94
Rated power factor >0.93

The starting current is allowed to be higher than usual for IMs to provide unusually large starting
torque, but it implies a dedicated—strong enough—Ilocal power grid.

The high efficiency, corroborated with large starting current and high power factor, implies the use
of strong PMs (NdFeB or Sm,Co,), with a high Wpn/'W's = Epym/Vs > 0.9 ratio and mild magnetic
saliency, to add some reluctance torque. As expected, such specifications lead to a notably
more expensive motor, but this is the price to pay for premium performance. In contrast, for
2%—4% higher efficiency but a 7%—12% lower power factor than an IM of the same stator and initial
cost competitive design, for small refrigerator compressors, typical specifications would be a bit dif-
ferent. (Table 2.4).

The initial cost constraints impose a rotor topology with high magnetic saliency and weak PM flux
Ypum/¥s = EPM/V,; = 0.15-0.3. The high magnetic saliency in the rotor may be obtained with a mul-
tiple-flux barrier topology where the rotor cage occupies the outer part. The smaller quantity of strong
PMs (NdFeB or Sm,Co,) should be explored against low-cost Ferrite or bonded NdFeB magnets,
mainly because the former are harder to demagnetize in critical conditions.

The starting current constraint is very important, as it allows the use of existing local power
grids—especially in buildings—for supplying small refrigerator compressor loads at higher
efficiency.

TABLE 2.4

Compressorlike Line-Start PM-RSM

Output power 1.5kW
Speed 1500 rpm
Rated torque 10 Nm
Peak torque/rated torque >1.6/1.0
Voltage 380V
Frequency 50Hz
Starting/rated current 6.5/1
Starting/rated torque >1.5/1
Rated efficiency >0.86
Rated power factor 0.77

Initial cost/IM cost <1.25/1.00
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2.5.2  MACHINE MODELING METHODS

Models of RSMs starting with crude analytical approaches, as presented previously in this chapter,
to calculate constant equivalent circuits allow the dq model to calculate the machine performance
very approximately. Such models may be used for preliminary sizing of the machine, as done so
far, and then more advanced field models for optimal design (sizing) around the preliminary (initial)
design geometry can be used.

The magnetic equivalent circuit model [8,2,9] is used to account for magnetic saturation, slotting,
and rotor flux barriers in the rotor by equivalent magnetic permeances of the latter.

However, for line-start RSMs, with and without PM assistance, this method becomes quite
involved, and its computation time saving diminishes notably. It may be wiser to use FEM modeling
of the machine directly (at least for steady state: asynchronous and synchronous modes), with only a
few FEM runs per electrical period, to construct the sinusoidal mmf magnetic field distribution
by regression methods and then calculate the machine circuit parameters by FEM, accounting for var-
iable local magnetic saturation, slotting, flux barriers, PMs, and so on [10].

FEM, with limited computation time, has been proposed recently from the start for optimal design,
though the total computation time may be over 50 hours, even with today’s multicore desktop com-
puters [11,12]. For line-start RSMs without or with PMs, with mild or strong magnetic saliency
rotors, the direct use of FEM for optimal design is yet to be done.

2.5.3 Opr1iIMAL DESIGN ALGORITHMS

Optimal design algorithms for electromagnetic devices is today a science in itself.

Deterministic and evolutionary methods, from the Monte Carlo method to the Hooke—Jeeves
method, to particle swarm optimization (PSO), genetic algorithms (GAs), differential evolution
(DE), ant colony, bee colony, imperialistic algorithms, and so on [2] have been proposed for electric
machine optimal design.

They all have merits and demerits related to convergence time to a global (not local) optimum
design. Some of them have been used against benchmarks to show comparative performance and
have established ‘“hierarchies” [10—12]. But from those referring to RSMs, most have been applied
to cageless RSMs with or without PM assistance that are controlled by PWM converters for vari-
able-speed drives.

For line-start RSMs, more basic (artlike) design algorithms have been applied so far, given the
complexity and conflicts between starting, self-synchronization, and steady-state synchronous
operation performance.

To illustrate this situation, we will show here sample results from representative recent literature
case studies.

2.5.4 SampLe DEesIGN ResuLts FOR OiL-Pump-LIKE APPLICATIONS

Traditionally, IMs have been used in most oil-pump applications, but recently, line-start PMSMs
have been considered, too, in addition to variable speed drives which are only taking off marketwise.

The reason to replace IMs, especially when put in a limited-diameter pipe deep in the ground,
is better efficiency. But the starting and self-synchronization performance also have to be kept close
to those of the IM.

The specifications mentioned in Table 2.3 have been followed in [13] by investigating three dif-
ferent, rather rugged, rotor topologies (Figure 2.21).

For each rotor configuration and given stator (327-mm outer diameter, 115-mm inner diameter),
with 54 slots and 6 poles (with g; = 3 slots/pole/phase, y/7 = 8/9 chorded coils distributed winding)
the emf, cogging torque, starting current and torque, and synchronous performance for variations in
only a few variables, such as aluminum ring thickness (rotor a), PM span angle (rotor a), spoke mag-
net height (rotor b), stator, and rotor stack length, have been investigated heuristically to see the
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FIGURE 2.21 Three rotor configurations. (After A. Takahashi et al., IEEE Trans on, Vol. EC-30, No. 2, 2015,
pp. 498-506. [3]): (a) with SPM and aluminum ring (very small magnetic saliency); (b) with spoke-type magnets
and solid iron rotor; (c) with U-shaped PMs, regular cage and laminated core.

TABLE 2.5

Performance of LS-PM-RSMS, with Rotor 1, 2, 3 (Figure 2.22)
Parameters Motor (a) Motor (b) Motor (c)
Efficiency 0.85 0.94 0.95
Power factor 0.86 0.99 0.99
Starting/rated current 9.86 9.78 9.98
Starting /rated torque 8.2 6.1 44

Source: After T. Ding et al., I[EEE Trans on, vol. Mag.—45, no. 3, 2009, pp. 1816-1823. [13]

influence on performance. The investigation was performed by time-step FEM, which involves con-
siderable computation time. The results are synthesized in Table 2.5 and Figure 2.22 [13].

While all topologies fulfill the starting current and torque strong demands, only motors (b) and
(c) show the desired efficiency.

The best compromise between starting, steady-state, and self-synchronization performance is
shown by motor c) (Figure 2.22), which is costlier. All three rotors use high-energy PMs whose
cost is high. Another response surface-based methodology optimum design of a two-pole
LS-PMSM with mild saliency and strong magnets led to an efficiency above 92% and an 83% power
factor [14].

1500

1000

500

Speed (rpm)

0 0.2 0.4 0.6
Time (s)

FIGURE 2.22 Speed time responses of the three LS-PMSMs. (After T. Ding et al., I[EEE Trans on,
vol. Mag.—45, no. 3, 2009, pp.1816-1823. [13])
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FIGURE 2.23 Rotor with multiple-flux-barrier and embedded cage: (a) no PMs; (b) with PMs. (After
S. T. Boroujeni, M. Haghparast, N. Bianchi, EPCS Journal, vol. 43(5), 2015, pp. 594-606. [6])

2.5.5 SampLE DESIGN RESULTS FOR A SMALL COMPRESSORLIKE APPLICATION

As already implied, small compressorlike applications require high efficiency but are also very cost
sensitive, while the starting is not very costly.

A thorough FEM-based investigation [6] for a motor with the specifications in Table 2.4 and the
rotor as in Figure 2.23 was conducted.

For the PM-assisted RSM (Figure 2.23b), three PM flux linkage levels have been considered under
the title motor i: motor 1 (Wpp = 0), motor 2 (Wpp = 0.1 Wb), and motor 3 (Wpy = 0.28 Wbh).

The calculated torque angle characteristics (Figure 2.24) [6] show that motors 1 and 3 guarantee
stable operation at around the highest peak torque, where the PM flux is in the negative direction
of axis g to produce positive (motoring) PM torque and thus better efficiency and power factor
(operation in points A and B, but not C).

Results related to power factor, efficiency, and stator-rated current are summarized in Table 2.6.

The above results suggest that a four-pole LS-RSM at 10 Nm at 50 Hz has an efficiency better than
existing IMs, but the power factor is still notably lower.

T, for motor 1 T for motor 2 T, for motor 3
e e e
dpy=0(T,=T) 7 T C0AWT O A= 0.28WhT

15 T T T T T
Fi !
irst peak Second

points loci peak points
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T (Nm)
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1 1 1 1

1 2 3 4 5 6

-15
0

FIGURE 2.24 Torque angle characteristics for motors 1, 2, 3. (After S. T. Boroujeni, M. Haghparast,
N. Bianchi, EPCS Journal, Taylor and Francis, New York, vol. 43(5), 2015, pp. 594-606. [6])
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TABLE 2.6

PM-RSM Performance-Motors 1, 2, 3

Motor Type Power Factor Stator Current Efficiency
LS-RSM-motor 1 0.71 10.70 83.80%
PM-RSM-motor 2 0.71 10.70 83.80%
PM-RSM-motor 3 0.77 9.5 86.50%

Source: After S.T. Boroujeni, M. Haghparast, N. Bianchi, EPCS Journal, vol. 43, no. 5, 2015,
pp. 594-606. [6]

Moderately weak PM flux and reasonably large magnetic saliency: L,/L,~ 5.0 (for cos ¢ =0.71
without PMs, but with losses considered), produce a 3% gain in efficiency of motor 3 (with weak but
larger PMs). This is clearly a good justification to use PMs, but the starting and self-synchronization
performance also have to be checked.

As super-high efficiency line-start motors should exhibit more than 90% efficiency at about 10 Nm
and 1500 rpm (1.5 kW), more work is to be done to make the lower-cost LS-RSM with low-cost PMs
suitable for the purpose.

Finally, in this section, only glimpses of the electromagnetic design of LS-PM-RSMs have been
offered, while even a complete electromagnetic design, not to mention mechanical and thermal
design, is beyond our scope here.

2.6 TESTING FOR PERFORMANCE AND PARAMETERS

Testing is indispensable in manufacturing any device, particularly an electric machine. The complex
phenomena in LS-PM-RSMs, due to the simultaneous presence of distributed magnetic saliency,
an aluminum cage, and, eventually, PMs, makes the testing of these machines even more suitable
to get reliable information on performance and on circuit parameters. By “performance,” we
mean here:

* Synchronous steady-state-power angle, current, efficiency, power factor, efficiency versus
torque (or output power) up to the maximum available.

* Asynchronous performance: current, torque versus speed (slip).

* Self-synchronization performance: speed versus time for acceleration for critical load
torque application.

* Some of the discussed testing sequences for performance are included in the standards for
line-start IMs but not for line-start PM-RSM machines yet, to the best of our knowledge.

Parameter estimation through testing is required to verify the various modeling (design) method-
ologies and theoretically investigate various transients and stability issues.
The parameters include:

e Stator and rotor cage resistances R,, Ry, Ry,

* Stator and rotor leakage inductances Ly, L,q;, Lyq
* Magnetization inductances Ly, (iz, ig), Lgm(ias ig)
* PM flux linkage Wpn,

e Inertia J
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FIGURE 2.25 Testing platform for performance measurement: A: with load drive and bidirectional PWM con-
verter for regenerative loading of LS-PM-RSM; B: back-to-back setup (M + G) with resistive load.

2.6.1 TESTING FOR SYNCHRONOUS PERFORMANCE

The testing platform should contain a load drive or a back-to-back system (Figure 2.25).
For the back-to-back system, two identical LS-PM-RSMs are required; then, by measuring the out-
put power P, of the second identical machine, the efficiency may be directly (though approximately)

calculated as:
Pout .
n= P—; Pout = 3 Vioad * lload (2.63)
1

For regenerative loading, adequate-for-temperature evolution investigation for various loads, a
drive controlled in torque mode through a bidirectional PWM AC-DC, DC converter is required.

In this case, however, the drive torque has to be either measured or estimated (as in direct torque
control (DTC) AC drives).

The rotor position is required for acquiring the load angle as the phase difference with the stator
phase voltage or current to assess voltage or current power angles yy, ¥;.

Typical experimental results from synchronous performance testing are shown in Figure 2.26 [14].
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FIGURE 2.26 Typical steady-state synchronous performance experimental results from LS-PM-RSM. (After
S. Saha, G. D. Choi, Y.-H. Cho, IEEE Trans., vol. MAG-51, no. 11, 2015, pp. 8113104. [14])
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The free acceleration and deceleration method introduced to offer both performance (efficiency)
and all parameters, including inertia, for IMs may be adapted for LS-PM-RSMs as well.

Also, the virtual (synthetic) loading method, with a PWM converter to control the LS-PM-RSM
alternatively as motor and generator (developed for both IMs and PMSMs [15-18]), may be adapted
for the scope.

Asynchronous performance may be acquired easily only in terms of current, voltage, and speed
(if an encoder is mounted on the load shaft).

If a torque-meter is mounted on the load drive side (as in Figure 2.25), the motor torque 7T, is:

dw,
dt

T, = Tmeasured + J; (2.64)
load
where J, is the total inertia of all moving masses and o, is the mechanical angular speed.
Observing the speed derivative from the encoder output is not a trivial task.
Self-synchronization tests for various loads may be performed with the platform in Figure 2.25,
provided, again, the speed is calculated through a digital filter from the encoder (resolver) output.

2.6.2 PARAMETERS FROM TESTS

Typical methods to estimate all machine inductances and resistances are the flux decay and frequency
response standstill tests, now standardized for IMs and cage-rotor SMs.

The free deceleration test may be used to measure the PM flux linkage Wpn,; via no load voltage
and its frequency measurement.

Reference 10 describes two methods, the single-phase standstill method and the dg model
method, to calculate all resistances and inductances of LS-PM-RSMs from 2D FEM time-step
calculations in DC and AC tests, considering the cage currents. Sample results [10], shown in
Figure 2.27, should be similar to those obtained from standstill flux decay (Lgm, L) and fre-
quency tests [19].

2.7 SUMMARY

* Three-phase line-start (LS) reluctance synchronous motors, with an increased power factor
(though with 2%-5% more efficiency) that is still lower than that of IMs with identical sta-
tors, have entered the markets recently in order to save energy.

* To increase efficiency and power, factor higher magnetic saliency rotors with multiple flux
barriers per half-pole (3—4) have been introduced.

*  Where premium efficiency [4,5] is the dominant goal, a rotor with moderate magnetic sali-
ency Lg,,/Lg, = 1.6-1.8 and high-energy PMs with Wpy/¥s ~ 0.9, placed behind the rotor
cage, is used for two- and four-pole motors with good results. Even powers per unit of 250
kW have been investigated [20].

* To surpass the efficiency of IMs but keep the motor costs only up to 20% higher, multiple
flux-barrier rotors with an embedded asymmetric rotor cage and weak low-cost PMs are
used to produce high saliency and a better power factor, respectively.

» The presence of a rotor cage on the rotor has led to the exclusion of tooth-wound coil wind-
ings in the stator, where, additionally, to obtain higher magnetic saliency, distributed AC
windings are used exclusively, with g (slots/pole/phase) > 3 and high pole pitch/airgap:
150-200 (if possible).

* Reconciliation of reasonable starting/rating current and torque, self-synchronization (full
acceleration time for a given maximum load torque [20]), and superior synchronous
steady-state efficiency and power factor, all for a reasonable initial cost (materials plus
fabrication), requires involved modeling and design tools.
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S. T. Boroujeni, N. Bianchi, L. Alberti, IEEE Trans on, vol. EC-26, no. 1,2011, pp. 1-8. [10]): (a) magnetization
inductances Ly, Lgy,; (b) rotor resistances R,q4, R,g; () rotor leakage inductances Lygy, Ly

* They imply analytical, a magnetic equivalent circuit, and FEM modeling and design optimi-
zation techniques, not to mention structural and thermal design, which showed recently that
LS-PM-RSMs are capable of running 31 K cooler for the same stator, torque, and speed with
stator windings, a clear indication of higher efficiency, and so on.

As premium line-start motors with reasonable starting current (6.2—6.8 p.u.) and torque
(1.5-2 p.u.) are badly needed to provide for energy savings while keeping the existing local

power grid ratings, LS-PM-RSMs are expected to remain a focus of R&D and industrial
communities worldwide.
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Phase-Source Line-Start
Cage Rotor Permanent
Magnet—Reluctance

Synchronous Machines
Modeling, Performance and
Design

3.1 INTRODUCTION

Home (residential) appliances traditionally make use of the local AC one-phase power grid of stan-
dardized voltage (120 or 220 V and frequency 50 or 60 Hz). Also, traditionally, most home appli-
ances (refrigerator compressors, washing machines, home heater water pumps, ventilators, etc.)
use line-start cage rotor induction motor drives. These have a main and auxiliary stator winding to
produce an airgap magnetic flux density with a strong (ideally pure) traveling wave character. A sym-
metric cage rotor is used (Figure 3.1a).

By using optimal design and increasing motor weight (and cost) at 100 W, two poles, and 50 Hz,
such split-phase capacitor induction motors have reached an efficiency of 85%.

Efficiency, crucial in the cost of losses, is important countrywide or worldwide, as there are so
many such motors (a few in most houses).

Introducing variable-speed drives for many/most home appliances is a way to decrease total losses
in the drive, if and only if the drive efficiency Ngive = Mmotor” Neonverter 18 larger than the efficiency of
the constant-speed line-start motor, unless, by variable speed, the working machine (appliance)—
compressor—efficiency itself increases more, and then the initial cost of the variable-speed drive
(motor + PWM converter) has to be compared with the line-start motor alone.

As maKing Narive = Miine start motor 15 NOt an easy task, still better efficiency line-start motors, despite
their high starting current and problems of acceleration and self-synchronization, in the form of cage—
rotor reluctance synchronous motor (without and with PMs), are investigated.

As for three-phase RSMs (Chapter 2), when higher efficiency is a critical goal, high-energy
(NdFeB) magnets that produce Epyg/ Vi = 0.9 and a low magnetic saliency (L,,/Lg,, = 1.6—1.8) rotor
represent the solution (Figure 3.1b). When initial cost and higher efficiency have to be investigated,
high-saliency anisotropic rotors (L,,/La, > 3—4) with weak assisting PMs (Epyi/ V) = 0.3-0.4) seem
the way to go (Figure 3.1c¢).

For the sake of generality, the spatial angle £ of the main and auxiliary windings is different from
90°. Though it was shown that £ = 100°—110° may help in asynchronous starting of IM and reducing
the PM braking torque during asynchronous starting of PM-RSMs, in general, £ = 90° in almost all
such commercial motors.

The windings of all three configurations in Figure 3.1 are similar, and to reduce additional losses in
the rotor cage and stator and rotor cores, the mmf space harmonics of the stator windings are reduced

67
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FIGURE 3.1 Line-start 1-phase source AC two-pole motors: (a) IM; (b) strong PM reluctance synchronous
motor; (c) weak PM-RSM.

by using coils of different numbers of turns per coil for the main and auxiliary winding in
various slots.
A typical such distribution per half a pole for two poles (24 slots in all) is:

Wimain = Integer([123 168 95 55 24 0] x Kunain)

3.1)
Wiax = Integer([0 0 45 81 73 63] x Kux)

Coefficients K4, and K,,x may be varied from 1.0 as required in the design, but maintaining the
same (small) harmonics content. The distribution of mmf for the main and auxiliary winding for a
motor, as shown in Figure 3.2a and b, shows space harmonics contents as in Figure 3.2a and b,

(2) Stator phase mmf
500

400 — —_—a

300 -
1 |
200

100 = 1
0

—-100 L -

mmf (A turns)

—200

-300 — —
1 |

—400 |

-500
0 5 10 15 20 25

Slot number

FIGURE 3.2 Stator winding mmf distribution (a). (Continued)
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illustrating a rather strong fundamental with small space harmonics to guarantee low additional losses
in the rotor core and cage.

The slot openings on both the rotor and stator will introduce additional space harmonics in the air-
gap flux density and torque pulsations. To complicate things further, the two windings produce a pure
traveling field in the airgap only in certain conditions (a certain turn ratio a = N,/N,, and close to the
most frequent load).

So the modeling of split-phase capacitor PM-RSMs is even more involved than for the three-phase
PM-RSMs (Chapter 2), both in asynchronous and synchronous operation modes. For the three-phase
PM-RSM, a time-stepping 2D FEM was used to simulate even asynchronous mode operation consid-
ering local magnetic saturation, but for the split-phase capacitor PM-RSM, this goal is still to be
accomplished within a reasonable computation effort.

This is why, in this chapter, we will model first the split-phase capacitor motor by analytical for-
mulae for the standard stator and rotor leakage inductances and stator and rotor resistances of main
and auxiliary windings, as in Chapter 2, but then use the equivalent magnetic circuit (EMC) model to
investigate the magnetization inductances L, L, for the dq axes of the PM-RSM, considering mag-
netic saturation and slotting for steady-state synchronous operation.

Further on, with known circuit parameters, we will investigate asynchronous and synchronous
performance.

Finally, an optimal design methodology is introduced on a case study at 100 W, 50 Hz, 3000 rpm,
two poles, and 220 V, with NdFeB and ferrite PMs and medium magnetic saliency.

3.2 EQUIVALENT MAGNETIC CIRCUIT MODEL FOR SATURATED
MAGNETIZATION INDUCTANCES Lgp, Lgm

Let us start with the description of machine geometry, which allows the introduction of main geomet-
ric (design) variables.

The cross-section of the machine (Figure 3.3a) and the axial main dimensions (Figure 3.3b) illus-
trate a two flux-barrier/half-pole rotor with embedded strong PMs.

Additional geometry data of the rotor and stator slots is offered in Figure 3.4.

The magnetic circuit model [1] is simplified here by considering the stator and rotor magnetic
saturation separately in order to reduce the computation effort. Also, sinusoidal airgap flux density
distribution is considered when calculating the stator yoke and tooth magnetic saturation. The airgap
flux density is calculated based on given voltage, frequency, number of turns, and geometry. Typical
MATLAB® code to calculate the stator magnetic saturation factor K is given below:

il =Vn*sqgrt (2) *kvm/ (w1l *Nm*kmwp) ; ¢ polar flux

Bmagl = ﬁl/ (lstack*tau) *1 e6*pi/2; % airgap flux density

Bst = Bmagl *tauSslot/wst; $ stator tooth flux density
Bsy=1fil/ (2*shy*1lstack) *1e6; g rotor yoke flux density

Hmst = getHx (Bref,Href, Bst, sw3/wst:, ssf); % stator magnetic field strength

Hmsy = getHx (Bref,Href, Bsy*cos (pi*(0:nsl-1)/(2*ns1) ), mean(shl(1, :))/shy, ssf)
mmf = [kC*hag*Bmagl/mu_O shlimax*Hmst Imsy*mean (Hmsy) ] *1e-3;

% stator mmf
kss = sum (mmf) /mmf (1) ; $ stator saturation factor

The magnetic equivalent circuits for rotor axis d (along PMs—minimum inductance) and along
axis g are given in Figure 3.5a and b.

The rotor magnetic saturation is computed iteratively, with its initial value calculated considering
the already-determined stator flux level.

As visible in Figure 3.5a, the R, reluctance (of the rotor bridge above the rotor slots) is much
larger than the rotor tooth reluctance R,s(1) in parallel with R,,(1) and R,ms(2). Consequently,
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the number of nodes with nonzero magnetic scalar potential is reduced from eight to four to cut down
the computation time. The PM flux is computed in the absence of stator currents. As good efficiency
means positive PM and reluctance synchronous torque (i; < 0 for Ly, < L), the stator currents are
not expected to spectacularly alter the stator’s already-assumed saturation level.

After calculating the magnetic flux in all magnetic circuit branches and the flux densities in all
rotor and iron branches, then having compared them with their initial (previous) values and using
over-relaxation to introduce new permeability values, another computation cycle is done until suffi-
cient convergence is obtained.

Finally, the emf (by PMs) E/py; in the main winding is calculated as:

2
Eipm = @1Bygpmi o tau X lyaek X (NpKyme) (3.2)

B opmii—PM-produced airgap flux density fundamental

w,—stator voltage angular frequency

tau—pole pitch

lsiack—stator core stack length

N,,—total number of main winding turns

Kwme—=equivalent main winding factor for the fundamental mmf (considering coils with differ-
ent numbers of turns)

The d axis magnetization inductance L, is calculated first at the PM level of magnetization.
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A similar procedure has to be used in axis g, starting with a given current value /, in the main wind-
ing. The g axis flux is now calculated in the presence of PM flux and thus the magnetic permeability of
the core is calculated for the resultant flux density: . /B2 gold T B2,,;. Other than that, the computation
procedure in axis ¢ is the same as in axis d, and finally, the value of L, is calculated.

Having calculated Ly, Ly, Epm from EMC modeling, considering the magnetic saturation
approximately, but in synchronous operation mode—zero cage currents—and having the analytical
expressions (as in Chapter 2) for the stator and rotor resistances and leakage inductances (R, R4, R,
L, a1, L,4), the electric circuit of the machine may be defined. We may thus proceed to develop the
circuit model.

3.3 THE ELECTRIC CIRCUIT MODEL

For the sake of generality, we consider here the case of nonorthogonal stator windings (Figure 3.1b).
Also, electric circuit modeling gets simpler if the copper weight of the main and auxiliary windings is
the same [3]. This is not, however, generally the case in practice. But in such conditions, the main and
auxiliary winding resistances and leakage inductances are related as:

Ra Lal Nakwa
R,=—-2; L,=-%. = 4w
m (12 B 'ml az B a Nmkwm

To solve the actual situation, we may externalize the stator resistances and leakage inductances by
switching to an “internal” machine with V, , V! voltages instead of V,, and V, (Figure 3.6).

Now we may transform the internal machine to an orthogonal winding machine (e, f), with the
actual number of turns in the main and auxiliary winding, but with R,,,, R,, L,,;, L externalized [2]:

(3.3)

Vil Va |. . 1 0

‘V!z = My, v | Mooz | = ‘_acos £ asing (3.4)
g | I |. 1 _ |1 acosé
iﬂ —sz20 ia s ’MthO} — 1 asincf (35)

The orthogonal (&, ) machine does not run in symmetric conditions and thus we may apply the
direct and inverse [1(d), 2(i)] decomposition by the transformation matrix M ;»:

{1 1
[Maiol = —=]| . . (3.6)
NIV
Ca Rﬂ Lao’
— =
|8
Rm Lmo‘ 744
1 Fa'a e el
' L I
Fictive machine without
. stator leakage and resistance
Real machine

FIGURE 3.6 Equivalent electric circuit.
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3.4 ASYNCHRONOUS MODE CIRCUIT MODEL

The direct and inverse impedances of the machine in axis d and axis ¢, valid in a synchronous oper-
ation mode [S (slip) # 11, Z14, Zoa, Z14> Z>4 are defined as below:

zld= (j*xdm*Rrd./slip-xrds*xdm)./(Rrd./slip+ j* (xrds+xdm)) ;
Zlg= (j*xgm*Rrqg./slip-xrgs*xqgm) ./ (Rrqg./slip+3j* (xrgs+xqm)) ;

zld=zZ1d*Rfe./ (Z1d+Rfe) ; % add iron losses
zlg=ZzZlg*Rfe./ (Z1lg+Rfe) ; % add iron losses

Z1= (Z1d+z1q)/2;
z2d= (j*xdm*Rrd./ (2-slip) -xrds*xdm) ./ (Rrd./ (2-slip)+7* (xrds+xdm)) ;
Z2g= (j*xgm*Rrqg./ (2-slip)-xrgs*xgm) ./ (Rrq./ (2-slip)+3* (xrgs+xgm)) ;
Z2= (22d+22q)/2;

We may now arrange the direct and inverse (d, i) component equations in matrix form:

. Z 0
Vail = Zalllal: Za= |70 5 ‘ 3.7)
Using the above transform matrixes M, 12, and M,,»; yields:
Vr/n Im lm
v, ‘ = Myainp| Zail |[Mipai| - L= |Z,| L (3.8)
Adding the “external circuit”: Ry, + jXsm1, Rsa + jXsal, One obtains:
Ks . Rsm +szml 0 Ln _ lm
‘vs = “ZO‘ * ’ 0 RatiXa—iXe || 1| = ZIT] 3:9)
and
lm _ —1 Ks
J-p

Given the values of parameters and slip frequency (Sw,), the above electric circuit model produces
the stator currents /,, and I, and, on the way, the direct and inverse asynchronous torque average
components:

Teas = Taas + Thas
Taas ~ Re[Z, || ]p/ a0 3.11)

Tas ~ Re[Z, |1 |]p/ @

3.5 PERMANENT MAGNET AVERAGE BRAKING TORQUE

A simplified expression of average PM braking torque—due to stator current components izpn1, igpm
induced in the stator (considered short-circuited) by the PM flux by motion at frequency o, [4]—may
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be obtained rather easily, as it corresponds to the PM-induced stator winding current Joule losses.
. 1 . .
TppMay = psiné ElPdPM “Igpm — WopM - lapm

—(1—9*(X, — X.)

) = Epv; Epv = 0,Wpm;
idpM RT Xd(Xq— Xc)(l—S)2 M5 Epm PM
(3.12)

. —(1 — SRy E
L = ’
TR X (X, XY=

X, E X, — X1,
S ddpx-i- 0; quPMZ( q w)qPM

Note: As investigated in Chapter 2 [5], magnetic saturation due to interaction of PM flux—stator and
rotor cage currents produces, during asynchronous running, additional average and pulsating braking
PM torque even for three-phase PM-RSMs, and more so for split-phase capacitor PM-RSMs where
the stator currents i,,(f), i,(¢) are inherently asymmetric. However, due to the utter complexity, only a
computation time—consuming time-step FEM seems the way to go on this issue, other than experi-
mental effort. For small motors, the experimental way may be less expensive and faster in producing
fully reliable results.

Typical results on asynchronous running of a 100-W, 50-Hz, 3000-rpm, 220-V line-start PM-
RSM with dual flux barriers per pole rotor (Figure 3.3), based on the above-described method, are
given in what follows (Figures 3.7 and 3.8).

The asynchronous performance illustrates the good starting properties (above 0.6 Nm starting tor-
que [S = 1]) and sufficient (rated) torque, for self-synchronization at small slip (S = 0.04).

Note: The circuit parameters for the machine performance in Figures 3.7 and 3.8 are:
L,;,=0511H,L,,=1532H,L,;=0.09H, L,;=0.0477H, R, =23.29Q, R, =5.03Q, a=
0.8429, Wpp = 1.147 Wb; running capacitor C, = 4 uF (starting capacitor Cy = 8C,)
The main geometry is characterized by:

D;s = 57.3 mm; inner stator diameter
Lok = 44.7 mm, stator stack length
hpy = 1.4 mm, PM height (NeFeB)

D,, = 56.8 mm, rotor outer diameter
Dy, = 134 mm, stator outer diameter

Now, using the EMC model described above, the synchronous performance of the same motor
(with the given geometry, total number of turns in the two phases [Equation 3.1], and wire diameters)
is calculated.

3.6 STEADY STATE SYNCHRONOUS PERFORMANCE/SAMPLE RESULTS

Following the data of the machine above, the EMC model for extracting L, and L, was used to
calculate the latter for steady-state synchronous operation using the standard equations [2] where
only the PM torque and reluctance torque components are present. This time, performance is calcu-
lated versus rotor power angle.

The main and auxiliary winding currents 1,,,, I, (Figure 3.9a and b) and their direct and inverse
components (/; and I,) (Figure 3.9c) show that the machine operates in most cases away from sym-
metrical conditions (I, = 0).

Voltages and powers are illustrated in Figure 3.10, where negative power angles are to be consid-
ered for motoring.
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FIGURE 3.8 Asynchronous operation: (a) input and output power versus slip; (b) average torque components
Tqas» Tias> Tepms versus slip. Tpy—average PM braking torque; T —total torque considering the asymmetry of
stator windings (R, # R,,a°).
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(a) Direct, inverse, and total torque (b) Efficiency and power factor
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FIGURE 3.11 Synchronous performance: (a) torque; (b) efficiency and power factor.

Torque, efficiency, and power factor, as illustrated in Figure 3.11, show that at ~0.3 Nm (rated
torque) and power angle ~15°, 100 W, the electrical efficiency is about 0.9 and the power factor
is 0.953.

A simplified treatment of split-phase LS-PM-RSM or LS-RSM steady state is given in [2].

Note: Torque in asynchronous mode may be decomposed into six components (two for PM influence
and four for cage torque), which also show large torque pulsations that impede on asynchronous
acceleration and self-synchronization [6]. Given the complexity of the subject, we will lump all
such components into the model for transients.

3.7 THE dg MODEL FOR TRANSIENTS

For the study of transients, the dq model is instrumental. However, as the rotor is not symmetric along
axes d and ¢, the dg axes should be fixed to the rotor. In this case, however, the stator has to be sym-
metric in the sense that, even with a different number of turns in the main and auxiliary windings N,,,,
N,(a = N,/N,,), the quantity of copper has to be roughly the same in the two windings; that is, the
resistances and leakage inductances are related as:

Rn,a* =R, Lya* =Ly (3.13)

If this is not the case, phase coordinates may be used; however, coupling inductances depend on
rotor position, and the computation time is rather prohibitive. For the steady state, we examined this
case in previous sections. Starting with nonorthogonal but symmetric stator windings (condition
[Equation 3.13] is fulfilled), the dg model is:

V4 cosd, sind,, ‘Va_ Va4 1 0 Vin

V,| | —siné,, O, | 1Vsl Vsl |k Kyl |V

q S1n Ge COS U, p p Vin Va a (3’1 4)
1 1

Ky =——; Ky =———; Vo=V =V,

Y tan & Va asiné
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For currents, the same transformation holds, but with K;,, = cos & and K;, = sin £/a in order to
conserve power; ¢ is the angle of winding (£ > 90°).

d¥, d¥

— = Vi — Riig + 0,¥y; th =V, — R, — 0,¥,
ledr . d¥y r .
dt = —RKyq " lgr; dtq = _qulqr
av. .
¢ dr
id Lmd + Lml Lmd - ‘Pd - lI"PM
= (3.15)
lar Lya La + Lrar | | War —¥em
-1
iy Lyg + Ly Ly ¥,
iqr B Lmq Lmq + erl qur
T, = p(Waig — Wyia)
J dw, do,,
- —le— 5 = Wy
p dt foad dt

A seventh-order system in Equation 3.15, with W, ¥, ¥4, ¥y, Ve, 0,, 0., as variables, could be
solved numerically. Magnetic saturation of the main field may be considered by dedicated functions
Y irniams igm) and ¥ 4,,,(igym» igm), Which may be calculated by the EMC or by FEM and then “inverted”
by using polynomial approximations that allow derivatives. Similarly, Lg,(i4,), Lg(ig,), might be con-
sidered. Sample digital simulations of acceleration and then steady-state operation of the same 100-W,
two-pole, 50-Hz (3000-rpm) motor in previous paragraphs, the dq model, is given in the following:

* By the dq model, Figure 3.12a. The block diagram

* Figure 3.12b. Capacitor and capacitor switch model

» Figure 3.13a. The single-phase LS-PM-RSM circuit model for transients
» Figure 3.13b. The model input circuit parameters

» Figure 3.14a. Grid current during motor acceleration

» Figure 3.14b. Speed during motor acceleration

» Figure 3.14c. Torque during motor acceleration

» Figure 3.15a. Grid current: steady state

» Figure 3.15b. Speed: steady state

» Figure 3.15a. Torque: steady state

» Figure 3.16. Motor grid input power and input and output energy during motor acceleration

The case study reveals that the machine investigated here for transient performance fulfills
the specifications and self-synchronizes at a load torque of 0.4 Nm, larger than the rated torque
(0.3 Nm). The next step is to introduce an optimal design methodology and, finally, show some
FEM results for its validation.

3.8 OPTIMAL DESIGN METHODOLOGY BY A CASE STUDY

Here, we will briefly describe a rather involved optimal design methodology and code for the same
100-W, two-pole, 50-Hz (3000-rpm), 220-V, one-phase LS-PM-RSM. The optimal design method-
ology has to deal with the following issues:

* Specifications
* Machine (device) model and optimization variables
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FIGURE 3.12 LS-PM-RSM model for transients, (a) block diagram; (b) capacitor and capacitor switch model.

» Optimization objective (fitting) function(s)

* Optimization mathematical algorithm

* Complete optimal design code

* Input and output file numerical and graphical data

» FEM validation of optimal design geometry (machine)

The specifications are those already mentioned related to power, frequency, speed, and voltage,
but they could be given new constraints, depending on application.

The machine model includes the crude analytical expressions of resistances and leakage induc-
tances, PM flux, and the EMC-derived magnetization inductances Lg,, L, valid for synchronous
steady state. For asynchronous operation (already illustrated above), L, and L, have been consid-
ered constant for the sake of simplicity.

The design code is able to run in “evaluation (e) mode” or in “optimal”(0) mode.

Finite element method magnetics (FEMM) 4.2 is embedded in the design code at a few levels (for
validation):

* No FEM validation

* Only PM flux in the main winding at zero currents

* PM and stator current flux linkages in axes d and ¢ for main and auxiliary windings
* Synchronous torque versus rotor position y

The entire optimal design code in MATLAB—Simulink® has a structure as in Figure 3.17.
Some details of the motor models have been presented above. Here, we will focus on the quasi-
multiobjective optimal design implemented using the Hooke—Jeeves modified method [7].
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FIGURE 3.13 (Continued) The single-phase LS-PM-RSM, (b) the model input parameters.

The optimization objectives are:

¢ Reducing the initial motor cost (including capacitor cost)

e Increasing the efficiency

» Satisfying the starting and synchronization conditions for rated load torque

All these objectives are aggregated in a single objective cost function t_cost:

cu_c=cu_pr*mcu;
lam c= lam pr*msiron;
PM_c=PM_pr*mpm;

rotIron_c=mriron*rotIron_pr;

rc_c=mrw*Al_pr;
pmw_C = pmw_pr*mmot;

%USD copper cost

%USD lamination cost

%USD PM cost

%USD rotor iron cost

%USD rotor cage cost

%USD passive material cost

mot_cost=cu_c+lam c+PM _c+H+rotIron _c+rc_c+pmw_c; 3USD initial cost
c_cost=2*pcO0+kpc*Cap*leb++kpc*Ca*leb; 3USD capacitor costs

i_cost=mot_cost+c_cost;

energy_c = energy_pr*Pn*(1l/etan-1)/1000*hpy*ny; $USD/kWh energy price

1f (Tmax>kstt*Tn)

st_cost=(max((sn-ssmax) /ssmax, 0)+max (l—Tmin/ (kstt*Tn),0)+ —+2*max

(Pn*ktk/Pom-1,0)) *i_cost;
else

gstartability penalty cost
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(a) Grid current (A)
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FIGURE 3.14 Machine grid current (a); speed (b); and torque (c) during running up to speed from standstill.

st_cost= (max ( (sn—ssmax)/ssmax, 1) *kstt *Tn/Tmax+max(l—Tmin/ (kstt*Tn),0)
+max (Pn *ktk/Pom—l ,0))*i_cost; $startability penalty cost

end
t_cost=i_cost*max (1, Pn/Pom)+energy_c+st_cost; 3USD total cost

The cost of the copper, stator laminations, rotor cage, rotor laminations, PMs, frame, and capac-
itors are all computed. If the motor is not capable of delivering the rated output power, an over-unity
power penalty factor (P, /P,,,,) multiplies the initial cost.

The startability penalty cost st_cost is added if the starting requirements are not met. We refer to
starting torque at zero speed and torque at S;,.x = 0.04 (slip value). The latter should be smaller than k
times the rated torque (k;, for starting, k. for synchronization).

Only sample data from input and output table files are shown in Tables 3.1 through 3.4.

The results show an electrical efficiency around 0.929 and power factor of 0.939 for a 4.22-kg
motor with NdFeB magnets (0.125 kg) at an initial cost of the motor of 26.6 USD. Efficiency,
mass, and cost (objective) function evolution during optimization in Figure 3.18 shows that 30
optimal design cycles are sufficient to secure solid results.
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@) Grid current (A)
1.5

FIGURE 3.15 Machine synchronous steady state: grid current (a); speed (b); torque (c).

Power (W)

I Wy

__ Electromechanical

FIGURE 3.16 Motor input power and input and output energy during motor acceleration to speed (load torque
during starting was 0.6 Nm [rated torque: 0.3 Nm] and was then reduced to 0.4 Nm).
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g

Input file
(m2.m, m3.m)
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otimisation graphic trace

femm_geom.m

FIGURE 3.17 The optimal design code block diagram (a). (Continued)
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(b)

FIGURE 3.17 (Continued) cross-section of motor (b).

As the performance during asynchronous running, steady-state operation, starting, and synchroni-
zation transient have already been exposed for the same motor as in the optimal design, here we will
only show some FEM validation results of the optimally designed motor.

3.9 FINITE-ELEMENT MODELING VALIDATION

The following items related to FEM validation are illustrated here:
* PM flux density in the airgap (Figure 3.19)

The magnetic field line map for the resultant magnetic field produced concurrently by PMs,
demagnetization 1, = —0.398 A, and I,,=+0.392 A for rated torque conditions is shown in
Figure 3.20.

The FEM-calculated magnetization inductances for rated torque are: L,,zpem = 0.578 H, Lygrpm =
2.30 H (total), with L, ,;pem = 3.009 H.

These values show good magnetic saliency. The L,,;rem/Linarem = 3.009/0.578 ratio is suffi-
ciently high to secure superior electrical efficiency (zero mechanical losses) for reasonable initial
cost and motor weight.

Note: A ferrite PM motor, designed for the same specifications, yields an electrical efficiency of
0.8984, power factor: 0.955, initial (motor) cost: 34.44 USD with 7.895 kg of motor weight. The fer-
rite PM motor ends up costlier at lower efficiency, as the quantities of iron and copper are notably
larger to secure a good-enough efficiency (above the value of 0.86 for the IM).

3.10 PARAMETER ESTIMATION AND SEGREGATION OF LOSSES IN SINGLE-
PHASE CAPACITOR PERMANENT MAGNET-RELUCTANCE
SYNCHRONOUS MACHINES BY TESTS

3.10.1 INTRODUCTION

Segregation of losses—performed through special no-load tests—has been a rather general method
for getting load performance (efficiency) without actually loading various types of commercial
electrical machines.
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TABLE 3.1
The Input File

% Line Start Interior permanent magnet machine (PMM)—Input Data File
Pn =100; % W—rated power

fn = 50; % Hz—base speed

Vn =220; % V—rated voltage

% Primary Dimension

pp = 2; % numbers of poles

Nmc0 =[123 168 95 55 24 0]; % main coil turns

Nac0 = round(1.5*[0 0 45 81 73 63]); % auxiliary coil turns
Nr = 28; % rotor bars—should be multiple of 4

Ca = 3.5e-6; %F—Capacity on auxiliary phase

% Optimization Variable

Dsi = 60.08; % mm—Stator inner diameter

Istack = 48; % mm—Core stack length

ksext = 1; % factor to modify external stator dimensions

knm = 0.9; % factor to modify main coil turn number

kna = 0.9; % factor to auxiliary coil turn number

dmw_i = 11; % main wire diameter index

daw_i = 12; % auxiliary wire diameter index

hpm = 2; % mm—PM height

rhyl = 1.5; % mm—distance between first barrier and rotor bar
rhy3 = 2.5; % mm—distance between second barrier and shaft
wst_pu = 0.4; % stator tooth relative width

wpm_pu = 0.85; % width of PM relative to the field barrier
wrsol = 2.6; % mm—width of rotor slot—between trim centers
hrso2 = 4.97; % mm—rotor slot height—distance between trin = m center
teta_mb1 = pi/4;

iCa=4; % running capacitor index

iCap = 10; % start capacitor—index

As early as 1935, C. Veinott [8] introduced such a method for single-phase capacitor induction
motors, and little has been added to it since then.

As single-phase capacitor PM-RSMs have been investigated for low-power high-efficiency appli-
cations [9], it seems timely to try to develop a complete but comfortable-to-use methodology for
parameter estimation and loss segregation for this machine.

It is almost needless to say that loss segregation implies parameter estimation first. The tasks will
be performed as follows:

Present the revolving (+—) theory (model) characteristic equation of a one-phase capacitor

Define specific tests and apply the theory to estimate the motor parameters (resistances and
inductances) and perform loss segregation without driving or loading the machine.
Validate the above methodologies through load testing.

3.10.2 THEORY IN SHORT

To reduce complexity, in essence, we use here the revolving field (4+-—) model for a two-phase motor
with orthogonal stator windings and PMs and a cage on the anisotropic rotor (Figure 3.21) [2].
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TABLE 3.2
The Output File

% Electrical Parameters

Rm = 23.289969; % Ohm—main phase resistance

Ra =25.032505; % Ohm—auxiliary phase resistance

Rr =57.878568; % Ohm—rotor equivalent resistance

Lsm = 0.090244; % H—Ileakage inductance of main winding

Lsa=0.047708; % H—leakage inductance of aux. winding

Lsrd = 0.079865; % H—rotor equivalent d axis leakage inductance

Lsrq = 0.079865; % H—rotor equivalent g axis leakage inductance

Lmd =0.511171; % H—magnetization inductance on d axis (around O d axis current)
Lmq = 1.532661; % H—magnetization inductance on d axis at I, = 0.642824 A
Nm = 876.000000; %—turns on main winding

Na = 742.000000; %—turns on auxiliary winding

kmwp = 0.851851; %—main winding factor

kawp = 0.847687; %—auxiliary winding factor

a=0.842891; %—factor of reducing aux. winding to main winding

Ipm = 1.147396; % Wb—Ilinkage permanent magnet flux in main phase

Elpm = 360.465002; % V—main phase emf produced by PM in main phase (peak value)
Imn = 0.289350; % A—main phase rated current

Ian = 0.290508; % A—auxiliary phase rated current

Igridn = 0.498713; % A—grid rated current

Irn = 0.088533; % A—rotor current

Pcum = 1.949919; % W—main phase copper losses

Pcua =2.112610; % W—auxiliary phase copper losses

Pcurn = 0.453658; % W—rotor copper losses

Pfe = 1.920377; % W—iron losses

etan = 0.938945; %—rated efficiency

cosphip = 0.953201; %—power factor

Ca= 3.3; % uF—running capacitor

Cap = 15.0; % uF—auxiliary starting capacitor

The two stator windings need not have identical distribution or the same copper weight. First, we
reduce the auxiliary to the main winding:
NaKwa
NmKwn

(3.16)

4 . _
I,=al,;; a=

Va
v, =-2 (3.17)

¢ a

Again, N,, N,, are turns per phase and K,,,, K,,,, their winding coefficients. To accommodate the
case of R, # R,/ a’, we will define internal fictitious voltages for the main and auxiliary phases: Vo
and V,,o instead of V,, V,,.

So, from Figures 3.3 through 3.5, we have:

Zm = Xa + an = Va0 _J éa!a = Xm() _]X/ I (3'18)

cm=m

Xy = Xea — (Xa = jRa)(1 — m) (3.19)

ca
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TABLE 3.3
Winding Details and Rotor Dimensions

Nm = 876; % turns per main phase

Na=742; % turns per auxiliary phase

Nmc =[116 158 89 52 23 0]; % main coil turns

Nac=1[0 0 64 115 103 89]; % auxiliary coil turns

dmw = 0.510000; % mm—diameter of main winding wire

daw = 0.450000; % mm—diameter of auxiliary winding wire

Dro = 56.800000; % mm-—rotor outer diameter

Dri = 20.000000; % mm—rotor inner diameter

wrt = 3.000221; % rotor tooth width

rhl =0.275000; % mm—height of rotor slot tip

rsr0 = 0.500000; % mm—corner radius for rotor slot

alphars1_deg = 90.000000; % degree—angle between rotor slot edge

hrsol = 0.550000; % mm—rotor slot height—distance between trim centers
wrsol = 1.100000; % mm—width of rotor slot—Dbetween trim centers
hrso2 = 2.900000; % mm—rotor slot height—distance between trim centers
rsr2 = 0.721845; % mm—rotor slot top radius

her =7.633211; % mm-—rotor end ring height—used only in el run_mode
Deri =45.306311; % mm—rotor end ring inner diameter—used only in el run_mode
Dero = 56.800000; % mm—rotor end ring outer diameter—used only in el run_mode
wpm = [13.000000 19.500000]; % mm—permanent magnet width

fi_rmb =[—14.818843—6.815769]; %—Aflux barrier angle

hmb = 1.600000 % mm—flux barrier height

rmb = 1.521845; % mm—flux barrier radius

1
_a)lca

Xy = — (X — jRn)(A —m);  Xeq

cm

(3.20)

with m = 1 for symmetric (equivalent) windings and m = 0 otherwise. The +— transformations are:

Vol V211 +H 20
Vo | L‘ 11 ’ \ %]
Vio V2 0 = Y

(3.21)

(3.22)

Making use of Equations 3.16 and 3.17 and Equations 3.21 and 3.22 in Equations 3.18 and 3.19

yields:

V,V2=aj(V, — Vo) + X, (I, — L) /a

VN2 =V, +V, =X, (I, + L)

cm

The direct field voltage equation (Figure 3.22) is:

Vi—-E =21, Z, =Ri+jXie

(3.23)

(3.24)

(3.25)
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TABLE 3.4
Objective Function and FEM Validation

cu_c = 8.176390; % USD—copper cost

lam_c = 3.144986; % USD—Ilamination cost

PM_c = 6.264258; % USD—PM cost

rotIron_c = 0.804382; % USD—rotor iron cost

rc_c = 0.328975; % USD—rotor cage cost

pmw_c = 5.318692; % USD—weight penalty cost (frame)

mot_cost = 24.037683; % USD—motor cost

c_cost = 2.555400; % USD—capacitor cost

i_cost =26.593083; % USD—initial cost

energy_c = 19.507677; % USD—energy loss penalty cost

st_cost = 1.163339; % USD—starting penalty cost

t_cost =47.264099; % USD—total cost—objective function

psi_pm = —0.977362; % Wb FEM computed flux

psi_md = —0.746750; % Wb total d axis flux from FEM at main current 0.398456 A peak
Lmd_fem = 0.578764; % H main winding d axis inductance

psi_aq = —0.902739; % Wb total ¢ axis flux from FEM at auxiliary current —0.392182 A peak
Laq_fem =2.301840; % H auxiliary winding ¢ axis inductance

psi_mda = —0.768317 % Wb total d axis flux, main current (d) 0.398456 A and aux. (q) —0.392182 A peak
psi_mq = 1.199161; % Wb total g axis flux from FEM at main current 0.398456 A peak
Lmgq_fem = 3.009515; % H auxiliary winding ¢ axis inductance

psi_pma = —0.811229 % Wb total d axis flux, auxiliary winding (d) with main current 0.398456 A peak

with
Rie = mRy + @1 (Lya — Ling) sin 2y (3.26)
Xte = Xt + 2 [(Lnd + Lng) = (Ent = Lng) co5 27] (3.27)

The current dgq angle y is the variable for load representation. For the inverse field (sequence), we
use the known approximation:

Y, =2,1, (3.28)
1
L, ~5 (224 + Z5,) (3.29)

(er/(2 - S) +jerI)ijd .
Z = . + Rm + Xm m (330)
0 Rt @) 1 1 ka Koy T R )

_ (qu/(2 - S) +jqul)ijq
T R/ (2 — 8) 4 j(Xong + Xog)

+ (R + X m (331)
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FIGURE 3.19 PM flux density map (a); and its distribution in the airgap (b).
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FIGURE 3.20 Magnetic field line map for rated torque at steady state.

The electromagnetic torque is:

Tor = [Re(ViI}) = Rul} - m] - pr/an (3.32)
T, = —[Re(Vo15) — Rul3 - m] - pr/on (3.33)
Te = Tey +Te- (3.34)

Core losses. As the inverse field travels mostly along leakage paths, we neglect here the inverse
field core losses and consider the direct field core losses proportional to V;:

Piron1 = V12/Riron1 (335)

where R;;on is determined by tests and considered constant.

FIGURE 3.21 One-phase capacitor PM-RSM.
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FIGURE 3.22 Phasor diagram for direct field.

Magnetic saturation. In most such machines, saturation effects are moderate. However, the param-
eter estimation methodology to be developed here will produce the dependence of main synchronous
inductances L,,4, L,,, on I; and I, currents.

The above theory will now be applied to the tests chosen for parameter estimation and loss
segregation.

3.10.3 PARAMETER ESTIMATION THROUGH STANDSTILL TESTS

At standstill, PMs will not produce any induced voltages, so the machine will behave like an
induction motor with nonsymmetric stator and rotor windings for AC tests and as a typical PMSM
for DC-type tests. The parameters to be estimated are those appearing in Z; and Z,.

Step voltage tests will be used to estimate L, and L, with one phase turned on (or off) at a time.

a. DC current decay tests
Supplying the main winding with DC current and then turning it off (Figure 3.23) will make
the current decay to zero through the freewheeling diode.
The corresponding equation is:

(Apmi + Lq - iq0) — Apmy = ijid dt + j Vidiode dt (3.36)

If saturation is negligible, the initial and final values of PM flux linkage are the same: Apyy;
= Apmy; Iqo—initial current.

FIGURE 3.23 DC current decay test in axis d at standstill.
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One test suffices to produce L, (unsaturated value, though) with R,, previously measured
in a steady DC small voltage—current test.

If the saturation influence is to be explored, tests at various initial currents are done and
the PM flux Apyyis determined from a zero-current generator test:

Ieomp = V2] 3.37)
Now, we only have to find A;=Apy; + Ly Lyo as a function of I, from Eq. 3.37.

Performing the same test once for the auxiliary winding, where, again, the rotor will
naturally align along the d axis, yields:

(Apmai + LG - %) — Apmar = jRaiZ dt + J Vidiode dt (3.38)

The same reasoning as above applies, and (with saturation neglected) we find L. The turn
ratio a will be:

1
_ (Li\2
a= <Ld) (3.39)

As the resistances are known already, a new value of a is:

d = (&)E (3.40)

If a = d’, we may assume that the two windings are equivalent and m = 1 in Equations
3.18 through 3.34.

To produce DC current decay tests in axis ¢, for the main winding, we have to fix (latch)
the rotor in the position for auxiliary phase d axis tests and then proceed as above
(Figure 3.24).

This time, we get:

Lq . iqo = ijiq dt + j Vidiode dt (3.41)

main

= L
r %Sr -

FIGURE 3.24 g-axis current decay tests (main phase) at standstill.
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Here, we may repeat the test for various initial currents to determine the saturation effect
as L,(I,0). To complete the estimation of parameters occurring in Z;, we should also find the
main phase leakage inductance L,,. The AC standstill tests that follow will deliver L,,;, Ly,
R4, Ryq, Lya1, L, (reduced to the main winding).

b. AC standstill tests
If frequency effects on the rotor cage are negligible, a test at grid frequency suffices. The AC
tests in axes d and g are done only for the main winding (Figure 3.25).
We measure 1,,, V,,,, P,.(¢,,) and calculate:

P
Rea == (3.42)
1% 2
Xy = (I—'"> - R, (3.43)
where

Zea = Req + jXea = Z54(S =1) (3.44)

Note that

Rea + jXa)iXam .

Zy = (Rea +7Xar)Xe + (R + %) (3.45)

R+ JXar + Xam)

We now have two equations, know L,;, and have to calculate X, 1, X, R,
As one more equation is needed, we return to the step voltage test.
c. DC voltage main winding turn-off on a known DC current in the main phase (Figure 3.26).
The pertinent equations for a wheeling diode at standstill for the stator and rotor are:

dird
V() = —Lgy ot 3.46
a(t) dm = (3.46)
. dird
Rygira + (Lam + erP)W =0 (3.47)
with the solution:

iy = Ae_t(er/(Ln1d+erl)) (3.48)

Yo

aux { (pm !m
d(q) main Vo b P @)
power ~
analyzer L.

FIGURE 3.25 AC standstill test in axis d for the main phase.
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d(q) main

FIGURE 3.26 DC voltage turn-off in the main phase in axis d.

At time zero, we may consider that the flux does not change and thus:

Laiqo = Lamirao = ALdm (3.49)
iy = Lyia o~ (Rua/Lan+Lra)) (3.50)
dm
Ldid() . Rdr —1-Ryq/(Lam+Lyar)
Vi(t) = — rd [ (Ldm=Lordl 351
() Lam + Liar ¢ G50

The initial residual voltage V, is:

Ly - Ry

VdO =7 5
Ldm + erP

- igo (3.52)

This is the third equation sought. An iterative procedure is required to solve Equations
3.42 and 3.43 or 3.45. An initial solution may correspond to X,; = X,,;, when Equation
3.52 is used to recalculate the rotor resistance R, o and thus start the iterative process.
Note that neglecting X, in Equation 3.43 is not acceptable in a machine with PMs. But,
alternatively, V() may also be used with V,, measured to find L, [use a logarithmic
time scale for V(¢)].

Vio - R -t
1nwm=—i?:%; (3.53)
m T

The same AC standstill tests will be performed in axis ¢ for the main winding to determine

Rgs Xy

rq»

So far, we clarified the parameters’ estimation from standstill tests, so we may now proceed to loss
segregation, where we are going to use all the parameters estimated above.

3.10.4 Loss SEGREGATION TEsTS

The losses in the machine (Figure 3.27) occur in the capacitor P.,p, stator windings P, rotor cage Py,
stator core Py, and as mechanical P,.. Stray losses are small and are included (though partially) in
P.,, as the stator current does not vary much from no load to full load for low-power motors.

The capacitor losses Py, should be measured separately for a certain voltage V,,; thus:

Pcap = Pcapn(vca/vcn)2 (3.54)

To segregate the losses, the single-phase no-load motoring test is proposed (to start the motor,
the auxiliary phase with capacitor is connected, but after synchronization, the latter is turned off;
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P Piron

cap

FIGURE 3.27 Power balance in line-star capacitor permanent magnet synchronous machines (C-PMSMs).

Figure 3.28). This test will be performed for various voltage levels. The input power is:
Py = Ru(1n)* +Ror(12)*+Piron + Prnec (3.55)
Now, as I, = 0, according to Equation 3.21, applied to currents,
L=1,=1,/.707 (3.56)
R,, is the rotor equivalent resistance for S = 2:
Ry, =Re(Z,) — R, * m (3.57)

Making use of Equations 3.28-3.31 with all parameters known, Equation 3.57 yields R,; and thus
the term R,, * (I,)* in Equation 3.55 is calculated. The first term in Equation 3.55 is straightforward, as
I, is measured. So, in fact, we have to further segregate only the core loss from the mechanical loss.

To do so, we assume that the core loss is proportional to V,, squared and obtain the characteristics
of Figure 3.29.

Notice that we get approximately a straight line whose intersection with the vertical axis produces
the mechanical losses, as the latter are independent of voltage.

Vo
[0 1/
main
Vm,m%)
Digital
power
analyzer

|~

FIGURE 3.28 No-load single-phase motoring.
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FIGURE 3.29 Single-phase no-load power versus (V,,)>.

Note: A fast verification of some parameter estimations is available, provided we also measure the
voltage across auxiliary phase V, in the one-phase no-load motoring steady state (Figure 3.28):

Vao = ax|V, — V,|/V2 (3.58)

Alternatively, the same Equation 3.58 may be used to find a, sparing the DC decay test for the
auxiliary phase.

For the rated voltage, we may also assume that the dq current angle for the direct field component
¥~ 90°; that is, I, = 0, thus obtaining the phasor diagram on Figure 3.30 and Equation 3.59 based

on Equation 3.25:
Ey ~ |V} = (Rul))* — @1 L4, (3.59)

This way, we may also calculate E; (PM-induced voltage); thus, the PM flux Apy; required to
explore the magnetic saturation effects through DC decay standstill tests becomes available without
a zero-current generator test, which would require a driving motor.

3.10.5 VALIDATION TEsTS
To validate the above methodologies for parameter estimation and loss segregation, two basic tests

are used:

* No-load motoring test
* Load test

jo Lyl

S

R0

axis d

FIGURE 3.30 No-load phasor diagram for direct field component.
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FIGURE 3.31 No-load capacitor motoring.

a. No-load motoring
The arrangement is as in Figure 3.31, and we directly measure all three currents (1,,,, 1, I;,,),
the input power and voltage (P;, and V,,), and the capacitor voltage V.
Based on Figure 3.32, we may calculate the angles between [, I,, and V,, and thus
prepare for calculating /; and /I,:

Pam = —@in +c0s” (L2 + I, — 1) /21,1;,) (3.60)
O = @i +cos™ (I3 + I, — I2)/21,1;,) (3.61)

The power loss division will be similar to the single-phase no-load case but for different
currents and V; and V,. The capacitor losses are first subtracted from the loss division in
Figure 3.33.

From Equation 3.21 with Equations 3.60-3.61, we get /| and I,:

L= (L, —jl,-a)/vV2 (3.62)
L = (L, +jl, - a) /2 (3.63)
Also, from Equation 3.28, we get V,, with Z, calculated from Equation 3.60 for S = 2.
Again:
V2=V, +V, (3.64)
le

FIGURE 3.32 Phasor angles.
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FIGURE 3.33 No-load capacitor motoring power losses versus V,, squared.

serves to find V;. The mechanical losses should be the same as for the single-phase no-load
test. Now, we can separate the core loss from Figure 3.25 and, as we know V|, we may
calculate (validate) R;,,. Again, E; can be calculated (validated) from Equation 3.59.
b. Load tests
The same set of measurements as above is performed in a load test (Figure 3.34).
From the calibrated load machine, we get the output power P, of our motor, and as the
input motor power P;, is measured, the efficiency 7, is:

(3.65)

The validation consists of proving the measured efficiency by calculating the output
power P, from the measured input power P;, minus the sum of segregated losses:

Poutc = Pin - leyzyl - Ralf - R2rI§ — Piron — Pcap - Pmec (366)

With R,, and R, known and I,, and I, measured, the first two terms in Equation 3.66

are calculated.
Capacitor losses are calculated easily, as V., is measured. Now, using the same procedure
as for no-load capacitor tests, we calculate /,, I, Vy, V>, and thus Ror * ([2)2 and P;,,, are

aux % J—Vm

1
Va
Calibrated load ____|]]___
generator

(PM d.c. Gen)

Vm’ Iin, Pin((pin)

Digital power
analyzer

-

FIGURE 3.34 Load motoring test.
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determined. Finally, the calculated efficiency is:

P outc
P in

e = (3.67)

Efficiency is verified for various loads.

Note: To avoid using a calibrated DC machine, two identical one-phase capacitor PM-
RSMs may be mounted back to back with their rotor d-axes shifted by twice the estimated
rated direct torque angle (2*9, Figure 3.22). One of them will act as a motor, while the other
will be generating. The input power to the motor P;, and the total power from the grid
(2% Pyoss) Will be measured; the losses in the two machines are considered equal to
each other.

The efficiency 77/, is:

/ 1_22Ploss

", = (3.68)

P in motor

An updated approach to the same problem as here is unfolded in [10] for one-phase capac-
itor IMs.

3.11 SUMMARY

* One-phase source line-start PM-RSMs are being proposed to replace their induction motor
counterparts, mainly for home appliances, for notably better efficiency.

*  When notably better efficiency is paramount, 1.6—1.8 magnetic saliency cage rotors with
strong PMs (Epp/ V= 0.9) are used.

* When better efficiency and initial costs have been mitigated, multiple flux barrier (higher
saliency: above 2.5-3) cage rotors with low-cost magnets (Epyi/V; = 0.3—0.4) are to be
investigated. In this case, the rotor cage will be embedded in the outer parts of the rotor
flux barriers.

* Analytical standard expressions for the stator and rotor resistances and leakage inductances
may be used (as for IMs), but if the rotor slots are closed (flux barrier bridges), magnetic
saturation of leakage rotor flux paths has to be considered for transients and stability, espe-
cially at low loads.

 For the magnetic inductances Ly, Lg,, the equivalent magnetic circuit model including
magnetic saturation may be used to accomplish this complex goal within lower computation
time than when using FEM, especially for the investigation of transients or for optimal
design.

» Self-starting (asynchronous operation) and self-synchronization are crucial to line-start
machines, together with steady-state (here synchronous) operation performance.

» Steady-state operation design asynchronous operation may be approached best by the dq
model using the circuit parameters calculated analytically and based on the EMC model,
as mentioned above, but the dq model is instrumental for the investigation of transients
and stability.

* During acceleration to speed, the one-phase source line-start PM-RSM exhibits quite large
asynchronous and PM-produced torque oscillations and a PM braking torque: this makes the
starting performance of this machine inferior to its IM counterpart; this aspect should be
carefully investigated in any optimal design methodology.
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Optimal design methodologies, such as the one presented briefly in this chapter with rather
extensive sample results, show that an efficiency of 93% for a 100-W, 3000-rpm one-phase
source line-start PM (NeFeB)-RSM for a 4.5-kg motor may be obtained; torque is two times
the rated torque (0.3 Nm), while the asynchronous torque at 0.05 slip is above the rated tor-
que to secure safe self-synchronization. The objective function contains initial motor cost,
capacitor cost and efficiency, starting torque, and 0.05 slip torque as penalty functions. Only
a few tens of iterations are required with a modified Hooke—Jeeves optimization algorithm.
Finally, a complete testing sequence is introduced to estimate (and validate) both the
machine parameters and steady-state efficiency for various load levels.

The use of a weak (Ferrites) and high magnetic saliency (flux barrier) rotor with embedded
cage in one-phase source line-start PM-RSMs is still in the early stages of investigation, but
important new progress might occur soon.
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Three-Phase Variable-Speed
Reluctance Synchronous

Motors
Modeling, Performance, and
Design

4.1 INTRODUCTION

Variable-speed drives are required for variable output processes in order to increase productivity and
for energy savings. Pumps, ventilators, refrigerator compressors, and so on can all benefit from
variable speed.

PMSMs with high-energy magnets have been proposed recently to replace some induction motor
variable-speed drives for the scope in order to increase the power factor and efficiency. However, the
high price of high-energy PMs puts this solution in question, especially for initial cost constraint
applications.

This is how reluctance synchronous motors [1], with or without assisting PMs (with low-cost
Ferrites or even NdFeB magnets in small quantities), where the reluctance torque (produced through
high enough magnetic rotor saliency) is predominant, come into play. In general, in such motor
drives, epy/V; < 0.3 and thus a total magnetic saliency L;/L, > 3.5-5 is required for reasonable
performance (with respect to IMs) and initial cost; yes, still subject to optimal design. Especially
for a wide constant power speed range CPSR > 2.5-3 and power factor PF > 0.8, assisting PMs
are a must.

Another great divide is between distributed stator windings (g, > 2-3, slots/pole/phase) and
tooth-wound (concentrated) stator windings (g, < 1). By now it has been demonstrated that for
high enough magnetic saliency, distributed windings are preferable [2] but not exclusive when fab-
rication cost is to be reduced.

In addition to high ratios of pole pitch z/airgap g: /g > 100-150 and ¢; >3, for high
saliency, distributed anisotropy rotors with either multiple flux barriers per pole (multiple flux barrier
anisotropic [MFBA ]-rotor) or with axial laminations interspersed with insulation layers (ALA-rotor)
(Figure 4.1a and b) [2] are to be used.

The merits and demerits of MFBA- and ALA-rotors are summarized below:

MFBA -rotor

» It uses regular (transverse) laminations and stamping to produce the rotor flux barriers
(easy fabrication).

* It produces, for given ¢, and 7/g ratios, a mild saliency ratio L,/L,, which leads to similar
torque densities with IMs (of the same stator), at a few percent (4+4%—1.5%) higher effi-
ciency but at a smaller power factor (—10%—15% [3]. Only with assisting PMs can the power
factor and wide CPSR (>2.5-3) of IMs be reached or surpassed.

* The total cost of initial materials and fabrication is estimated to be 12%—13% smaller than
for variable-speed IMs.

105
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FIGURE 4.1 Typical RSM topologies: (a) with MFBA-rotor; (b) with ALA-rotor and distributed three-phase
stator winding.

* MFBA-rotor RSMs have recently reached industrial fabrication, from 10 kW to 500 (1500)
kW for variable-speed drives [3], so far without assisting PMs and mostly with four poles.

ALA-rotor

* It needs axial (transformer) laminations cut out in a dedicated fabrication rig and, after
assembly on rotor poles, mechanical machining of the rotor is required.

» It may produce higher torque density, higher efficiency, and a higher power factor than the
IM (of the same stator) due to higher magnetic saliency, especially for 2p = 2, 4 poles, even
without assisting PMs.

» The total initial cost is smaller, but the fabrication cost seems higher than for IMs.

» The q axis stator-current flux space harmonics produce eddy current losses (even on no load)
in the rotor axial laminations; they may be, however, reduced by lamination thin slits placed
at three to four axial positions.

* The two-pole ALA-rotor 1.5-kW RSM has been proven to produce a peak power factor of
0.91 (with no assisting PMs) in a non-through-shaft rotor configuration [4].

Due to the presence of real (or virtual, by flux bridges) slot openings in the rotor, in addition to the
stator and with magnetic saturation, the flux distribution and inductance calculation with high preci-
sion should be approached by 2D FEM rather than by analytical methods. Also, for short stack length
(lstac)/pole pitch (7) ratios, say, lyack/7 < 1.2—1.5, even 3D (axial) field components should be con-
sidered to further improve results, especially if skewing is applied for torque ripple reduction.

However, to grasp the key factors (variables) that influence flux distribution and demagnetization
inductance Lg,, L, variation, approximate analytical methods are still useful, especially if magnetic
saturation is also considered [5]. The latter methods prove useful to drastically reduce the computa-
tion effort (time) in optimal design algorithms, though computationally efficient FEM models have
recently begun to penetrate optimal design methodologies from the start [6].

The above arguments led us to the treatment of both analytical and FEM modeling of RSM in order
to calculate flux distribution, Lg,, L,,, inductances, torque, losses, and performance, and then to
optimal design algorithms, with quite a few representative case study results.
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4.2 ANALYTICAL FIELD DISTRIBUTION AND Ly,(1g), Lgm(ly)
INDUCTANCE CALCULATION

Here, we will examine first the MFBA-rotor topology, as it reached industrial fabrication up to 500
(1500) kW /unit without assisting PMs, then the PM-assisted MFBA-rotor. Finally, the ALA-rotor
topology without assisting PMs will be tackled. We mentioned magnetization inductances in the title
above since they have different expressions from those of IMs, while the leakage inductances have
expressions similar to those of IMs and line-start three-phase RSMs in the previous chapters.

4.2.1 THe MFBA-RoTOR

The extended magnetic circuit, accounting for slotting on both the stator and rotor and for magnetic
saturation, may be used for the purpose [7], with a computation effort more than 10 times smaller than
that for 2D-FEM, but still large and, inevitably, obscuring a few key parameters that predominantly
influence ¢ axis magnetization inductance, which, in turn, is crucial for torque density, losses, and
power factor calculations.

Hereby, first, a simple two-pole MFB A non-through-shaft rotor is considered (Figure 4.2a), where
the thin flux bridges are considered by equivalent slot openings b, a hypothesis that is easy to imple-
ment when the latter saturate early (at small load already) and have a tangential length /,,, a thickness
1, and a low relative permeability (corresponding to a given By =2 T): u;, = 10-50.

I}
by & —- 4.1
Hpr

So, in fact, the rotor becomes, for calculus, segmented (as the ALA-rotor) but still uses regular
transverse laminations. Consequently, this method [8] may also be safely used for the ALA-rotor.
Stator slotting is still disregarded.

For the kth rotor segment in Figure 4.2b and c, the mean value of the g axis stator mmf is f, while
the former’s magnetic potential is r;. While the d axis field distribution and inductance L, are
straightforward, for axis ¢, there are two main flux inductance components:

* One flux that goes through the rotor segments and across flux barriers L,
* A circulating component across the airgap (due to the shaded area mmf variation in
Figure 4.2¢) Ly

sin o
Jr
Y o
3 (] o

FIGURE4.2 Two-pole MFBA-rotor: (a) its rotor segments and their magnetic potential (¢ is the positive angle
of segment k) in axis d (b); and ¢ (c).
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According to the above assumptions, the magnetization inductances are:
T

Lyn ~ A | sin® ada = Ax

Lyne = A | [sina — f(a)] sin ada 4.2)
Ly =A “ [f(a) — y(@)] sin ada

J

-

Using the staircase approximation (Figure 4.2c):

Lgme 4 2
Ly = | Tr 2 fia

Lgms

4
= 2N e (= 70A
Loy 7 Joo (e — v)Aak

(4.3)

Apparently, the ratio L,./La, decreases with an increasing number of rotor flux barriers (seg-
ments) such that, for four segments/pole (Figure 4.3), the ratio Lg,,/Lg, ~ 0.027 [8].

Now, to calculate L,/ Ly, the calculation of magnetic potentials of rotor segments y; is needed.

The number of stator slots (though considered approximately by Carter’s coefficient) also influ-
ences the magnetic potential of rotor segments. For simplification, let us consider here that the num-
ber of stator slots and rotor segments is the same (though, in reality, this situation has to be avoided to
reduce torque ripple).

The magnetic equivalent circuit in axis g (Figure 4.3a) allows us to calculate the p.u. magnetic
potentials ¥, ¥, of rotor segments (/4, [, are flux barrier widths and S; is their length per half pole pitch;
Sy—stator slot pitch). With Afy = fi — fi—1, Lgmsin Equation 4.3 becomes

Ly 4 keg 2 Sk
= —p= SN AR 4.4
Ldm ﬂ'p Y fk lk’ ( )

where: g—airgap, y—rotor radius, and p—pole pairs of the machine.

gS1 gsz
LS % LS %
—1
bl b2
1 3/2
h f

FIGURE 4.3 Equivalent magnetic circuit in axis ¢ to calculate rotor segment magnetic potentials y; and y»,
(a); and the machine rotor and stator slotting, (b).
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()

FIGURE 4.4 Four-pole rotor optimized geometry (a) and rotor saturated flux bridges (ribs) (b).

If a shaft (of radius a) is present, the radial dimension along axis g (Figure 4.4a) may be divided
into iron /;; and air I,

lig+lyg=r—a 4.5)

Considering /;, constant (as the d axis pole flux may be fixed), with r and a given, ., is given.
With 7 rotor slots per pole, n — 1 partial derivatives of L,/ L, with respect to I, will be zero:

. al 1 . a(qum / Ldm)
I =y — Zl"’a_lk__’T:O 4.6)
) e Afc [sk
Finally: — = — |— 4.7
Y L Af Vs “7

Consequently, the thickness [ of a flux barrier is proportional to the square root of its depth per
half-pole pitch s;.

With s, decreasing toward the g axis, so will /;; thus, for a four-pole rotor, L,,,,;/Lg, ~ 0.04 [8].

From Equations 4.4 and 4.7, L,,,¢/ L4, becomes:

Lqu 2 Sk
— E 4.8)
L T kcg + laq Iy

The rotor flux bridges (ribs) introduce an additional component for the g axis magnetization induc-
tance Lgmribs, Which diminishes both average torque and power factor:

NiK,

LClmn'bs ~ 7§l§tack - B (49)

Iy

where N;—turns/phase, K, ;—stator winding factor.
As B, (flux density in the rotor flux bridges) varies with i, (stator current in axis ¢), an approximate
ratio By/i, ~ ct for saturated conditions may be calculated:

_3V2Nikyiig

By/iy = pppoHoridge/iq; Horidge - 1 - Ip = b a (4.10)
“q

Again, i1,; is the average iron p.u. permeability in the rotor flux bridges.
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Thus, the total magnetization inductance L, is:
Lqm = Lqu + Lqmc + Lqmrist (4 1 1)

while for axis d:

I ~ 6- //tO(lewl)zT . lstack .
dm ﬂzkc 8 D1

kam 4.12)

Equation 4.12 is similar for IMs, but k,, < 1 accounts for the case when the airgap is increased
notably close to axis ¢, as in ALA-rotors with nonmagnetic pole holders, or as in regular salient
pole synchronous machines:

kam ~ %—i— %sin%”ﬂ < 1; 7, — pole shoe; t — pole pitch 4.13)
Still, magnetic saturation has not been considered in Equation 4.13. In general, to secure good per-
formance but still reduce the stator outer diameter (yoke depth), the stator is designed more saturated
than the rotor. As an equivalent airgap g, may be used instead of g: g, = g - (1 4+ Kj,), where K
defines the machine saturation equivalent level, values of K, up to 0.3-0.5 may be accepted, as
RSMs, in general, have a small airgap to reduce magnetization current and thus secure a satisfactory
power factor.
It is recognized here that K, may be calculated analytically but, for preliminary designs, it may be
assigned different values; later on, by FEM, K, may be calculated and the design adjusted
accordingly.

4.2.2 THe MFBA-ROTOR WITH ASSISTING PERMANENT MAGNETS

The temptation to develop analytical approaches for field distribution, magnetization inductances
Ly, Ly, and epyiq (the PM emf with PMs in axis g), which are considered small, epyig (Vs < 0.3),
to secure lower motor initial cost, but a satisfactory power factor and CPSR, is strong, at least for
preliminary designs.

But the optimal design of a PM-RSM also has to consider PM demagnetization avoidance (calcu-
lated in general for 2 p.u. current). For Ferrite-PMs, to avoid demagnetization, the thickness of flux
barriers is recommended to be the same along their length (Figure 4.5a) [9].

Alternatively, short NdFeB magnets may be placed on the bottom of rotor flux barriers
(Figure 4.5b) [10].

For the case in Figure 4.5a, a complete analytical design is available in [9].

It is based, again, on a per-unit equivalent circuit (Figure 4.6a and b).

When all angles (positions) of flux barriers—A¢&;—are equal, the rotor (called “complete”) can be
easily defined if the number n of equivalent rotor slots per pole pair is given. For the sake of simplic-
ity, this case is treated here. The f|, f>, f5 in Figure 4.6 refer to mmfs; p;, p,, p3 refer to flux barrier
permeances; 7, r», 13 refer to magnetic potentials of rotor flux segments; and p,, is airgap magnetic
permeance. The fluxes are normalized with respect to uoF  lsack, as F, is divided by polgiack- Thus, the
PM p.u. mmf my is:

_ Bl
HoFy

my ; B, — PM remnant flux density (4.14)

S, A&,
ptma gy = ws

k B kg
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FIGURE 4.5 Circular MFBA-rotor, (a); boat-shaped MFB-rotor, (b) with assisting PMs.
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FIGURE 4.6 EMC for three flux circular barriers per rotor pole, (a); and the stator mmf step function, (b).
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The EMC in Figure 4.6 has the standard solution matrix equation from [9]:

A1Ay = Bm + CAf (4.16)
71 m fi
Ay=\|v,—7  |s: m=|m|; Af=| fL—fi “4.17)
73— 72 m3 DL f)

To simplify the matrices A, B, C in Equation 4.16, the flux barrier permeances p;. are designed to
make Ay proportional to Af, which eventually minimizes ¢ axis flux density space harmonics, while
all magnets work at about the same flux density. So:

M 2k I
mp=my =mz=m 3 i I kaAfk koq (4.18)

But equal flux barrier permeance (p; = p;, = ct) also insures minimum g-axis flux density harmon-
ics and, in this case, matrices A, B, C become rather simple [9]:

p+1  —p 0 B —p 0 1 00
A = 1 p+1 —p |:B=|0 p —pl;Cc=|11 0 (4.19)
1 1 p+1 0 0 g 11 1

Finally, the PM flux density B,, (with i, flux opposite to PM flux) is:
(Bupu),= - =1—— (4.20)

Equation 4.20 notably eases the assessment of the magnetization stage of PMs, as all magnets suf-
fer the demagnetization effect of large i, stator currents equally (PMs are in axis g).
For no load (Af=0), Equations 4.16—4.19 yield the p.u. PM flux density B,,,op..[9]:

1 1
B u. — . ~
T+ (51/lag) - (8/D) - Qu/AE)) SN (AE/2) 1+ (%) 2ugpa) - (8/7)

“.21)

2.1,
with lygpu = 4

Once B,,p.,.. is known, the no-load airgap flux density may be calculated. Consequently, Epyy is:
Epva = o1 - Wemgo1;  Wemgor — peak pole airgap flux linkage by PMs 4.22)

with stator resistance Ry, leakage inductance Ly is easy to calculate, and with L, = Ly, + Ly and L, =
L, + Ly, we now have all parameters needed for the circuit model of the PM-RSM.

4.3 THE AXIALLY LAMINATED ANISOTROPIC-ROTOR

As mentioned above, the analytical methods applied to the MFBA-rotor are basically also valid for
the ALA-rotor, with Lgips = 0.

The saturated rotor iron ribs have been proved to reduce the torque by as much as 10%—15% with
respect to their absence.
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Also, the ALA-rotor basically allows making the rotor poles by alternating thin laminations (say,
0.35 mm thick) with insulation layers (say, 0.2 mm thick).

It is like the number of multiple flux barriers has been increased notably.

A high-order harmonic occurs due to this “multislot” rotor both in the d and ¢ axis airgap flux
densities, but the magnetic saliency is proved larger than for MFBA-rotors [4,10].

The analytical method based on defining a variable equivalent airgap was also applied simply to an
ALA-rotor [4,11-12], while a more sophisticated approach was developed in [13]. Reference 4 inves-
tigates a two-pole ALA-rotor RSM with its topology in Figure 4.7.

Also, adopting an equivalent stator saturation factor K, the equivalent airgap is augmented by Ag,
dependent on K, and on the power angle 6 [13]:

3(Kss+ 1)
Ag(sat, 6) = 4.3
8(sat, 0) = e 2 4 2K,y 008 25 (4.23)

Thus, the inverted airgap function g~ '(6) may be written as:

2 K,
1 = (g7 = ky) + kycos26; ky = ———2 4.24
g 0= ) 32K 1 D) (4.24)

Again, K, is only the contribution of iron and is thus K =~ 0.2-0.5 in RSMs.
Starting with the calculation of phase self and mutual inductances IL,, | and using the Park trans-
formation P(6,,), the dg0 inductance matrix L0 is obtained:

Ly Ly La
quO = qu Lq LqO 5 quO} = |P(9er)| ' |Labc| ' |P(9er)|_1 (425)
Ly Ly Lo

Figure 4.8a and b [4] shows typical analytical results of k,, and k,,, (p.u.) with respect to constant
airgap inductances showing some remarkable peculiarities.

FEM and experimental verifications have shown that the average L, L, are calculated with accept-
able errors by the analytical method (Figure 4.9).

Insulation layer

Axial lamination layer

Nonmagnetic pole
holder

Nonmagnetic bolt

FIGURE 4.7 Two-pole ALA-rotor RSM with no through-shaft. (After I. Boldea et al., Conference Record of
the 1992 IEEE Industry Applications Society Annual Meeting, Part I, pp. 212-218. [4])
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FIGURE 4.8 Inductances (analytical): (a) kgy,; (b) k.. (After I. Boldea et al., Conference Record of the 1992
IEEE Industry Applications Society Annual Meeting, Part 1, pp. 212-218. [4])

4.4 TOOTH-WOUND COIL WINDINGS IN RELUCTANCE
SYNCHRONOUS MOTORS

Earlier in this chapter, it was implied that distributed (¢ > 2) windings are more suitable for RSMs
because they exploit the magnetic saliency better, mainly because the machine leakage inductance
is smaller due to lower space harmonics content of the stator mmf.

An attempt to compare tooth-wound coil (TWC) and distributed (D) windings for same stator has
shown [15] that by allowing a larger slot fill factor (58%), TWC windings may provide similar effi-
ciency due to shorter end connections in a six-slot/four-pole configuration (Figure 4.10). However,
the magnetic saliency is notably smaller than for D windings, and so is the power factor (from 0.62 to
0.483!). As the inverter cost is usually higher than the motor cost, the lower power factor, due to the
additional (leakage) inductance of multiple stator mmf space harmonics, means more inverter current
and kVA and thus more drive initial costs for the TWC-RSM.
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(a) L, as function of i ; (standstill and self-excited generator tests)
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FIGURE 4.9 L, (a); L, (b) versus phase current (experimental). Note: The presence of PMs (instead of insu-
lation layers) has to be treated as for the MFB A-rotor. (After I. Boldea et al., Conference Record of the 1992 IEEE
Industry Applications Society Annual Meeting, Part 1, pp. 212-218. [4])

(b)

FIGURE4.10 Six-slot/four-pole TWC-RSM: (a) cross-section; (b) stator prototype. (After C. M. Spargo et al.,
2013 International Electric Machines & Drives Conference, pp. 618-625. [15])
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Still, in initial cost—critical applications, the simplicity of stator winding and the shorter frame (due
to the shorter end connections of stator coils) may lead to lower fabrication costs that may result in an
overall beneficial solution, especially if Ferrite-PMs are added for power factor correction.

4.5 FINITE-ELEMENT APPROACH TO FIELD DISTRIBUTION, TORQUIE,
INDUCTANCES, AND CORE LOSSES

The rather “crude” analytical methods so far have produced expressions for main circuit parameters:
R, Ly, Ly, Wpmorg (Epma)- However, the presence of slotting, the multiple flux barrier rotor, and
magnetic saturation lead to space (time) harmonics in flux density in various parts of the machine,
accompanied by torque pulsations and additional core losses and cogging torque (when PM assis-
tance is available), warranting the use of FEM.

In general, 2D-FEM suffices, except for axis ¢ field distribution in short stator stacks ([sack/7 <
1.5) when some axial flux fringing occurs (because L, is small due to high magnetic reluctance)
and should be accounted for by an increase in L, that may go up to 10% and deteriorate performance.
FEM analysis of electric machines is a technique in itself now treated in dedicated books [16,17], with
a rich literature [18].

Here, only sample results are given to illustrate various aspects.

Early FEM results on field distribution and airgap flux density variation in an ALA-rotor two-pole
RSM in axes d and g are shown in Figure 4.11a and b.

They have been obtained at standstill, placing the rotor in axis d with respect to phase a by sup-
plying phase a in series with phases b and c in parallel (i, = —2i, = —2i_); to simulate the behavior in
axis g, only phases b and c in series are supplied with (i, = —i..), while the rotor is stalled in the posi-
tion for axis d.

The airgap flux densities in axes d and g (Figure 4.12) exhibit high pulsations (due to rotor
lamination/insulation multiple layers) in axis d and positive/negative pulsation due to stator slotting
in axis g. This way, the ratio of flux density fundamentals is high, and s0 is L,/ Lgmn:

Bqdl ) ib 2

Lyn/Loy = — ———= 4.2
anfla Bgg1 ia/3 (4.26)

. . .2 . .
iq =1, (axis d): three phases are active; i, = i) - —= (axis g): two phases are active.
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FIGURE 4.11 ALA-rotor two-pole RSM (1.5 kW, 50 Hz): FEM field lines: (a) in axis d; (b) in axis q. (After
I. Boldea, Reluctance Synchronous Machines and Drives, book, Oxford University Press, New York, 1996. [2])
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(a) Data from “FEM results (d axis, I = 0.8A, d.c)”
0.4+

g axis

I

024 |3

Airgap flux density (T)

0 20 40 60 80 100
Angular position (degrees)
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FIGURE 4.12 ALA-rotor two-pole RSM (1.5 kW, 50 Hz): FEM airgap flux density: (a) in axis d; (b) in axis q.

A value L,/ L, for a full load of 30 was FEM-calculated (and measured) in [4] for an ALA-rotor,
two-pole RSM (1.5 kW, 50 Hz).

However, the ¢ axis flux density plus/minus pulsations within the pole span lead to high eddy cur-
rent losses in the rotor axial laminations (because the flux lines go perpendicularly to the rotor lam-
ination plane). To reduce them to reasonable values, a few (three to five) thin radial slits are machined
in the finished rotor (Figure 4.13).

Typical FEM calculation results referring to torque pulsations for MFBA-rotor RSMs with and
without assisting PMs are shown in Figure 4.14 [19].

A few remarks are in order:

* The geometry of rotor flux barriers is different, since the placement of PM requires
simplifications.

* As expected, the average torque for the same stator and same currents is smaller for RSMs,
because the assisting Ferrite-PMs add some torque (though their main role is to improve the
power factor and thus enlarge CPSR).

* There are torque pulsations due to “slotting” and magnetic saturation (RSM) and PMs (cog-
ging torque) in PM-RSMs: torque ripple in both cases is around 30% and thus optimal
design efforts should reduce it when the application requires it, to, perhaps, 8%—10%.
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i Third harmonics of
transverse airgap field Thin slits in the axial lamination

FIGURE4.13 Eddy currents in rotor axial laminations due to g axis stator flux space harmonics (Figure 4.12b):
(a) without slits; (b) with slits.
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FIGURE 4.14 MFBA-rotor four-pole RSM and PM-RSM by FEM: (a) RSM cross-section, (b) PM-RSM
cross-section, (c) torque versus rotor position for both motors for sinusoidal currents, (d) torque ripple harmonics,
(e) d and q axis inductances. (After M. Ferrari et al., IEEE Trans on, vol. IA-51, no. 1, 2015, pp. 169-177. [19])
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FIGURE 4.15 Flux lines by FEM in a Ferrite-PM-RSM at rated load: (a) demagnetization free design at over-
load; (b) initial (large PM weight) design. (After P. Guglielmi et al., I[EEE Trans on, vol. IA-49, no. 1, 2013,
pp. 31-41. [20])

A key factor in designing PM-RSMs is PM demagnetization avoidance, especially with Ferrite-
PM rotors [20], where the optimal design for minimum PM weight endangers the magnets at overload
while the demagnetization-free design still allows 30% less PM weight (from initial design)—
Figure 4.15a and b.

4.6 THE CIRCUIT dg (SPACE PHASOR) MODEL AND
STEADY STATE PERFORMANCE

The space phasor (dg) model of PM-RSM, with magnets in axis ¢ of the rotor (L; > L,), is straight-
forward [14], in rotor coordinates:

— - d¥, [ — -
Vs = Ryis + 7 +jwr‘Ps; Y, =Y, +jlpq; Iy = Iy +]lq9

Wy = Lyig; Wy = Lyig — Yemgs Vi =Va+jV,

X | | 3 L 4.27)
Te % 5 p1(Yaiy = Wyia) = 31 [Wosy + L = Lg) - ig] - i

J dw, do.,

R = Te — T s~ = r

” dr load dr o

The torque expression refers to the case of sinusoidal emf, and phase inductances are dependent on
sinus or cosine of 2 6,,.

To include torque pulsations due to stator mmf space harmonics, slot openings, rotor flux barriers,
and magnetic saturation, new terms should be added:

8VVmc(ida iq’ eer)
p—————~

ager + Tcogging (428)

3 T
Ty ©er) = 5p[¥os + (La = Ly) - ig] - ia +

Welia, ig, 6,,) is the magnetic co-energy in the machine expressed in dqg coordinates and yields
all torque pulsations except for cogging torque (PM torque at zero current), the last term in
Equation 4.28.

In PM-RSMs, much of the torque is not produced by the PMs and thus cogging torque is less nota-
ble (with respect to strong PM flux synchronous machines: surface permanent magnet synchronous
motors (SPMSMs) and IPMSMs).
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In general, only FEM could produce effective results for 7,,6,,). The first term, however, was
shown to calculate the average electromagnetic torque of the machine rather well. For control pur-
poses, in general, T, in Equation 4.27 suffices.

But, in general, ¥, and ¥, depend nonlinearly on both dg current components, and thus a cross-
coupling effect occurs. The functions ¥,(i4, i;) and ¥, (i4, ;) may be FEM-computed or measured in
flux decay standstill tests; see Figure 4.16 [21].

For an MFB A-rotor, the cross-coupling effect dependence of ‘¥, of i, and of ¥, of i is even stron-
ger and may endanger estimation in such sensorless drives by a too-large error position if the rotor
saturation is not limited or the position error caused by cross-coupling is not considered in the
control design.

Let us now investigate the performance by Equation 4.27 where we add the core losses by 1(2)
equivalent resistances Rj.ons and Riong (in relation to rotor contribution) to obtain the equivalent cir-
cuits in Figure 4.17.

The terms Ly and L, are the transient inductances along d and g axes:

dL, oL
L~ Lo+ —2ig < Lt Ly ~ Ly +—2iy < L, (4.29)
3ld 3lq

I, current (A)
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I, current (A)

FIGURE 4.16 ALA-rotor four-pole small (1 Nm) RSM flux linkage current curves: (a) experimental arrange-
ment; (b) axis d; (c) axis q.
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FIGURE 4.17 Equivalent dg circuits of PM-RSM (with core losses considered).

relevant in transient processes in iron. Core losses may be calculated from static FEM field variation
calculations in each FEM element by summation using 2(3) term analytical core loss standard formu-
lae, or from AC standstill FEM field calculations. L, L, differ from L, and L, only if magnetic sat-
uration is advanced, when, for approximate calculations above 10% load, L, ~ const, while the real
L,(iy) function is considered through a second-order polynomial.

With Equation 4.27, vector diagrams could be built. For steady state d/dt = s =0 and for RSM
and PM-RSM, the vector diagrams are as in Figure 4.18.

From the vector diagrams, we may first notice that the assisting PMs reduce the power factor angle
@ and also decrease the flux amplitude ¥, for given stator currents i, i, for better torque at the same
speed for the same stator.

For a given speed and currents, lower voltage V. is required and thus wider CPSR is feasible.

But, also, Figure 4.18 allows us to simply calculate the performance such as efficiency n and power
factor angle ¢:

igs

3 . . 3.
E(VdOZdO + VquqO) - ERSZ? — Piron — Pmec

n= - - (4.30)
(3/2)(Vaig + Vyiy)
tan g ~ qul:dO - VdOl:qO
Vaoiao + Vaoiqo
with
wy0Lgigo + Riigo = Vo cosdy, oy >0 (for motoring)
w,0(Lgigo — WV — Ryiy = Vg sind
70(Lgiqo PMg) d 0 v @31)

) . ) ;
tan}/i:a; @ =0y +6;; iy :,/lflo—l—léo

q

(@) (b)

Prsm > PoM-RSM R
Vs rsm > \P'SDPM-RSM
v, (same i, i ”
same speed and
same stator) 7

r = s0 5V _

) LPSO
P SM Lq] qu

ld Laiao d ld Laiao d

_ quiqo J\PPMq
\Ps()

FIGURE 4.18 Vector diagrams at steady state (motoring) with zero core losses: (a) RSM; (b) PM-RSM.
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Approximately (neglecting the rotor core losses), the core loss pj., is added:

3 Vi

> (4.32)
2 Riron s

Piron =

Now, by giving values to @, and V; for increasing values of 6,, we may calculate iy and i o from
Equation 4.31, with a known (from no-load testing or calculations) Wpy,. Then, i is also calculated
from Equation 4.31 together with y; and finally ¢ (which may be verified by Equation 4.30). Then,
with R;;on s known, pj.o, is computed from Equation 4.32 and, with mechanical losses given as a func-
tion of speed 0 (w, = p,Q, = p,27n), efficiency may be calculated.

The real power factor is slightly “improved” (1%-2%) by considering core and mechanical losses
(but neglected in Equation 4.31) in motoring and worsened in generating when v < 0.

In the absence of PMs, the RSM ideal maximum power factor (losses neglected) from Equation
4.30 becomes:

1 —L,/Lq

“q/=d 4.33
14+ L,/Lg @39

COS Prax 0 =

This is similar to IM, where L, L, are replaced by L, (no load inductance) and, respectively, L.
(short-circuit inductance). As in two- or four-pole IMs, in general, L,/L,. > 10 even at 1 kW, 50 Hz,
designing a competitive RSM in the same stator is a daunting task; still, the ALA-rotor may achieve
this goal. Yes, in a rotor topology that is still considered less manufacturable.

The power factor is improved notably by assisting PMs (Figure 4.27), and no apparent maximum
of it occurs. Experiments on load with an inverter-fed drive may be run, and according to the above
simple performance calculation routine, results as shown in Table 4.1 have been obtained [22] under
no load torque (when i;>1i,) [2].

6, s the current angle, and the test also yields the L,(i;) curve and core loss, if mechanical losses are
known (or neglected).

Progressive load tests could be run to calculate efficiency, power factor, iy, i, 7, ¢ versus voltage
angle ¥, (or output power) and thus completely characterize the RSM or PM-RSM.

The machine may also be run as a capacitor-excited AC generator with variable resistive load
to extract all its characteristics if a drive with torque, speed, and rotor position sensor is available.
A measure of such a load motoring performance with an ALA-rotor 1.5 kW, two-pole RSM

TABLE 4.1
d Axis, Zero Load Torque Tests

Input
o is (A) Vs (V) Power (w) idm (A) g (Wp) R () Ly (mH)
26.15° 3.15 18.62 45 2.831 0.114 12.65 39.208
20.52° 8.27 52.17 267 7.75 03114 17.02 40.18
18.49° 12.84 75.07 504 12.18 0.4480 19.27 35.00
13.65° 21.37 91.28 775 20.77 0.5447 21.04 26.225
12.24° 25.31 43.90 862 24.74 0.5603 21.74 22.647
11.36° 28.61 97.00 950 28.04 0.8788 22.56 20.64

L,=5.55mH

Source: After L. Xu et al., IEEE Trans on, vol. IA-27, no. 5, 1991, pp. 1977-1985. [22]
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FIGURE 4.19 Measured load motoring performance of an ALA-rotor two-pole RSM of 1.5kW at 60 Hz:
(a) current versus output power; (b) voltage (RMS, phase voltage) versus output power for maximum power
factor; (c) efficiency and power factor.

connected to the grid (220 V, 60 Hz) and loaded slowly by a variable alternating current device
(VARIAC) (transformer) to maintain the maximum power factor is shown in Figure 4.19.

The performance is very good, but, again, it is an ALA-rotor RSM, which is still considered hard to
fabricate at the industrial scale.

Load tests on an industrial 1500-rpm, four-pole, 14-kW MFBA-rotor RSM show comparative per-
formance as in Table 4.2.

While a +2% improvement in efficiency over IM was obtained, the power factor decreased from
0.82 to 0.77. Considering the inverter losses, the system efficiency was increased by 2.1%, which, by
using a less expensive motor and the same inverter, leads to an overall better variable speed drive, not
to mention that it runs at lower temperatures (average and in critical spots inside the machine).

4.7 DESIGN METHODOLOGIES BY CASE STUDIES
4.7.1 PRELIMINARY ANALYTICAL DESIGN SEQUENCE BY EXAMPLE

Let us design an MFBA-rotor two-pole, three-phase RSM that, when inverter-fed at 380 Vdc, pro-
duces P, = 1.5 kW and a max speed of 4500 rpm for an efficiency above 90%. No CPSR is necessary
(air-compressor-like load).

4.7.1.1 Solution
For an estimated efficiency 1 = 90%, the rated electromagnetic torque 7T, is:

P, 1500

- —3.538N 434
7 27 0.9 - 27 - 4500/60 m (4.34)

T, =
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TABLE 4.2

Inverter-Fed Load Testing of Four-Pole MFBA-Rotor RSM and IM (Same Stator)

Source: R. R. Moghaddam, F. Gyllensten, IEEE Trans, vol. IE-61, no. 9, 2014, pp. 5058-5065 [23].
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=) —— Calculated values

=1

O 10

0 T T T T T
200 400 600 800 1000 1200
Rotor speed (rpm)

6° L Fund. V| P, I, Ay R,
26.15 3.15 18.62 45 2.831 0.1111 12.65
20.52 8.27 52.17 267 7.75 0.3114 17.02
18.49 12.84 75.07 504 12.18 0.4480 19.27
13.65 21.37 91.28 775 20.77 0.5447 21.04
12.24 25.31 93.90 862 24.74 0.5603 21.74
11.36 28.61 97.00 950 28.05 0.5788 22.55

Adopting a specific shear stress on the rotor f, = 0.7 N/cm? and an interior stator diameter D;, =

60 mm, the stator core (stack) length [y, is obtained:

Div
Ton = finDjslsack — 5 Istack =

2

2 x 3.538

7-0.7 x 10* x 0.06°

The tentative rotor configuration is shown in Figure 4.20.
The aspect ratio of the stator is given by /i, /7= 2 - 100/(607) = 1.05, which is rather favorable

for shorter p.u. coil end connections.

~ (0.100m = 100 mm

(4.35)

Let us now approximately express the dg axis inductances: Ly, = L, kg, with L,, and k,,, yields
from Equations 4.12 and 4.13.

From Equation 4.11, approximately, L. (4.3) = 0.03L,.

Lqm bridges ~

hSC

I3 L,gk.
~x———; n-
" gke + (n - Ip/7)

Lgk.

I, ~

N‘rl
“2\2

gke + ((nli/tsarrer) + (se/Poriage)) X 1/(1 4 (1/2))

T 1
T 2

1

3

)

5 Hsarrer = (30 — 100)

(4.36)

4.37)
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FIGURE 4.20 Typical two-pole MFBA rotor RSM with 15 stator slots and 20 equivalent rotor slots (flux
barriers).

with Aprigee = 0.5 mm, g = 0.3 mm, D;, ~ 60 mm, Wy, re ;= 90, k. = 1.25, we get:

1
nl, = % xz=1smm (4.38)
L m bridge L m
% — 1,,0.025; Z—f ~ 0.023; Lywo = 0.03 - Ly; Ly = 0.95 - L, (4.39)
m m

For 60% iron, 40% air proportions in the rotor core, finally:

Lim 0.05 12
~ ~— 4.40
Lyn  0.02340.03+0.025 1 ( )
Now, if we adopt Ly = 0.05 L, (leakage inductance):
Ly L L 0.95 4+ 0.050
T =T : * ~ 7.00 (4.41)
L(I Lqm + le E + 0050

Magnetic saturation will be kept low (especially in the rotor) to preserve this total saliency under
full load. Also, hopefully, L, will be smaller than above when calculated, as shown below.

The current i, provides machine magnetization, and for an 18-slot two-pole stator (two-layer—
chorded-coil winding with k,,; ~ 0.925), the slot mmf along axis d for magnetization (n,/,)rms iS:

_ Boamng - Ka(1+Ky)  07-7-03-107-1.25-1.56
po3v2q1 kwt ckam  1.256-107°-34/2-3-0.95-0.97
= 80 Aturns per slot “4.42)

(nsla)rms
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B4, the peak airgap no-load flux density in the airgap, is chosen as B4, = 0.7 T. Now, we design
the machine for the maximum power factor, for which, ideally:

L
iy =ig fd (4.43)
q

For this case, the ampere turns/slot (RMS) will be:

nsiy =/ (n5ig)* + (n5iy)* = 80 x /1 + 7 ~ 215 Aturns/slot (4.44)

Now

. 6/10(31’1‘?]((,,1)2’[ . lstackkdm

Lin = =0.09-n2- 107" 4.45
g w2gke(l + ky) & )
The torque expression (Equation 4.27) is still:
T, = 3p(Ld - Lq)id phase RMS * iq phase RMS
=3.1-0.09-1073(1 —1/7)-80-200 = 3.7 Nm > 3.5 Nm (4.46)

So the machine produces the required torque with a reserve.
The maximum power factor cos @ax; iS:

1—-L,/L 1-1/7 6
o/La _1=V7_6_ 45 4.47)
1+LJL; 1+1/7 8

COS Prmaxi =

It could be 0.77 when losses are considered.

The stator slot geometry is determined easily, as we know the slot mmf n i, = 215 Aturns/slot and
may adopt the current density (say, joon =4.77 A/ mmz) and the slot fill factor kq; = 0.45. The slot
useful area Ag ,, is:

ngi 215

Sotn = L Ken 477 x 0.45 mm (4.48)

But the slot pitch 7, =7/9 =94.2/9 = 10.46 mm.

For a tooth width w, = 5 mm, the slot width wg; = 5.46 mm.

With a slot depth of only Ay, =13 mm, the recalculated useful area of the trapezoidal slot
(Figure 4.21) Ao nyis

W1 + Wy 5.46 + 10.42
Aslotnf = l 2 hsa =

5 = 5 x 13 = 103.906 mm? > 100 mm?>

The stator yoke A is:

t Byims 94 0.7
. ~ s 4.49
7 Bumm 314 14 mm (4.49)

hes &
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FIGURE 4.21 Stator slot geometry.

And now, the leakage inductance Ly, may be computed [17]:

2p(nspq)?
Ly = PPU Gt 2) - Ly (4.50)
pPq
2hy, Wos 2h 13-2 0.5 2x1
Iy=— 2 = — 4+ =1.095 4.51
3(wg1 +wg)  hoy  wg +wos 3(10.52 + 5.46) + 1.8 + 546+ 1.8 ( )
The airgap leakage coefficient A, is:
5¢ 5x0.3
A = = =0.15 4.52
“ T Swp4+4g 5-1.8403 ( )
Similarly, for end coils:
0.34-3 8
A 2034 - el (f—0.64-y) = -0.7-=-0.094 = 0.596, (4.53)
’ lslack ’ 0.1 9
. 8
withy = 51 (4.54)
Finally, L,; (Equation 4.50) is:
2.1.256 x 10™%(n, - 1 - 3)%
Ly= Xl 3 (e 1230 1 095 4+ 0.15 4 0.596) - 0.1
= 1.382 x 10~%? (4.55)

and now the ratio Ly/L ,, = 1.387 - 10°° nsz/(90 -107% 7% < 0.02 (it was assigned as 0.05).
Thus, the chosen MFBA rotor provides a better than 7/1 total saliency:

L
L—d —85>7 (4.56)

q

As this is only a preliminary result, let us keep the initial design so far for safety and continue with
stator resistance Ry:

l.-p1-q-n?
Ry =pc, %J’m =0.060 - n* x 10™%at 100°C (4.57)
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where pc, = 2.3 x 107% Qm for 100°C; the stator turn length . is:

8
lC=2~lstaCk+4x5+2~1.34~<9>-T=444mm (4.58)

So the rated copper losses are:
Poos =3-R,- I =3 x 0.060 x 1072 x (215)* = 94.3 W (4.59)

The frequency at 4500 rpm is 75 Hz (p =1 pole pairs).

Approximately at 1.5 T and 50 Hz, the core losses are considered 3 W /kg; thus, they are 3 x 1.5% =
6.75W/kgat 1.5 T and 75 Hz.

The stator core weight, on the other hand, is:

N x(D2,,, — D)

sout
VViron ~

x 0.4 VFe " Lack ~ 3.1 kg (4.60)

Thus, the iron losses are approximately pj.on = 3.1 X 6.75 %21 W.
Adopting 2% mechanical losses (pe. = 30 W), the estimated machine efficiency is:

_ P, _ 1500
" Py Peos + Peore + Pmec . 1500 +94.3 + 21 4 30

My =91% 4.61)

what now remains to be done is to calculate the number of turns per slot n, that will satisfy the limit
AC-phase voltage V,= 152V for 380 Vdc. With L,=11.8 x 107°-n%; L;=91.8 x 107°-n%;
R,=6.8-10"* n%; nyi,; =80 Aturns; nsi, =200 Aturns, the dg voltage equations:

V, = —a)quiq + Riy

i ) (4.62)
Vq = w,Lgig + Ryiy
yleld Va phase RMS = 0.98 - ng; Vq phase RMS =— 3.5578 - n
152
Finally, n, = = 42 turns/slot (4.63)

1/0.98% 4 3.5578>

As the winding has two layers, each coil has 21 conductors. The conductor diameter:

4 I, [+ 215/42
deopper = |~ 2 = [~ - =11 4.64
copper = TN 477 mm (4.64)

with i, = ny - I, /ny=215/42 =5.112 A (RMS per phase),
We may now recalculate the power factor:

P, 1500
3V, 3 x152x5-112 x 0.912

cos @ ~ ~ 0.705 4.65)

This value is lower than the initial approximately calculated one, leaving room for improvement in
the design or adopted for design safety.

Finally, the machine circuit parameters are: L;=0.161H, L, =0.0208 H, R;=1.2Q, Rj;on =
3. sz/Pimn = 3465 Q. With this data, the investigation of transient and control design may be
approached after a thorough verification of analytically forecasted performance by FEM inquires.
The above preliminary design may also serve as a solid start for optimal design.
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4.7.2 MFBA-RoOTOR DESIGN IN RELUCTANCE SYNCHRONOUS MOTOR DRIVES WITH
TorQUE RipPLE LIMITATION

There is an extremely rich literature on RSM modeling and design with MFB A-rotors [24].
There are quite a few specifications to comply with in an RSM drive design, such as:

* Average torque

* Torque ripple (in p.u. [%])

» Efficiency (motor + converter)
* Power factor

* A certain CPSR

* Initial motor 4 converter cost

For the time being, no PM assistance (to increase average torque, power factor, and CPSR)
is considered.

In any case, high L,—L, is required for large average torque and a large L;/L, ratio is needed for a
high power factor.

High airgap saliency L, /L, and low leakage inductance ratio L/ Ly, sum up the above require-
ments even better. To yield a small L,,,, however, implies at least an MFB A-rotor: the thicker the flux
barriers, the lower the L, while, unfortunately, due to heavy magnetic saturation, L, decreases
more than L, and thus average torque is, in fact, reduced [19]. Saturating the rotor heavily is also
not suitable for AC saliency-based rotor position estimation by signal injection in sensorless drives.

So, “there should be more iron than air” in the MFBA-rotor. The insulation ratio per MFB A-rotor
was defined [25] as K,,:

radial air length
Kaaq = radial iron length (4.66)

There is still a debate if K,,,, 4, should be smaller than 1.0, but this is the trend to avoid excessive
rotor magnetic saturation.

But it is also important to have a large total radial air length per airgap:

__radial air length

log = (4.67)

airgap
to yield low L,,,/Ly,, ratio [26].
Two main questions arise:

* Should the air ratio (K, 4,) be the same in axes d and ¢?
* Should the flux barrier angles be equal or not, and should they be spread over all the pole
span or not?

Strong worldwide previous R&D efforts are integrated in [27] in an articulated optimal industrial
design methodology to reply to the above questions for securing high average torque and limited
torque ripple.

Note that there are still two other important issues:

* How to reduce harmonics-produced core losses in the rotor
* How to reduce radial force peaks to reduce noise and vibration

We believe that direct FEM geometrical optimization of rotor flux barriers after their width, length,
and placement angles have been assigned by “macroscopic” optimal design, as suggested above, is a
practical approach in industry.



130 Reluctance Electric Machines

But let us go back to the optimal macroscopic design of MFBA-rotor. First, a rotor structure as in
Figure 4.22a is adopted [23].

The optimal design strategy in [23-24], in essence, targets the separation of high average torque
from low ripple torque in the rotor flux barrier design by:

* Keeping the rotor slot (barrier) pitch a, constant mainly in the d axis, while 2 is allowed
to vary around 28 = a,, for a certain number of flux barriers. A virtual slot (point B, j) is
introduced, and by varying f with respect to ¢, only a few FEM calculations are needed
to mitigate torque ripple. Also, additional torque ripple reduction may be obtained by
changing the radial positions of flux barriers in axis g(y,); see Figure 4.22a.

* g-axis flux is minimized to produce high average torque (and power factor); this is accom-
plished by intelligently relating the flux barrier lengths s and their thickness wy;, as already
done in Equation 4.7 with symbols as in Figure 4.22a:

Wi _ i [Sei, i _ Jai 4.68)
wi Ay s fa '

where the flux barrier permeances have been considered equal to each other.

Sensitivity studies have shown [23] that this way, the solving of the two main problems, high aver-
age torque and low torque ripple, may be separated.
Consequently, a straightforward design methodology was developed [23]:

* Assume that the stator geometry is given: [, + [, =ct.

* Then, for a given pole number (2p), barrier number per pole (k), insulation ratio in axes d and
q(kya, kg in Figure 4.22a), and 8 angle values, the rotor flux barrier dimensions are calcu-
lated by Equation 4.68.

» For simplicity, the stator slotting and magnetic saturation are disregarded, as the resultant
geometry is analyzed later by FEM anyway.

* With f3, the number of flux barriers k and the positions of flux barriers at airgap (points D; in
Figure 4.22b and c) are obtained easily, and:

1

* “The iron” may first be distributed in the rotor pole according to Equation 4.68 and
s+ 1, =ct (given):

2 . ; k l+1,
fa 20 Jae Sty g g Y g = deth (4.70)
Joo 2 Ja 52 T 1+ kg

* Now “the air” in the rotor pole may be distributed again according to Equation 4.68:

AR L+,
=— 1 L k; P = X kag 4.71
(Afl) wi Z i a 1 + kaq ( )

» Similarly, in axis d, each barrier dimension can be calculated if the sizes of flux barriers in
axis g(w;, s;) are given (as calculated above) and the insulation (air) ratio in axis d is given:

Wii

Ci=2,... k 4.72)

‘Wid
Wid

d axis
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()

Total iron in g axis = ly =85 +8,+8;

Totalairingaxis =1, = W, + W,

k Al Wi+ Wy
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FIGURE 4.22 MFBA-rotor geometry, (a) d and q axis mmf p.u. segmented distribution (b) and (c). (After
R. R. Moghaddam, F. Gyllensten, /IEEE Trans, vol. IE-61, no. 9, 2014, pp. 5058-5065. [23]) (Continued)

* By modifying y,, (the radial positions of flux barriers in axis ¢) such that the dimensions
calculated above meet the constant rotor slot pitch condition (e,,), further torque ripple
reduction may be obtained.

* Sensitivity studies could clarify the influence of the k,4/k,, ratio; its optimum seems to be in
the interval 0.6-0.7, [24]; k,, seems to have an optimum around 0.6.

* For constant slot pitch and 23 = a,,, high torque ripple for k = 4 flux barriers/pole is obtained
and thus has to be avoided.

» The effect of f on average torque is negligible but on torque ripple is important, as expected;
a value of f=9° for a four-pole, four—flux-barrier rotor-RSM with k., = 0.3, k,;, = 0.7 is
found to offer minimum torque ripple (Figure 4.23) [23]: 12%.
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FIGURE 4.22 (Continued) MFBA-rotor geometry, (a) d and q axis mmf p.u. segmented distribution (b) and
(c). (After R. R. Moghaddam, F. Gyllensten, /[EEE Trans, vol. IE-61, no. 9, 2014, pp. 5058-5065. [23])

The final results of the above design methodology as applied to a 14-kW, four-pole, 50-Hz RSM
with MFBA-rotor, already given in Table 4.2, show remarkable improvements over the existing IM
drive: +2.1% in system efficiency (motor + converter) in a less expensive motor with lower temper-
ature operation in the same stator and inverter, though the power factor is 3% smaller than for the
IM drive.

Note: Further reduction of torque ripple and rotor core loss has been investigated by stator (or rotor)
skewing, rotor pole displacement, and asymmetric (“Machaon’) rotor poles by shaping each flux bar-
rier by direct geometrical FEM optimal design investigations [27], and so on. It was also found that
small fabrication tolerances can notably deteriorate RSM and PM-RSM performance, mainly due to
the mandatory small airgap.
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FIGURE4.23 FEM calculated average and ripple torque for a four-pole, four-flux-barrier rotor with k,; = 0.3,
kqq =0.7. (After R. R. Moghaddam, F. Gyllensten, IEEE Trans, vol. IE-61, no. 9, 2014, pp. 5058-5065. [23])
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4.8 MULTIPOLAR FERRITE-PERMANENT MAGNET RELUCTANCE
SYNCHRONOUS MACHINE DESIGN

Using low-cost (Ferrite) PMs in RSM with notable saliency to produce a good power factor and
increased efficiency is a clear way to further improve RSM performance in variable speed
motor/generator drives.

For Ferrite-PMs, the highest danger of demagnetization, which occurs at low temperatures, may be
reduced by proper shaping of rotor flux barriers filled with magnets.

The complete design of Ferrite-PM RSMs with multiple poles, presented in [28], is synthesized
here. The modeling of this machine was treated summarily earlier in this chapter.

A relationship between the p.u. PM volume V,, p.u. and the airgap PM flux density B.pwm is also
established [28]:

Vs p-t. A& - cos (AE/2) Vins p-U. 72
B..pm = . B,~2——\1—— B, 4.73
M= T an(ag) lpe 2 @73

with

B 478, sin(A&/2) g 27
= 1 . -2), AE=—7 4.74
er /< + la,p.u. T A§ T 5 ’7r ( )

For:

» Constant-thickness flux barriers per their length

* Uniform rotor slotting (n, slots per periphery)

* Barrier thicknesses proportional to Af,; (current loading)

 Barrier length proportional to same p.u. quantities (as previously) admitted in this chapter, to
provide uniform flux density in the Ferrite-PMs that fill the flux barriers

A complete (“natural”’) compensation of flux in axis ¢ is considered in the design for rated power.
. 2
Lyig —¥omg = 0;  Wemg = Nikyi ]_TBgaPM-r-lslaCk’ 4.75)

The cross-section of the machine is shown in Figure 4.24 [28].

- Rotor coordinate
| (elt. degrees)

FIGURE 4.24 Circular MFBA-rotor PM-RSM geometry. (After B. Boazzo et al., 2015, IEEE Trans on, vol.
IE-62, no. 2, pp. 832-845. [28])



134 Reluctance Electric Machines

All variables in Equations 4.73 and 4.74 are presented in Figure 4.24, while B,,, is the uniform flux
density in the magnets and B,,pm is the peak flux density in the airgap for zero stator currents.

From the condition (Equation 4.75) and L,,, and L; expressions developed previously in the chap-
ter, the characterizing linear current loading A,y (Aturns/m):

3v/3(Nik1)
71(1

Ao =
q0 T

(4.76)

A high ratio 7/g ~ 50-200 is recommended for a good design, and the PM p.u. volume V,, ;.
should be about 40%—45% with Ferrite-PMs.
Then the shear rotor stress is calculated:

6 = BuapaAg0 — BaapgAa in (N/m?)

(4.77)
~ bBFeAqO’

with the second term negligible. The d-axis magnetic flux density By,j, 4 is produced by i, current and
may be imposed by design (as in the previous preliminary design paragraph). Typical design sensi-
tivity studies of g-axis characteristic current loading Ao and of shear stress versus 7/g ratio (Figures
4.25 and 4.26) emphasize:

* The notable influence of stator tooth depth per airgap ratio, /,/g

* The mild influence of 7/g and of remnant ferrite flux density B,

* The important influence on shear stress of both B, and relative air (PM) length per pole in
axis g

x 10%

0 50 100

—— B, =029T
—— B =034T |]
—— B, =039T

100 150 200
alg

FIGURE 4.25 Characteristic electric g-axis loading A o versus 7/g for ¢y =3, n=3, n,=14, B,=0,34 T.
(After B. Boazzo et al., 2015, IEEE Trans on, vol. IE-62, no. 2, pp. 832-845. [28])
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FIGURE 4.26 Shear stress versus 7/g.

By condition (Equation 4.75), the ideal power factor expression becomes simply:
t N — = 4.78
ang ~ (4.78)

A large power factor is needed, but both A; and A, (linear current loadings) contribute to it.

However, as t/g increases above 50/1, the power factor is above 0.8 and tends to unity for large
7/g values (200/1) [28].

The demagnetization current loading A, gemag may be defined as:

Brl Bm emag p.u.
Agtenag = =22 (1— . g") 4.79)

ﬂqun Bo p.u.

with By, gemag p.u. imposed. As the most critical situation occurs at low temperature, even preheating
the magnets by AC stator currents before operation may be used to avoid the situation.
An upper limitation of pole pairs p,,y is found for given 7, g, /, (tooth depth) [28], compliant with

small core loss:
! 21
1— —’) —b (4.80)
min) ( DiS

with D;; and g given; (I;/Djs) and b(Bg, 4/Br.) have to be adopted in the design.
There is also a minimum number of poles, as the yoke thickness increases with p (pole pairs)
decreasing.

7 - Djs (‘[
Pmax = -
28 \g
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Finally, an optimal number of pole pairs p, for Joule loss minimization was found [28].

3/3 m, Dj my D\
~ bk Zis oy 4.81
po \/ 2( 3 hzlsmck) (bBFe 2 ) e

where k., is the coil chording factor; TV—torque/stator volume.

In the two case studies investigated in [28], a 14-kW, 168-rpm, 0.38-m outer stator diameter,
0.25-m stack length, 0.75-mm airgap, and, respectively, a 2-MW, 15-rpm, 4-m outer stator diameter,
1.5-m stack length, 4-mm airgap have been considered.

A power factor of 0.75 for 120 kg active weight in a 10-pole configuration for the first (§00- Nm)
machine with 10* W/m? Joule loss density was obtained.

For the second machine, for 2p = 22 poles, 1.273 MNm, the Joule loss density was 7600 W/mz,
while the active weight was 50 tons. The power factor should be above 0.85, as 7/g = 145/1 [28].

The performance is considered encouraging, but further reduction in weight is required before
eventual industrialization.

4.9 IMPROVING POWER FACTOR AND CONSTANT POWER SPEED
RANGE BY PERMANENT MAGNET ASSISTANCE IN RELUCTANCE
SYNCHRONOUS MACHINES

In some applications (spindles, traction, etc.) a wide constant power speed range is required
(CPSR >=> 3).

In such cases, the design should include assisting PMs (preferably Ferrites). Also, the design is
performed for base speed (peak torque, maximum inverter voltage: k; n.x) and then checked for
wide CPSR by a constraint (in the optimal design) for torque “unrealization” at max. speed.

A light traction drive example with RSMs and PM-RSMs is investigated in [19] for a two-pole pair
configuration for 7000-rpm/1500-rpm CPSR.

The topologies (Figure 4.27a), torque and power (Figure 4.27b), and power factor and efficiency
(Figure 4.27c¢) lead to remarks such as:

* The addition of Ferrite-PMs increases the torque envelope notably (more than 25%) and
allows for a 7000-rpm/1500-rpm CPSR at more than the specified 1.5 kW.

* At the same time, as expected, the power factor was increased dramatically above
base speed.

* Even the efficiency was increased by 3%—-4%, to a maximum of 92%.

* The no-load voltage at maximum speed (7000 rpm) should be less than 150% p.u., as the
torque contribution of PMs at low speed is about 25%; consequently, no overvoltage pro-
tection against uncontrolled generator (UCG) faulty operation is required.

Note: A sequence of studies investigated PM-RSMs for traction for electric and hybrid electric
vehicles and found them capable of 75% of torque in the same volume, but similar performance
with IPMSMs [29].

4.10 RELUCTANCE SYNCHRONOUS MACHINE AND PERMANENT
MAGNET-RELUCTANCE SYNCHRONOUS MACHINE OPTIMAL
DESIGN BASED ON FINITE-ELEMENT METHOD ONLY

Optimal design codes based exclusively on computationally efficient FEM of the RSM [6] and
PM-RSM [30,31] have been put in place lately, but the total computation effort, with multiframe
hardware, is still in the range of 50 hours.
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FIGURE 4.27 RSM and PM-RSM for wide CPSR: (a) motor topologies; (b) torque and power versus speed;
(c) power factor (coil) and efficiency versus speed. (After M. Ferrari et al., IEEE Trans on, vol. IA-51, no. 1,
2015, pp. 169-177. [19])
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A differential evolution algorithm [6] has been applied to RSMs and finally compared for
PM-RSMs in terms of p.u. torque, losses, and power factor, mainly for maximum torque per ampere
(MTPA) conditions.

Sample Pareto clouds of the power factor against machine “badness” (,/Pcopper/torque)—
Figure 4.28—show a dramatic (0.95) power factor improvement with PM-RSM; also, more than
25% more power is available.

Rated speed and rated current test results satisfactorily confirmed the FEM predictions [6].

In another multiobjective GA optimal FEM-only design attempt for RSMs, with three algorithms
for comparisons, the torque ripple was investigated thoroughly for reduction for a 4.5-Nm, 5.0-krpm
case study (Figure 4.29) [30].

An extremely small torque ripple is reported (Figure 4.29 [30]).

Again, based solely on FEM machine modeling, [31] investigated a 1.6-Nm, 5-50-krpm,
obtaining first an 80-mm outer diameter, 50-mm stack length, two-pole configuration with an airgap
g = 0.25 mm, torque and torque ripple less than 10% RSM, yielding good performance except for a
0.51 power factor.

Also, by adding high energy and temperature PMs in part of the flux barrier area, notable power
and power factor improvements have been, as expected, obtained (cos ¢ = 0.85 for 40% PM fill). The
rotor did not allow (or include) a retaining ring, so the flux bridges have also been verified mechan-
ically by FEM, up to a maximum of 70 krpm.

-0.5 T :
¢ PMaSynRel
_oelh ® SynRel
0
§ -0.7 P~
Q
&
g -08F
g
~ R ¢
-0.9
~1.0 : : 1 : :
0.4 0.5 0.6 0.7 0.8 0.9 1

Badness (sqrt(W;)Nm)

FIGURE 4.28 Pareto clouds with DE-FEM optimization for RSM and PM-RSM. (After Y. Wang et al., [EEE
Trans on, vol. IA-52, no. 4, pp. 2971-2978, July-Aug. 2016. [6])
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FIGURE 4.29 Pareto clouds of 10 optimization runs stopped after 3000 function calls for torque ripple versus
torque by three algorithms (MODE, MOGA, MOSA..) (Adapted from F. Cupertino et al., IEEE Trans, vol. IA-50,
no. 6, 2014, pp. 3617-3627. [30])
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4.11 SUMMARY

* Three-phase RSMs, proposed in 1927, have been sporadically used in variable-speed drives
ever since, but have only recently reached industrialization in 10 kW to 500 (1500) kW per
unit in four-pole topologies, where they yield 2%—2.2% more system (motor + converter)
efficiency in the same stator (and converter) than for IMs, though at 5%—8% less motor
power factor; the motor initial cost is also about 10% less than that of an IM.

e Multiple flux-barrier or axially laminated rotors with distributed magnetic anisotropy are
needed for competitive performance (L,/L, > 5-8); to secure such saliency, pole pitch/
airgap ratios above 100/1 are recommended.

* PM assistance (preferably by low-cost Ferrite-PMs) is required when a wide constant power
speed range (CPSR > 3) is required, as in spindle or traction applications; implicitly, the
power factor is drastically increased, while epyy/Vy < 0.25-0.3; this leads to a less than
150% no-load voltage at maximum speed in uncontrolled generator mode for a CPSR =
3—4; consequently, no overvoltage protection provision is required.

* Simple analytical methods have been proposed to calculate the magnetizing inductances
Ly, Ly and epyyg for both MFBA- and ALA-rotors; they include circulating and flux bridge
additional (fringing) flux contributions to increase L.

* More advanced equivalent magnetic circuit models include the above aspects but also mag-
netic saturation and the presence of assisting PMs.

* The above methods are very useful for preliminary design that can serve as initial design in
optimal design algorithms.

* The circuit model of RSMs and PM-RSMs satisfactorily portrays both steady-state and tran-
sient performance for control design, as illustrated in the chapter by a case study.

* To consider not only a large average torque (large Ly, Lg,) but also the reduction of total
torque pulsations with sinusoidal current control in variable-speed drives, a more elaborate
design methodology of rotor multiple flux barriers is required.

* According to such an industrial design approach, the uniform angle placement (a,,) of rotor
flux barriers in axis d in equal magnetic reluctance flux barriers provides for large average
torque with three to four flux barriers per half-pole.

* To reduce torque pulsations, a fictitious rotor slot is introduced at angle 3 from axis g and
thus, along the latter axis, the flux barriers are not placed uniformly. An optimum value
of f is found for four poles and four flux barriers per pole as B,pim = 9°; thus, the goals
of high average torque and low torque pulsations are separated in the design.

» 2D-FEM is mandatory in the above industrial design methodology; 3D-FEM may be used to
calculate L, more precisely, especially in short stator core stacks (/acx/7 < 1.5).

* Ferrite-PM assistance in RSMs for circular uniform flux barrier rotors and boat-shaped flux
barrier rotors are treated by case studies to show dramatic improvement in power factor and
some efficiency improvement over RSMs for applications as diverse as directly driven ele-
vator drives, light traction drives [32], and direct-driven wind generators (2 MW, 15 rpm).

* Computationally efficient FEM-only optimization algorithms have been introduced recently
in the optimal design of RSMs and PM-RSMs with promising performance results,
especially with torque ripple below 10%. Still, the computation time for such advanced
methods—on multiframe hardware—is on the order of 50 hours; drastic progress in reduc-
ing this computation time is needed while these methods are here to stay, as they allow sen-
sitivity studies that document the robustness of the design to fabrication tolerances and
material property variations.

» The ALA-rotor produces better efficiency and power factor for the same stator than the
MFBA-rotor but is still considered hard to manufacture. As the high no-load rotor iron
core loss problem has been solved (see above in the chapter), it is hoped that competitive
fabrication technologies will evolve to soon move the ALA-rotor in RSM (PM-RSM) to
the mass production stage.
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Control of Three-Phase
Reluctance Synchronous
Machine and Permanent
Magnet—Reluctance
Synchronous Machine Drives

5.1 INTRODUCTION

Variable-speed drives (VSDs) now cover 30-40% of all drives used in association with power elec-
tronics to increase productivity and save energy in variable-output energy conversion processes.

VSDs imply motion control—position, speed, torque control—in motoring and output voltage
amplitude (frequency) and power control in generating. Generating will not be considered in this
chapter. However, regenerative braking is inherent to VSDs and thus will be investigated here. Con-
trol of VSDs, RSMs and PM-RSMs included, may be implemented:

* With position sensors: encoder-VSDs
* Without position sensors (sensorless): encoderless-VSDs

Position sensors are planted in safety-critical and servo-drives when precise control of absolute
position, speed, and torque is required down to zero speed.

Also, in many applications when the maximum to minimum speed control range is above 200
(1000 and more)/1, and torque response (+ rated torque) is required within 1-3 milliseconds, an
encoder is mandatory. Sensorless (encoderless) control implies using online (and offline) information
and computation to estimate—observe—the rotor position within three to four electrical degrees of
current fundamental maximum frequency (speed).

The speed control range for an encoderless drive has increased notably in the last decades and is
now above 200/1 with 2-3 millisecond + full torque response, a steady-state speed error of 2-3 rpm,
and up to high speeds (of say, 10 krpm and more).

5.2 PERFORMANCE INDEXES OF VARIABLE-SPEED DRIVES

Performance of VSDs is gauged by performance indexes. Though not standardized yet, the latter,
introduced in [1], may be an useful guide and is summarized as:

* Energy conversion indexes:
e Drive (motor 4 converter) power efficiency at rated (base) speed: 17, = output
power/input power
* Motor 4 converter energy efficiency in highly dynamic applications: 7, = output
energy/input energy

143
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* RMS kW/kVA output kW/input kVA: refers to the product of efficiency and power
factor in sinusoidal current drives
* Losses/torque or +/losses/torque: the “badness” torque factor
* Drive response performance

Peak torque (7,;)/inertia (J), which leads to ideal acceleration

T,
Qimax = 7" (rad/s?) 5.1
The ideal acceleration time 7,,; to @, (electrical angular speed: w, = pQ;).
AN _
ty = wb—/m 9 (—k) ; p1 — pole pairs 5.2)
Aimax P1 J

Field weakening range; to increase speed above w,, (where full inverter voltage V.« full magnetic
flux in the machine produces the accepted full [rated] power in a continuous [or specified] duty cycle),
the magnetic flux in the machine is reduced to allow operation at V.« such that to conserve base
power Py

Wyp
Py =T,

(5.3)
P1
up 0 0ymax-
This is called the continuous (or specified duty cycle) constant power speed range; there are appli-
cations where no flux weakening is required and where w,;, = @,max (say, refrigerator compressor
drives); in spindlelike or tractionlike applications, CPSR > 3/1 is generally required.

Note: Here in flux-weakening or wide CPSR drives, the RSM and especially PM-RSM come
into play, as the flux weakening is basically done by decreasing the id stator current component in
contrast to strong magnet (epy; = 0.7 Vnmax) IPMSMs. Consequently, the efficiency and power factor
in PM-RSMs is superior to IPMSM (with strong PM emf) in the flux-weakening speed range (@,, <
wr < wrmax)~

* Variable speed ratio ®,max/®min:
1. @ymax/®min = 200/1 for servo-drives, with encoder (1-3 ms torque response)
2. 100 < ®,max/®@rmin < 200 for advanced (closed-loop) sensorless (encoderless) drives
(£ full torque response in 2—6 ms)
3. @rmax/®min < 20 open loop sensorless drives based on V /f (I-f) control (scalar drives):
torque response is slower (in tens of milliseconds range)

* Torque rise time at zero speed: tr,,, which is in the millisecond range for servo drives and
advanced sensorless (encoderless) drives and in the tens of milliseconds for open loop
(V/f- or I-f-based) controlled drives

» Torque ripple range AT,/T,,

The torque ripple compounds cogging torque (at zero currents when assisting PMs are used) and
torque pulsations due to current control (PWM type), motor stator and rotor slotting, magnetic satu-
ration, and stator winding type.

Note: In general, applications such as pumps, fans, compressors, and traction, a 10% torque ripple
may be acceptable to reduce noise and vibration, but for, say, car-steering-assist (or servo) drives,
AT,/T, < 2%.

* Motion control precision and robustness: AT,, Aw,, A, for torque, speed, and position
control, respectively, in the presence of torque perturbation, inertia, and machine parameter
variations (AP,,) defined as AT,/AP,, Aw,/AP,,, AG,/AP,,.
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Dynamic stiffness: AS = AT erwrbation/ Ax; Ax-controlled variable variation. The load torque

frequency and amplitude are varied and the response error is measured to determine maxi-

mum acceptable torque perturbation frequency and amplitude for a given minimum

accepted control precision at critical operation points.

Temperature, noise weight, and total cost

¢ Direct drives are in contact with the load machine and thus the motor temperature 7\y,o0r
has to be limited: Tpo10r < 20°C + Tambient-

For drives with a mechanical transmission, the motor temperature restrictions are

milder and given by the stator winding insulation class (B, E, F).

¢ The noise of a VSD is produced by both the motor and the static power converter. The
accepted radiated noise level (at 1 m from the motor, in general) depends on application
and, for machine tools, is:

P,
Luoise ~ 70 + 20 log<P—>; P = 1kW, P, = (1 — 10)kW (5.4)
n0

* The overall (total) cost of a VSD, C,, maybe defined as:

C = Cmol+conv ~+ Closs + Crnaint (55)

with
Chnot + conv—Cc0st of motor + converter, sensors, control, protection
Coss—capitalized loss cost (motor + converter) for a given equivalent/average duty
cycle over the entire drive life for a given application
Chain—Maintenance repair costs over VSD life

For a better assessment of C;, the net present worth cost is considered, by allowing inflation, part of
electric energy price evolution and premium in investment dynamics, over the VSD life. Based on C,,
the payback time may be calculated to justify the introduction of a VSD in a certain industrial process.
With variable output, only payback times from energy bill reduction alone of less than 3-5 years, in
general, are accepted as practical by users, especially in the kW, tens of kW, and hundreds of kWs per
unit applications.

5.3

Motor specific weight: peak torque/kg or peak torque per outer-diameter stator stack vol-
ume: Nm/liter. Torque densities of 80 Nm/liter have recently been reached in hybrid elec-
tric vehicles for power up to 100 kW and torque up to 400 Nm, where equipment volume
(weight) is strongly restricted. A small electric airplane also has strong weight restrictions
for its VSDs.

Converter-specific volume; converter kVA /volume: kVA/liter; for HEVs in general, 5-10
and more kVA/liter is necessary, but for efficiency above 0.97-0.98 in the 150-kVA range,
this is how silicon carbide (SiC) power switches come into play; in other applications, the
kVA/liter requirement is somewhat relaxed.

RELUCTANCE SYNCHRONOUS MACHINE AND PERMANENT MAGNET-
RELUCTANCE SYNCHRONOUS MACHINE CONTROL PRINCIPLES

In principle, it would be possible to start directly with the PM-RSM and then consider the RSM as a
particular case for Wpy, = 0.
However, “simple to complex” seems here the best method to more easily grasp the essentials.
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Besides the encoder and encoderless VSD divide, we may classify the wide plethora of RSM
control strategies proposed and applied so far as:

» Fast torque response (vectorial) drives:

e Scalar (V/f- or I-f-based) control without and with stabilizing closed loops where, in gene-
ral, no speed loop control is used; the speed range is smaller and the torque response is
slower (in the tens of milliseconds range).

Ventilator, compressor, and pump loads are typical for many scalar drives that are simpler
in terms of control and finally less costly, but still competitive in terms of energy conversion
by special measures that essentially reduce flux with torque reduction.

5.4 FIELD-ORIENTED CONTROL PRINCIPLES

Core loss plays some role in control, not only in the sense of lower efficiency but also by creating a
certain coupling between the d-q model axes and thus delaying the response in the first milliseconds
of transients [2].

However, for the time being, in stating the FOC principle, core loss, stator mmf space harmonics,
slotting, and airgap flux harmonics due to magnetic saturation are all neglected. Again, as there is no
cage effect on the rotor, the space-phasor (d-q) model of the RSM in rotor coordinates is [1] copied
here for convenience (with more details):

— - d¥Ys . = = C e ;
Vs = Rsls + Tts +jo,Ys; Y5 = Ljig + jLgiy, = Yq +j¥,
TS =iy +]lq’ VS =V +qu; Wi = Lyiq + Wam, qu = leiq + \qu

3 . 3 i
T, = Epl(leq — Wia) = EI’I(Ld — Lyiaiq
(5.6)
dCUr dger Wy ; 3
= e = Tty — == P Wam = Lania, Vom = Lgnlg

) 2r 2
Vs=% Ve 3Vote 3V e iy= B +2

J

There is a cross-coupling magnetic saturation effect (as discussed in the previous chapter) [2]
such that:

lIla'm = Ldm(lm) : id, qum = Lqm(im) : iq

. W im) . k() (5.7)
Lm(im) = dr; 3 Lgn(in) = ql—
The time derivatives of ¥, and ‘¥, are:
d\Pdm dld di
— =1L m—— L m q
dt din” gy + Ldgm g, 59

d‘qu dld dlq ’
7 = Lgdm E + qum E
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iai
qum = Lam = (Lam — Ldm)l.T; Limi — Ly = Lqmt - Lqm
m

d¥;, d¥, 7 15
L = —22, =—" Liamn = Lam -+ Ly, - 2" (5.9)
mt dlm gmt dlm m mt I,%q m I,Zn
2 )

— _am . Jdm
qum — Lgmt * 12 + Lqm 12
m m

W Gim), ‘sz(im) are unique curves (Figure 5.1) obtained by FEM or in standstill DC flux decay tests
with d and q current components present. This is why i, = /i3 + ’2 is used as the unique variable.

The above model of cross-coupling saturation [2] allows us to compute steady-state and transient
performance with fluxes, currents, or a combination of them as variables but with ¥4, and ‘¥, as
distinct variables.

Note: ¥;,, and ¥, which occur with both i, and i, present in Equation 5.7 and Figure 5.1, degen-
erate into ¥, and ‘¥, only when the operation mode (or test) includes either i, or i,,.

Transient inductances Ls,'::t) , L%’Z (Equation 5.9) are in general smaller than L%), L(qiﬂ) due to
saturation. On the other hand, at very low AC currents, the first part of the magnetization curve

(hysteresis cycles) is active, where the incremental inductances L!, , L' are in place:

m> ~gm
AP AV
L = ™ Ly =~ (5.10)
Ai, q Ai,,
L. L;m are smaller than both Ly, Ly, and Lj,, L ; see Figure 5.2. They occur at very small

currents, say, in standstill frequency FEM calculations or tests.
The curves ¥}, (i,,) and ‘sz(im) may be approximated many ways by analytical expressions.
For example:

sz = Lamoim — Kdm()i?n; sz = Lquim - quifn (511)
Oreven LY & Ly — Kgmoia and Lyy ~ Lyno — Komoims (5.12)

when (however) the cross-coupling effect is neglected. Yet another approximation of cross-coupling
saturation is simply:

Y, ~ Ljigs + Lygiy

. . (5.13)
\Pq ~ quq + quld
pl-er O
\Pdm \qu qfdm lP;m

Y

iq increases + ":
‘I‘qm
ijincreases
iy g g

FIGURE 5.1 Magnetization curves in axis i,, d, ¢: real, (a); and equivalent, (b). (From I. Boldea, S. A. Nasar,
Proc. IEE, vol. 134-B, no. 6, 1987, pp. 355-363. [2])
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FIGURE5.2 L, L, , L, versusi,.

Let us now return to FOC, neglecting magnetic saturation first. Controlling i, and i, separately is
called FOC.

As the rotor is cageless (windingless), there is no decoupling current circuit (in contrast to cage-
rotor IMs) and thus, if i is referenced independently (constant or dependent on torque or speed), i,
can be calculated from the reference torque expression:

2 T*

R (5.14)
T 3py(Lg — Liy

But defining a new flux, called “active flux” [3], ¥4 as:

Y = (Ly — Li%; ¥y =%, — Ly, (5.15)
. 2T
iy = (5.16)

The reference torque is obtained as the output of the speed closed loop or separately in the torque
mode control (in tractionlike applications).

It turns out that the active flux is aligned along axis d (if cross-coupling saturation is neglected) and
the d-q model has only an L, inductance:

ey /4

dis d¥, —a
Vs = Rl + jo,L, 15+L ar +7+jw,T 5.17)
3 —a
T, :Em‘l‘dwq (5.18)
The FOC of an RSM may be expressed in active flux terms as in Figure 5.3, after the motion-
induced voltage compensations V. ... Vjcom, are added in:

Vicomp = @r¥3"5 Vieomp = —@rLql, (5.19)

The function ¥*(w,) or i}(w,) may be easily adopted if i} is:

i) = igy const for w, < wy

(5.20)

wp
Ly =lin - — <gn
@,
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Y4(w,) vy i Close-loop v,
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. iy i regulator Voo v
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oL, V,sin [Ger —(i-1) T”] . PWM
V
b voltage
. Speed - i Close-loop v Jor 1A source
[0 T, 2 q q inverter
) close-loop | ¢, T current 1123
[on regulator pltd ) T‘ regulator T
a oy
[
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PWM
Load voltage
machine source
inverter
¥ _
Vdc
FIGURE 5.3 Generic active—flux—based combined voltage + current FOC of RSM.
Now
ax -
Y (@) = (Lg—Ly) - iy, (5.21)

with constant (invariable) parameters L;, L, or even with them variable: L,(i,), L,(i,), as
described above.

Note: The main advantage of the active flux concept occurs in encoderless control when its position is
identical to rotor position 6,,, irrespective of load, and the speed of the rotor , = g
d

Alternatively, an early current-only FOC of the RSM implementation scheme is shown in Fig-
ure 5.4 [4,5] for an RSM with the data: two-pole ALA-rotor, R,=0.95Q, L;,=136mH, L, =
3.66 mH, Ly =4 mH, J=2.5 x 10~ kgm? (1.5 kW at 60 Hz).

P

iy . - Va +
| LRt i
AN !
4 A Lx
e @ o | AC L S| pwM
- | o, e/Yer current inverter
0 controllers
" Sliding | | .
o, mode |, i
—}O——o speed or >
_ A position y - 4 L,
0, controller] Or Ly T )
s D
I RSM
9}"
Position
sensor

FIGURE5.4 Current-only FOC of RSM. (After I. Boldea, S. A. Nasar, Electric drives, 2nd edition, CRC Press,
Taylor and Francis Group, New York, 2006. [1])
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FIGURE 5.5 Gain (C;), (a); and time constant (77;), (b) of PI speed controller.

In this implementation, direct reference j(w,) and i; max (@) limiters are provided and no emf com-

pensation is included, as AC current controllers (instead of i, i, controllers) are used.

An adaptive speed controller (Figure 5.5) was applied to provide for a wide speed range (1-2500
rpm) with flux weakening: ij decreases with speed. A high-precision encoder (for position measure-
ment and speedy online computation from the former) is also assumed available.

Reference speed and torque (Figure 5.6a), speed response (Figure 5.6b), and torque response
(Figure 5.6¢) are given as sample results from digital simulation.

Operation at 1.0 rpm with torque perturbation (Figure 5.7a and b) shows satisfactory performance,
though during torque perturbation, the speed control shows a small steady-state error, proving that the
speed controller, even adaptive, is not totally satisfactory.

5.4.1  OPTIONS FOR iy, i, RELATIONSHIP

While iy(w,)or i5(TY) or, instead, V5" (w,) or ¥5*(T?), functions may be derived, but a few methods
have become generally accepted:

* Maximum torque per current

aT, 3 P
= =0; T, =>pi(La — LyiayJi2 — i3 (5.22)
314 2
Consequently, ij = i* = i /v/2; 1gy; = ig/ia = 1 (5.23)

This simple condition is no longer fulfilled if magnetic saturation is considered, when y; > 45,
(Figure 5.8).
The torque is:

3 i*z
(Tmtpa = Epl(Ld — Lq)s? (5.24)

Note: i = i,/ V2 in Equation 5.23 could be too large a current that might oversaturate the machine;
thus, i; <i,, and Equation 5.23 is applied for lower loads.

e Maximum power factor (MPF)
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FIGURE5.6 Speed transients with torque perturbation response of FOC-RSM: Reference speed and torque (a);
(b) speed response; (c) torque response.

The tangent of the power factor tan ¢ with zero losses (from reactive/electromagnetic powers
ratio) is:

iy i
Ly441, 4
a5 Ty

1 ===
WO =P T W — Lyid,

(5.25)

The maximum of the power factor (minimum of tan ¢,) is obtained (for constant L, and L,):

] L
(l.d> =V (5.26)

lq @1 min Ld

3 L
ey = Ep(Ld —Lyig L_d > (Te)mrpa (5.27)

q

| - L,/L

(005 ) = -2/ (5.28)

max ]+ L, /Ly
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FIGURE 5.7 Speed buildup to 0.14 rps: (a) reference speed and load torque; (b) speed response in rad/s.

The RSM control at the maximum power factor thus secures a proper condition for rated (base)

speed power design.
e Maximum torque per flux

This time, the stator flux W is given:

Wi = (Laia)® + (Lyiy)?

i L
<d> =15 gy, = dgw, = Ps//2
g w Ld

with the corresponding torque:

3 2 La
Tews = 5p(La = Ly)ig -
q

(5.29)

(5.30)

(5.31)
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FIGURE 5.8 Qualitative T, (y;) for MTPA for unsaturated and saturated RSM.

At base speed w,, where rated i (d axis flux) is still available,

wp = Vomax_ (5.32)

It is evident that at base speed:

TeMTPA < Te(plmin < Te.,u; (533)
But the electromagnetic power P,:
Pe = Tewr/pl (534)
For the three main FOC strategies, P, is:
(P.) 3 (Lq— L )’? oz < Vo (5.35)
e =5Li— Ly 5wy == :
mrpA = 5 (La = Lg) 5 T o,
3 r Vsm X
(Pody, =5 Lo = L)t -~ Ly iy < =2 (5.36)
rmin E a)
1+ '
+ L
3 »  LgL iLa2 V,
Pe —Z(L,— L 2, q . s ~ Jsmax 537
(Pe)w, 2(d L L§+L§w == "0, (5.37)

1+-4
+i2
q

It is now evident that for a given current and speed (base speed), the ideal maximum power is
obtained for MTPA, but only if the magnetization current (i;)ntpa = I/ /2. This is a rather high
value, and this is how the maximum power factor condition comes into place for base power P,
at base speed design.

Magnetic saturation makes the above formulae approximations, and more complex expressions
are required for more precision. Getting wide CPSR is quite a challenge. The power envelope
(up to maximum voltage Vi,,.x—above base speed) will never be flat and thus P, should be given
in p.u. values with respect to base power P,

wp P
Py =Ty - —; Pemax(p-u-) ==
D1 Pep

(5.38)

All depends on the saliency ratio L,/L, and the chosen base speed w,, for a given maximum speed.
Qualitatively, the situation is as in Figure 5.9.
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FIGURE 5.9 Maximum torque and power versus speed.

Also, as the speed increases, the dq current angle y; (tany; = /1) increases from 45° (for MTPA)
through minimum ¢; and minimum flux ¥} control conditions.
Also, the power factor above base speed decreases, with speed reaching:

L
I+
tan(e;)y: = Lj s (e > 45° (5.39)
1-—=24
Ly

Itis evident from the above that RSM, even with high magnetic saliency, is not directly suitable for
wide CPSR, at least for the reason of lower power factors at high speeds, which means larger inverter
currents, kVA, and losses.

As was understood early, magnetic saturation and core loss influence the transients, but the speed
versus time (downward) shows nonlinearity, a sign that the problem was not fully solved. Such a sol-
ution is offered in [6], where the speed transients up and down are shown to be linear (Figure 5.10)
[6], as referenced.

A robust (sliding mode) speed and position FOC (with encoder) of an RSM is illustrated in [1].

5.5 DIRECT TORQUE AND FLUX CONTROL

Direct torque and flux control (DTFC), introduced in 1985-1986 by Depenbrock and Takahashi as
direct self-control and quick torque response control for IMs, was generalized as torque vector control
(TVC) for synchronous motors [7,8] in 1988 and was coined by ABB in 1995 as DTC (direct torque
control). DTFC (as TVC) was applied first to RSM in 1991 [9].

DTFC directly controls the stator flux linkage ¥y amplitude and the instantaneous torque by closed
loops to yield the fastest torque response. Indirectly, DTFC, hunting for the fastest torque response,
yields the performance of FOC, which is in principle decoupled i, and i, control.

a)rpm(r/min)

Time(200ms/div)

FIGURE5.10 Speed versus time with core loss considered in RSM feedback linearization control. (After L. Xu
et al., IEEE Trans, vol. IA-27, no. 5, 1991, pp. 977-985 [6]. 200 rpm/division, 200 ms/division.)
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DTEC avoids the transformation of coordinates by selecting a certain voltage vector combination
from the PWM inverter, based on stator flux amplitude and torque errors and the stator flux vector
position with respect to phase a of RSM (PM-RSM).

But DTFC requires the estimation (observation) of stator flux y (amplitude and position Oy, )
and torque.

Arguably the “troubles” with ¥, T, online estimation are smaller than those with FOC, and the
rotor position 8,, is used only in the estimators at low speeds but not in the control itself, where speed
estimation is still required only if speed control mode is adopted.

Also, controlling stator flux (in flux weakening) DTFC is simpler to implement for wide CPSR.
DTEFC is based on same space vector motor model of RSM (Equation 5.6), but to explain the principle
of DTFC, stator coordinates are used:

V. = Ryis + ‘%ls
2n 2n (5.40)

o, 2 2z
Vi=3 V.4V 3 +Ve 3

s

Neglecting stator resistance R, (Equation 5.40) yields:

t
AY, = ¥.(1) — ¥,(0) ~ jdet (5.41)

0

A six-pulse voltage source inverter (Figure 5.11a) produces six nonzero voltage vectors
(Figure 5.11b) along the machine phases axes; that is, with a definite special position. Equation
5.42 indicates that the stator flux variation falls along the applied voltage vector V; direction for
the turn-on time 7;:

AV, ~ V,T; (5.42)

Considering the stator flux vector initially in sector [—Figure 5.11c—if the flux should be
increased, V is to be applied if the torque should increase (by flux acceleration). However, should
the flux decrease, but torque still increase, V3 should be applied. To complete the picture, should
the torque decrease, V3 is applied for flux increase and V5 for flux decrease.

The two zero-voltage vectors may also be applied either for reducing flux ripple (to reduce core
loss) or for slower torque decrease in predictive control to reduce torque ripple [10].

A table of switchings (TOS) may be developed (Figure 5.11d) simply.

In subsequent implementations, the single voltage vector commands and the 2(3)-position hyster-
esis flux and torque regulators have been replaced with space vector modulation (SVM) methods that
use a selected symmetric combination of voltage vectors within a 60°-wide sector or with predictive
control methods mainly to reduce torque ripple for given maximum switching frequency in the
converter.

The key factor is the state (stator flux observer) and torque estimator.

Among the many solutions so far for stator flux Y estimation (torque is calculated from ‘T‘s and
measured i, i, stator currents), the combined voltage and current model closed-loop observer has
been proven to work well, down to speeds above 3—5 rpm, especially when an encoder (6,,) is avail-
able (Figure 5.12).

The design of k; 7; in the proportional integrator (PI) closed loop provides for a d-q current model
(Yo= L4y ¥, = Lji; — ¥pmg Pemg = 0 for RSM) pre-eminence at low frequencies (a few Hz) and
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FIGURE 5.11 DTEFC principles: (a) six-switch PWM voltage-source inverter; (b) the six nonzero voltage vec-
tors; (c) suitable voltage vectors to apply with stator flux in sector 1 (4+30° around phase a); (d) table of
switchings.
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FIGURE 5.12 Voltage and current stator flux observer (¥py, = 0 for RSM).
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voltage model dominance at higher frequency (speed). Typical vales are:

k;
Ki = —(on + o) 7~ A (5.43)
w1
withw;= (3 — 10) rad/s, w; = —(3 — 10)|w| (5.44)
. . 3 . .
The torque estimator is simply 7, = = p1(Wsqais — Pspia) (5.45)

2

Even for encoderless drives, the v-i flux observer provides good performance if, instead of
rotor, stator flux coordinates are used in an inherently positionless observer. Alternatively, active
ﬂux—‘PZ—coordinates may be used, when:

¥ =Y, — L,i (5.46)

where WZ is aligned to the rotor d axis in any load condition or speed, provided cross-coupling errors
are reduced (cancelled), when rotor position 56, and speed @, are equal to active flux vector position
and speed. Later in the chapter, the active flux concept will be illustrated in a sensorless (encoderless)
RSM case study.

A generic DTFC control scheme with dual hysteresis stator flux and torque controllers (as in the
initial proposal of Takahashi) is shown in Figure 5.13 [9].

The sliding-mode speed controller, chosen for its robustness, (in Figure 5.13) has the functional:

dw,

Sow = i = o) = Tsuy, (5.47)
2 T 4 71, -f Table of
4 .
) s optimal
T (05 + . 0
w* | controller T, switchings

L& o 2,0, +1)
A N I'a(l, =5 6)

Stator flux
amplitude A
2| position 6(n)
and torque T,
e| calculator

FIGURE 5.13 DTFC of RSM, with encoder. (After I. Boldea, Z. X. Fu, S. A. Nasar, EMPS Journal, vol. 19,
1991, pp. 381-398. [9])
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with a digital filter to estimate rotor speed @, from the encoder feedback 6,,, the speed control law is:

%
T, = +T, for Sgp > 0 (5.48)
T, = —T, for Ssm <0

The sign of Ssy was read initially at an interval 7, = 1.2 ms for the case study in [9], but, at a
constant inverter switching frequency of 15 kHz, the flux and torque errors will be read faster. The
data of the RSM is: six poles, L, =24 mH, L; =88 uH for i = 3A but strongly dependent on id,
R,=0.82Q, J=0.0157 kg:m?, V,. =80 V.

Despite neglecting magnetic saturation (strong along axis d), the speed build-up to 3000 rpm with
torque perturbation is fully satisfactory (Figure 5.14a). Also, the speed response at 2rpm
(Figure 5.14b) is acceptable.

The base speed was chosen as 3000 rpm, while the motor could be accelerated on no load by flux
weakening to 12,000 rpm.

As in any such DTFC that uses single voltage vector commands, the torque ripple is implicitly
larger than for FOC at equal switching frequency. The high switching frequency reduces the torque
ripple to a few percent, but SVM or predictive torque control [10] may still be used to reduce switch-
ing frequency (inverter losses) for the same (low) flux and torque ripple.
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FIGURE 5.14 Speed buildup to 3000 rpm with torque perturbation, (a); and up to 2 rpm, (b).
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5.6 FIELD-ORIENTED CONTROL AND DIRECT TORQUE AND FLUX
CONTROL OF PERMANENT MAGNET-RELUCTANCE SYNCHRONOUS
MACHINES FOR WIDE CONSTANT POWER SPEED RANGE

PM-RSMs involve high saliency (L;/L, > 3.5-5) and weak magnets (the PM emf at base speed is
epma < 0.3 Vinax, in general, with magnets in axis g).

The FOC and DTFC principles remain similar to those for RSMs, but the “battle” for MTPA and
maximum torque per flux (MTPF) is more complicated, as now:

lPd = Ldid; qu = Lqiq - \Pqu; Ld > Lq (549)
The introduction of active flux [3] simplifies the math and thus will be used here:
¥, =, — Ly (5.50)

The active flux is now aligned here to axis g (PM axis of the rotor), and the torque is:

3 N B
Te :Epl(lPPMq‘i‘(Ld_Lq)‘lq)'ld :Epl\qud (551)

Now i, is the torque current (reluctance torque is dominant) and:
@Z = Wpmg + (La — Ly) - iy, aligned to axis g (5.52)

The maximum torque/current standard relationship becomes:

lLd vy — if =0; i, >0, always (5.53)

which requires, even for constant Apyg, Ly, Ly, the online solution of a second-order equation.
By introducing the active flux (which may be estimated as discussed in section 5.4) Equation 5.53
becomes:

(5.54)

This equation is rather robust to magnetic saturation.

Equation 5.54, with "I\’Z estimated and stator current measured, produces a notable simplification.
For wide CPSR control, it is sufficient to operate at MTPA if the reference voltage V is V' < Vimax.
When the reference voltage Vi > Vimax, an intervention Ai,; is required on i,; by reducing it to move
the drive closer to maximum torque per flux conditions:

V* - vaax . *
Y7>, lf Vs > Vsmax (555)

smax

Aiy = —PI(

A generic drive based on this methodology is portrayed in Figure 5.15.
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FIGURE 5.15 Generic wide CPSR-FOC of PM-RSM.

Alternatively, another approximation, after noticing that the reluctance torque component is
dominant in PM-RSM, consists of defining a torque-speed envelope with ¥, = 0, which leads to:

Lyige — Wpyg =0 (5.56)

This condition does not imply PM demagnetization, as part of L, is the stator leakage inductance.
The torque becomes:

3 .. 3 L L
o = Pt Ladaige =51 fd “Wemg - ias ige = Pemg/Ly (5.57)
q
. Vs
W, = Lyig; ¥, =0; ¥, =—; forlw,| > wy (5.58)

r

For lo,| <wy, T}, = (3/2)p1(La/Ly) - Yrmy - £y, represents the peak torque required by the drive.
The current i, produces the only flux in the machine and thus can be simply calculated for rated flux.
So i, is limited to:

i for |w,| < wp
laim =\ . wp for || > (5.59)
it, - — for |® 1)
® o | no

The maximum torque-speed envelope is illustrated in Figure 5.16. As iy, is inversely propor-
tional to speed, for |@,| > wy, the envelope (maximum) electromagnetic power (Pgj i) 1S constant,

so a wide CPSR is provided.
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FIGURE 5.16 Envelope of torque T, versus speed for zero g axis flux; ize = ¥pmg/Ly.

Now, when the reference torque 7 is smaller than T, in Figure 5.16, we may relax (reduce) i(’;
from the i, value, by, say, a square-root function:

72|

% e

i lger | =
qc
4 Tek

(5.60)

The copper losses will decrease for lower torque, and the efficiency will improve. However, in this
case, the power factor, which otherwise will tend to unity at infinite speed (for ¥, = 0), will be smaller
by the same 10—12% but still high, guaranteeing good system performance. Magnetic saturation may
be considered simply by L,(i,;) found during drive self-commissioning or through FEM (or analyti-
cally) in the design stage.

The results obtained with such a simplified control methodology seem very close to those obtained
by online computer-intensive methods for wide CPSR control.

The method will be illustrated for an encoderless PM-SRM drive later in this chapter.

Note: Methods to calculate online MTPA conditions keep being proposed, based on analytical online
calculation or even on signal injection [11-15], but produce only incremental improvements.

Finally, deadbeat DTFC control of IPMSMs has been introduced to further define/improve the
torque response in the millisecond range in the flux weakening region, with small but steady energy
savings during such transients [16].

5.7 ENCODERLESS FIELD-ORIENTED CONTROL OF RELUCTANCE
SYNCHRONOUS MACHINES

Encoderless control of RSMs (PM-RSMs) may be approached by FOC, DTFC, or scalar methods.

The core of such systems is the state observer, which now includes, besides stator flux or active
flux, rotor position and speed, with the added torque calculator online. Numerous stator flux and rotor
position observers have been proposed for RSM (PM-RSMs) but may be classified as:

¢ With fundamental model (emf and extended emf models [17,18])

» With signal injection (rotating voltage vector in stationary rotor coordinates [19-21], volt-
age pulse injection in stationary frame [21], inverter-produced stator current ripple process-
ing [22-24], with a strong review analysis in [24]).
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The signal injection state observers are used at very low speeds, and then the emf model-based
state observers take over above a few Hz for a more than 500/1 speed range servomotor-like-perfor-
mance encoderless drive with FOC or DTFC.

In general, signal injection state observers inject voltages and process the stator current negative
second sequence to extract rotor position via saliency at very low speeds. The advantage of avoiding

any integral (with its offset) is paid for dearly by at least two filters that produce delays and
distortions inevitably.

5.8 ACTIVE FLUX-BASED MODEL ENCODERLESS CONTROL OF RELUCTANCE
SYNCHRONOUS MACHINES

The active flux concept was born [3] by generalizing (modifying) the virtual PM flux in
IPMSMs [25] and the extended emf models [18] to all AC motors.

The active flux @; for RSM here along axis d of the rotor (L; > L,) is obtained from the
observed stator flux (by a closed-loop combined V-I model)—Figure 5.12 and Equation
5.50. This observer processes fluxes, not currents, but WZ is aligned to axis d irrespective
of load, speed, or voltage waveforms, where the integral offset is reduced by the PI loop
in the Voltage and current (V&I) model state observer (Figure 5.12).

Injecting, say, traveling voltage vectors in rotor coordinates at zero speed yields to a circular
hodograph for the of stator flux vector components ¥, ¥4, to an elliptical current hodo-
graph (Iy,, I;p), but to a fixed-axis AC signal for active flux at injecting frequency; the posi-
tion of this vector is still the rotor position (Figure 5.17), even at standstill. The magnet axis
is thus deciphered. PM polarity requires two =+ voltage vectors along the estimated rotor
position at standstill and by measuring the larger current peak after a given time.

So the same structure of state observer is used for the signal injection and emf model for

the active flux—based state observers. The output is the active flux amplitude ‘f‘; and its
position 97, .

A phase locked loop (PLL) additional observer that uses the motion equation is required to con-
dition Hfa to obtain a cleaner rotor position estimation 8., and, as a bonus, the rotor speed estimation
@, (Flgure 5.18) [26]. The motion equation gives the state observer [26] some robustness to torque
perturbations (during speed transients).

Now, the signal injection observer is added at low fundamental frequency (speed) and fused with
the active flux fundamental model to produce a smooth transition and thus cover speed control from
zero to the maximum value (Figure 5.19).

(a) X 10-3 Stator flux hodograph  (b) Stator currents hodograph (c) x 10-3 Active flux hodograph
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Statorflux ., (Wb) x 1073 isyq, (A) Activeflux,;, (Wb)x 1073

FIGURE 5.17 Hodographs for traveling voltage vector injection at standstill for an RSM: (a) stator flux hodo-
graph; (b) stator current hodograph; (c) active flux hodograph.
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FIGURE 5.18 PLL-based position and speed observer based on @ e input and motion equations. (After
S. Agarlita, 1. Boldea, F. Blaabjerg, IEEE Trans. On, vol. IA—48, no. 6, 2011, pp. 1931-1939. [26])
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FIGURE 5.19 Rotor position observers’ fusion.

The complete control scheme appears in (Figure 5.20).

All closed loops in the FOC and state observer are designed in [27] for an 157-W, 1500-rpm (base
speed), four-pole RSM prototype with R, = 0.61 Q, J = 10> kg - m?, V,;,. = 42 V and magnetization
curves as in Figure 5.21, obtained from standstill flux decay tests.

Here, only some sample results are given [26]:

¢ Operation with step plus/minus full load (1 Nm) at zero speed (when signal injection pro-
vides for estimated 8 ., and @,) (Figure 5.22)

* Operation at 1 rpm with 50% plus/minus step load torque perturbation (Figure 5.23)
* 11500 rpm speed reversal with plus/minus 1 Nm step torque perturbation (Figure 5.24)
* 13000 rpm speed reversal with +0.2 Nm step load torque perturbation (Figure 5.25)

i . _ | 11_
1 2 lfellfen ] - D*, ) %

@, VSI
[ Sensor HEFSI-based ]
. fusion estimator = 7 /A Lh
@, i A Vs s { )
T RSM
| AF-based | h ]'//
| estimator | A
= 7\
L BSF \ Load

%

FIGURE 5.20 Complete active flux—based encoderless FOC of RSM. (After S. Agarlita, I. Boldea,
F. Blaabjerg, IEEE Trans. On, vol. IA-48, no. 6, 2011, pp. 1931-1939. [26])
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FIGURE 5.21 Magnetization curves of 157-W, four-pole, 1500-rpm RSM: (a) axis d; (b) axis ¢, by
DC decay standstill tests. (After S. Agarlita, I. Boldea, F. Blaabjerg, IEEE Trans. On, vol. IA—48, no. 6,
2011, pp. 1931-1939. [26])

The load machine (Figure 5.26) is made of an indirect-current FOC encoder-IM drive capable of
fast full load torque from zero speed.

A careful analysis of the experimental results in Figures 5.22 through 5.25 illustrates satisfactory
performance with some flux weakening [by a ij(w,) function] from 0 to 3000 rpm with step-torque
perturbations and about 1 rpm speed observer steady-state error in an encoderless drive.

5.9 A WIDE SPEED RANGE ENCODERLESS CONTROL OF PERMANENT
MAGNET-RELUCTANCE SYNCHRONOUS MACHINES

As already alluded to in section 5.6 of this chapter, a simplified wide speed range control of PM-RSM,
which includes a T, (w,) envelope at ¥, = L,i . — ¥pmy = 0, may be implemented to fuse good effi-
ciency and wide speed range unique control by reducing i; = iy with torque, as in Equation 5.57.
Reference 27 presents in detail a comparison between a torque-current referencer that provides
MTPA when V; < Vina and a reduction of i:; when the voltage limit is reached, and the above-

Ty

Tek(@r)

mentioned zero ¥, with i; reduction when V; > V., proportional to for a given speed
(Equation 5.60).

As the results of both methods are about the same, only sample results from the latter method are
given here, after presenting the general control scheme (Figure 5.27).

Digital simulations have proven the control in Figure 5.27 to work well from 1 to 6000 rpm at 42
V.., while in experiments, 30 rpm was the minimum safe speed operation (Figure 5.28) on no load
(the most difficult operation mode at low speed). The maximum speed was 3000 rpm, however,
for 12 V,. (Figure 5.29).

The running at low DC voltage (V,.=12V) of the four-pole PM-RSM, with R;=0.065 Q,
Ly(sat) =2.5mH, L, = 0.5 mH, Wpy, = 0.011 Wb, J = 107> kg - m’, rated phase voltage Ven rus =
22V (Vye, =42 V), 750 W at 1500 rpm, explains part of the experimental difficulties in reducing
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FIGURE 5.22 Zero speed operation at zero speed with + 1 Nm torque perturbation. (a) speed; (b) phase cur-
rents; (c) position error; (d) torque. (After S. Agarlita, I. Boldea, F. Blaabjerg, IEEE Trans. On, vol. IA-48, no. 6,
2011, pp. 1931-1939. [26])

speed further down from 30 rpm and without signal injection; the rest is perhaps due to mechanical
problems.

5.10 V/F WITH STABILIZING LOOP CONTROL OF PERMANENT
MAGNET-RELUCTANCE SYNCHRONOUS MACHINE

For pump or compressorlike loads, an easy, though a bit hesitant, start without initial rotor position
estimation is a functional asset. Simplified control with a large enough speed control range in enco-
derless implementation may suffice in such applications.

This is how the simple—open-loop—V /f control was improved, but for more stability and wider
speed range by adding stabilizing loops. Still, V/f control does not have a speed closed loop or dq (or
abc) stator current regulators, which is a plus in less demanding drives now served by IM advanced
V/f drives. But such V/f drives should have the MTPA conditions embedded and provide wide
constant power speed range, at least for redundancy.
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FIGURE 5.23 One-rpm speed operation with +0.5 Nm torque perturbation. (a) speed; (b) phase currents;
(c) position error; (d) torque. (After S. Agarlita, I. Boldea, F. Blaabjerg, I[EEE Trans. On, vol. IA-48, no. 6,
2011, pp. 1931-1939. [26])

Such a V/f modified system on the active flux model was developed in [28] and is
characterized by:

* A stator flux combined V&I model closed-loop observer (lf_i\ ure 5.12) with the active

flux ¥ = ¥, — L,i;, with PMs in axis d (Ly<L,) and ¥, = Wpma + (Ly — L) - ia;
Wa=Ljia+ VYpma-

Note: This change of PM position from axis d - g— d axis in the active flux model state observers

has been adopted to mitigate two similar machines: [IPMSM with weak magnets (PM in axis d) and
PM-RSM (PMs in axis g) are both present in the literature.

* The MTPA condition (Equation 5.54) is kept, but with i ; <0 instead of ij; > O:

5 ‘PZ* = lPPMd + Ldl':,i (561)
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* iy is corrected by: Ai; < 0 if the reference voltage VI > Vipax:

1
i =i% — A% AP = K,,(l + E)Avs; AV, = VF = Vi (5.62)
L

—Wema
Ly

ForAV,> 0, i, < (5.63)

+ The active flux error AW4 = W% — @ with W¢* from Equation 5.61 and P, from the active
flux observer, as explained above, will be used to correct the voltage amplitude by AV*:

1
AV* = _ATZ <ka =+ k,‘v E) (564)
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FIGURE5.25 +3000-rpm speed reversal transients: (a) speed; (b) position error; (c) torque. (After S. Agarlita,
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FIGURE 5.26 Experimental platform. (After S. Agarlita, I. Boldea, F. Blaabjerg, IEEE Trans. On, vol. IA-48,
no. 6, 2011, pp. 1931-1939. [26])
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FIGURE 5.28 Steady-state encoderless operation of PM-RSM at 30 rpm: (a) speed; (b) estimated speed. (Test
results after M. C. Paicu et al., 2009 IEEE Energy Conversion Congress and Exposition, pp. 3822-3829. [27])

* The speed of the active flux is approximately (no PLL observer added):

= 4 (5.65)
[ @ |

o B — B T
@, = w(‘I’Z) da(k—1) T dp(k) dp(k—1) T da(k)

with Ty—the sampling time;
* The speed error Aw, = @} — &, will be used to correct the voltage vector assigned angle 6y,
(Figure 5.29a) by A8y:

1
A}, = —Aw, (k,,i + ki —) (5.66)
S

Note: Alternatively, the DC link power may be measured and high-pass-filtered with its output inte-
grated to give the voltage vector angle correction AGY,.
The complete control system is shown in Figure 5.30b.
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For comparison, an encoderless active flux—based FOC system was used in experiments on the
same motor with six poles, 12 Nm at 1750 rpm, line voltage 380 V (RMS), rated frequency 87.5
Hz, R,=33Q, L,=41.6mH, L,=57.1 mH, Wpy, = 0.483 Wb, J= 10> kg-m?, viscous friction
coefficient B,, =2 x 107> Nms/rad.

Both controls were capable of providing 0.3—100% speed range control. Comparative results at 5
rpm (the lowest ever with V/f control) are indicative of encoderless drive performance at low speeds
without signal injection (Figure 5.31 and 5.32).

Acceleration to 1400 rpm of V/f control with a PM generator on resistive load (load torque is pro-
portional to speed [50% full torque at 1400 rpm])—Figure 5.33—and the acceleration to the same
1400 rpm by encoderless FOC with 90% load torque applied only at 3.6 s—Figure 5.34—show sim-
ilar performance. However, the encoderless FOC needed a dedicated strategy.

Note: It may be argued that the extension of the speed control range to 5rpm in V/f control is
obtained at the cost of controller-added complexity. But it has to be remembered that such a control
provides implicitly for a direct, though a bit hesitant, start (without rotor initial position knowledge).
Signal injection is not used, and speed and current control loops are absent.

An I-f start fused with active-flux-based encoder FOC has proved successful in driving RSMs [29]
with speed reversal from 3000 rpm and zero speed operation [29].
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FIGURE 5.30 V/f control of PM-RSM with two stabilizing loops: (a) the voltage referencer; (b) the control
system. (After A. Moldovan, F. Blaabjerg, 1. Boldea, 2011 IEEE International Symposium on Industrial Elec-

tronics, pp. 514-519. [28])
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V/f control with two stabilizing loops at 5 rpm for PM-RSM: (a) i,;.; (b) speed; (c) AV.

(After A. Moldovan, F. Blaabjerg, 1. Boldea, 2011 IEEE International Symposium on Industrial Electronics,
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1 SUMMARY

Control of VSDs is needed to vary speed and torque under closed loop position, speed, or
torque according to the variation of the industrial process that is served in order to save
energy and increase productivity.

RSMs and PM-RSMs are synchronous machines, and their rich control knowledge heritage
may be applied to it; so far, a myriad of control strategies have been proposed, and a few
have reached the industrial stage.

Energy conversion drive response, costs, and weight performance indexes are lined up to
compare various solutions.

To make some paths in these “woods,” the control of RSMs and PM-RSMs is classified as
with encoder and encoderless, with fast torque response (FOC and DTFC) and with slow
torque response (scalar, V/f, or I-f), and control with stabilizing loops for reducing losses,
increasing stability, and a wide speed control range in general (less-demanding)
applications.

The encoder-servo drive and traction drive divide is determined by control precision torque
response quickness and CPSR > 2.5-3 for transportationlike applications. It seems that
mostly PM-RSM (with Ferrite-PMs) qualify for wide CPSR, as the power factor is also
enhanced notably though the assisting (weak) PMs producing an emf at base speed o, of
less than 30% of maximum inverter produced voltage vector (V). No overvoltage
inverter protection at maximum speed is thus needed.
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* Core loss and magnetic saturation modify (reduce) steady-state performance but also intro-
duce cross-coupling during transients that reduce torque response quickness, and in a very
refined drive control system, they have to be accounted for, especially in encoderless drives
where they produce notable rotor position estimation errors that have to be compensated for
in the control or eliminated at the machine design stage.

*  When the basics of FOC, DTFC, and scalar controls are lined up, the sinusoidality of emfs
and inductances L, L, variation with rotor position are considered.

* FOC with DC current controllers (and emf compensation) and AC current controllers suf-
fices in most encoder RSM (and PM-RSM) drives.

* These three main FOC and DTFC control strategies, observing MTPA, max. power factor
(only in RSM), and max. torque per flux (MTPF) conditions allow mitigating between
current and voltage limits for wide speed range and low loss control of RSMs (and
PM-RSMs).

* Magnetic saturation moves the max MTPA y;=45° = tanfllq/ld to higher values in
RSMs; max. power factor is obtained for I,/l; = ,/L4/L,;, and MTPF for I,/I;=
L,/L,>>1.

e It is advised here to adopt the maximum power factor condition for RSM design at base
speed as approximately leads to low losses for the entire speed range; if CPSR =2-2.5 is
needed, the control will move gradually from y;=45° through tan~! /L, /Ly and to
tanfl(Ld/Lq) as the speed increases.

* In general, wide CPSR cannot be obtained at a base speed full power level with RSM, even
with high saliency (L,/L, > 5-8).

* Base speed w,, corresponds to full flux for full 7, torque and voltage V. for continuous
or predominant driving duty cycle in the targeted application: base power P, = T,;, - @p/p1;
p1-pole pairs.

* DTFC, introduced by Depenbrock in 1985 as “self-control” and in 1986 by Takahashi as
“quick torque response” for IM drives, was generalized as TVC for all AC drives in 1988
[8] with application to RSM in 1991 [9]; the DTC term was introduced by ABB for IMs
in 1995.

* DTFC means decoupled (fast) closed-loop control of stator flux amplitude and instanta-
neous torque by ordering a certain voltage vector (or a combination of them within a 60°
sector) also dependent on the position of the stator flux vector in one of the 60° sectors
around each phase, as given by a voltage source dual-level six-power-switch static converter
(inverter).

* “Hunting” for the quickest response available, decoupled iy, i, control is eventually reached
as in FOC, but only as a limit.

* Asin DTFC, dq current controllers are replaced by stator flux amplitude and torque control-
lers, and the transformation of coordinates—back and forth—from abc to dq is eliminated.
However, the troubles are moved to the state observer for stator flux and torque for encoder
drives while FOC is lacking it. The situation swings to DTFC’s favor in encoderless drives
when the stator flux observer is needed anyway for rotor position and speed estimation, even
for FOC.

* DTFC is more suitable for RSMs and PM-RSMs than for strong emf SPM-SMSs or
IPMSMs when a good part of the stator flux is given by the fixed PM flux linkage, and def-
initely in encoderless drives. An early implementation of DTFC (as in TVC) [9] has shown
remarkable control performance in an ALA-rotor RSM in 1991.

*  Wide CPSR is typical of PM-RSMs with its wide speed range control observing current and
voltage limits and loss reduction for a given maximum torque versus speed envelope. This
time, the MTPA formula is different (Equation 5.53) and easier to express by adopting the
active flux concept (Equation 5.54).
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* Active flux here along axis g (where PMs are placed)—‘I‘ —is the torque producing flux
now with i; as torque-current. y , 1s aligned to axis ¢ (PM axis) irrespective of torque or
speed at standstill (Figure 5.17). So it is very suitable for encoderless drives that combine
signal injection with the active flux (emf) model in the active flux observer that finally deliv-

. Based on these a PLL with a motion equation refines g« to rotor position 8., and speed
@, estimation. Torque is estimated from stator ﬂux and current ¢off components
T, =3 p](‘l‘mzsﬂ — Wpise) in stator coordinates.

*  Wide-speed (from zero to 3000 rpm) encoderless FOC of RSM has been demonstrated in a
1-Nm prototype for speed transients with step load torque perturbation [26], where a V&I
stator (and active) flux observer with PLL produces complete state observance with signal
injection assistance at very low speeds.

* For the PM-RSM, wide-speed DTFC encoderless control with a simplified approach
(¥, =0) for the entire torque-speed envelope limit (I;‘ = I;‘C = Wpmy/L,) is introduced;

for lower torque demands, I7 is reduced by }Tj / Tek| when, indirectly, the MTPA is

approximately met if the voltage limit is not reached above base speed (V) < Vimax).

* V/f with stabilizing loops was experimentally proven to produce safe control in PM-RSMs
from 5 to 3000 rpm; the MTPA condition is implicitly—by control—met to provide
energy savings at lower torque levels and a direct (though a bit hesitant) start (without
the need of initial rotor position estimation with PM polarity) is provided. In comparison
with a sensorless FOC of same PM-RSM prototype, similar dynamic performance was
shown [28]. It has to be borne in mind that V /f control still does not contain speed or current
regulators (with their tedious calibration).

* An I starting with active flux encoderless FOC of RSM was also demonstrated
over a +3000 rpm range [29]. The I-f starting (with rated current) is able to start loads
up to 75-80%, though with a bit of hesitance, which in most applications is allowed, but
not so in robotics-like drives when an encoder drive is required at least for safety, with enco-
derless FOC, DTC, or V/f used for redundancy in such safety-critical applications.

* Design refinements of PM-RSM design for encoderless operation with lower rotor position
estimation error are treated in [30] and so on.

e The PM-RSM design to allow absolute position encoderless control by asymmetrizing the
stator winding and some rotor poles is investigated in [31], while the differences between
stator tooth-wound and distributed windings for rotor position estimation are tackled in [32].

* Encoderless DTFC of RSM with SVM (to reduce torque pulsations) with experiments down
to 15 rpm is given in [33].

* In another refinement, a signal injected-assisted full order observer, with parameter adapta-
tion for RSM encoderless FOC, is treated in detail [34].

* The PM-RSM’s MTPA encoderless control of PM-RSM for V/f control with two stabilizing
loops (of the same source, however: Aiy) benefits a solid stability investigation and regula-
tors design [35].

* Though not in a definitive version, a self-commissioning sequence for encoderless IPMSM
drives with signal injection is introduced in [36].

* An inspiring synthesis on position and speed observers of AC motors with application to
RSMs is also available in [37].

» Efforts to increase robustness in PM-RSM drives are renewed in [38], via deadbeat DTFC,
which is a model inverse digital control method that computes volt-second solutions in the
inverter to drive both electromagnetic torque and stator flux linkage to their desired values in
one inverter constant switching period.

* All of the above are many reasons for further investigations by the diligent reader.
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Claw Pole and Homopolar

Synchronous Motors
Modeling, Design, and Control

6.1 INTRODUCTION

In an effort to reduce DC excitation rotor power in synchronous machines, the claw-pole rotor was
proposed by Lundell and implemented as an alternator with diode-rectified output on all cars and
trucks in 1970-1980.

The claw-pole rotor is at its best when a large number of rotor poles is considered (2p > 8),
to benefit from the “blessing” of a single circular DC excitation coil, which explains the drastic
DC excitation power reduction.

It is also possible to add a solid core on the stator and place two circular DC coils on the stator to
excite the claw-pole rotor and thus avoid the slip ring brush hardware; however, in this case, the
machine volume and weight increase notably. On the other hand, a contactless power transformer
to transfer power to the rotor circular DC coil, which requires volume, weight, and costs (high-
frequency transformer plus inverter and a fast diode rectifier on rotor) has recently been proven
feasible (at 3-5kW) for a regular DC-excited multipole rotor synchronous motor proposed for
HEVs and EVs at 100 kW power/unit.

Also, other methods to transfer power to DC excitation rotor windings, such as frequency injection
in the stator-connected inverter and an auxiliary winding on the rotor, have been proposed recently.
All these methods would be more beneficial on claw-pole SMs because the DC-transferred power
would be a few times smaller (more than two times, anyway, for 3% down to 1%—1.5% of rated
power!).

Moreover, CP-SMs may benefit by the replacement of the existing conductor DC excitation coil
by a single disk-shaped axially magnetized Ferrite-PM. The “blessing” of the disk shape intuitively
leads to the possibility of reduced PM weight as the number of poles produced by the claw-pole rotor
increases; as there is enough volume between the rotor claws, the PM placement should not impose
any additional volume. Also, increasing the number of poles for a pole pitch reduction to 20—30 mm
leads to the use of tooth-wound windings (with 0.6-0.65 slot fill factor) and thus reduces further cop-
per losses in the stator for better efficiency.

The main drawback, even with a disk-shaped Ferrite-PM claw-pole rotor, is considered the limited
stator stack length “dictated” by the limitation of rotor claw radial thickness, which leads to large-
diameter (pancake-shaped) designs. But there are applications such as small hydrogenerators or trac-
tion motors where a large-diameter rotor with many poles and a big hole inside it may use this space
for the integrated hydroturbine rotor or for a mechanical transmission.

Yes, the claw-pole structure (Figure 6.1) typically holds a variable reluctance structure, which
qualifies the machine as the reluctance type, though the machine saliency L;/L,<1.5. For DC
excitation, Ly/L, > 1 unless the machine is heavily saturated, when L;/L, <1, for the PM claw-
pole rotor.

The claw-pole concept leads to the production of a multipolar magnetic field in the airgap, but
some 20%—-30% of the rotor-produced magnetic flux is “lost” between the adjacent claws; to reduce
this effect, interclaw Ferrite-PMs (Figure 6.1) may be placed; they not only increase emf by
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FIGURE 6.1 Typical automotive claw pole (machine/alternator) with interpole Ferrite PMs and DC excitation
on the rotor.

20%-30% but also desaturate the rotor. All the above discussion leads to the idea that there are strong
reasons to further investigate CP-SMs with DC excitation or with PMs on the rotor. The first mild
HEV (Crown Royal by Toyota) used this technology for electric motor/generator traction/braking
assistance, as it is not only technically competitive but already a technology accepted in industry.

The homopolar SM has a variable-reluctance passive solid iron rotor, but the stator is provided with
a circular DC excitation coil between the two twin stators that contains a three-phase AC winding.

Due to its rotor ruggedness, despite smaller efficiency and higher weight, the homopolar SM-PM-
less was applied for high-speed drives in high-temperature environments and for some “inertia
batteries.”

In what follows, the principles, topologies of practical interest, modeling, performance, and
design, with a few case studies and control of CP-SMs and homopolar synchronous machines
(H-SMs), are presented.

Note: Claw-pole stator core made by of Somaloy and regular SPM or IPM rotor machine have also
being introduced [2] but they are still far from industrial stage even for small torque ratings.

6.2 CLAW POLE-SYNCHRONOUS MOTORS: PRINCIPLES AND TOPOLOGIES

The existing (Lundell) CP-SM with 2p; > 8 pole, claw-pole rotor with DC-excitation singular coil
and distributed (g, = 1, 2) stator winding is depicted in Figure 6.1, where, in order to increase output
(and efficiency), interclaw pole Ferrite-PMs are placed. The interclaw PMs produce a small emf at
maximum speed, as for no load (zero stator currents), their magnetic field closes mainly in the rotor;
this is why cogging torque (at zero stator and DC excitation currents) is small, too. But the PMs could
be placed in three main locations in the rotor (Figure 6.2).

Interclaw PMs have been shown to influence the output of CP alternators on cars by 25%, while
SPMs increase output about 50% [3].

The main reason this solution did not reach production so far is PM (machine) additional cost, at
least for automotive applications. But as more electric energy is needed in vehicles, its production
efficiency (cost) becomes imperative, and this is why increased-efficiency CP alternator/motors
are required ([4] shows an efficiency of 80% for 11 kW at 42 Vdc (generator operation by the stator
of a 3.2-kW, 14-Vdc, up-to-date CP alternator with an efficiency of 70%) after small design alter-
ations such as DC voltage, turn/coil, airgap, use of interclaw PMs). As low-speed applications in
wind and hydro variable-speed (dual inverter—controlled) generator drives are looming, the PM-
only rotor multipole CP machine is to be reconsidered. This is mainly due to the reduction in PM
weight (cost) when the number of poles increases and eventually a tooth-wound-coil winding is
used in the stator to reduce the pole pitch to 20—30 mm (or even less) when such a claw-pole pitch
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FIGURE 6.2 Locations to place PMs in the claw-pole rotor: (a) cylinder shape on the nonmagnetic shaft; (b) on
the surface of claw pole (SPMs); (c) interclaw PMs; (d) disk-shaped PM.

is not feasible with regular distributed AC windings in machines with 20 Nm because of lack of space
in slots with a normal slot aspect ratio and reasonable slot leakage inductance. As the analysis of
CP-alternators for car systems is thoroughly treated in [4], here we will present in synthesis the mod-
eling and performance assessment approaches to CP-SMs as motors/generators in variable-speed
drives fed through PWM voltage converters.

6.3 CLAW POLE-SYNCHRONOUS MOTORS MODELING
6.3.1 THREE-DIMENSIONAL MAGNETIC EQUIVALENT CIRCUIT MODELING

As the CP-SM inductances L, and L, and R, stator resistance are defined as for regular synchronous
machines [1], the main interest here is emf expressions. Let us consider the case of PM excitation;
since the excitation magnetic flux lines are three-dimensional (Figure 6.3), a 3D-equivalent magnetic
circuit or 3D-FEM modeling is required.

In Figure 6.3b (valid also for DC excitation), the excitation mmf wy, is replaced simply by
H_ pphpy, While R, . will now be the magnetic reluctance of the PM itself (it was the leakage-path
DC coil magnetic reluctance); H.py; and hpy; are the coercive field and the thickness of the disk-
shaped PM in the rotor (Figure 6.2d).

The other magnetic reluctances in Figure 6.3b are: R,—for airgap

. kc‘
Ry~ 8% ©.1)
Ho Qp-T- Ltack

g—airgap, a,—claw-pole span angle (average), kc—Carter coefficient for stator slotting, —pole
pitch of claw rotor, Iy,i—stator length, R —stator tooth, R,—stator yoke, R.,—claw axial,
R —claw radial, R.,—rotor yoke, R, R.,—claw tangential and axial leakages. Except R, R4, Rear,
R.y, which refer to the air zone, the other magnetic reluctances depend on the magnetic load
(magnetic saturation level). So, the 3D MEC (or 3D FEM) should allow for local magnetic saturation
levels. The MEC yields the magnetic flux in different regions and, finally, the distortion of flux den-
sity in the airgap B,, B, along the tangential (o) and axial (z) directions. With an average fundamental
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FIGURE 6.3 Typical emf 3D field lines, (a); and a simplified equivalent magnetic circuit, (b) wyis, hpy for
PM-CP-rotors.

flux density at no load B0, the emf E; (the fundamental component) is obtained:
2
E = ﬂ\/znplwlkwl ;BgIOTlstack (rms) (62)

A new, equivalent, and again nonlinear MEC has to be developed for load conditions (/; and/or
I, #0); see Figure 6.4.

Here the two PMs refer to magnets when the excitation mmf has to be replaced by Hcpyy Apy and
refers to the main disk-shaped magnet (Figure 6.2b). This multiple MEC would allow calculating
both E, and L,,, and L,,,, the magnetization inductances of the CP-SM, with the magnetic saturation
included.

6.3.2 THRee-DIMENSIONAL FINITE ELEMENT METHOD MODELING

3D-FEM modeling requires full geometry, materials data, and stator currents i, i, for a steady-state
(static) analysis. This data may be obtained from an optimal design code based on MEC, given the
complexity of the problem. 3D FEM should be used wisely to save computation time/effort. For a
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FIGURE 6.4 Multiple MEC of CP-SM for one pole pair, under load.

16-pole (48 slots) CP-SM with interclaw NdFeB magnets (B, = 1.13 T, H.= 860 kA/m at 20°C)
comparable with a 2.5-kW 14-V DC CP-alternator but redesigned for 42 Vdc, such a 3D-FEM inves-
tigation has shown a no-load airgap flux density rich in harmonics, even in the axially middle zone of
the machine (z = 0)—Figure 6.5.

The torque pulsations (with and without interpole magnets) and 1500 Aturns of mmf of the field
DC coil are shown in Figure 6.6. This mmf could be obtained alternatively with a Ferrite-PM (H .pp; =
300 kA /m) with a thickness Apy:

WFiF _ 1500 .
Hpy 300

]’lpM = 5 mm (63)

This is a reasonable value for g =1 mm (airgap). For a larger airgap, larger wgiy values are
required, but, again, the ratio of hpy/g should be the same in principle. Now, for safety, PM

1 .
Airgap magnetic flux density

0.8 |
0.6 First-order harmonic
0.4 | Fifth-order harmonic-
02/
0]
02|

-0.4 |
Third-order harmonic

Magnetic flux density B(T)

-0.6
-0.8

_1 L i L
0 90 180 270 360
Angular coordinate (elec. deg.)

FIGURE 6.5 No-load airgap flux density in am IPM-CP-SM in the middle axial position (z = 0) by 3D FEM.
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FIGURE 6.6 3D-FEM torque with given i, i, Wgip=Hmpmhpym = 1500 Aturns versus rotor position
(sinusoidal stator currents).

demagnetization, and as Ferrite-PMs are not expensive or very heavy, we may double it to 10 mm
while also perhaps doubling the airgap to reduce Ly, L, to meet the voltage ceiling in the inverter.
The problem is that the PM has to produce the magnetic flux of all, say, north poles in the airgap:

P17 Bgio o Lstack
ApuB,, = 6.4
PM T 6.4

Also, the rotor claws on one side have to be able to handle this magnetic flux without entering sat-
uration too deeply. This is how the larger-diameter but short-length rotor and short core stack stator
should be adopted. If the outer and inner diameters of the disk-drive PM are about 0.7 D;; and 0.4 D,
the PM area is:

Apy = %(0.72 — 049D, Dy =2pit (6.5)

A

Equations 6.3—6.4 give a realistic idea of the rotor PM size required for a given stack length /g,
and no-load airgap flux density B, value. After showing how a given DC excitation mmf may be
translated into a disk-shaped Ferrite-PM to produce B, = 0.65-0.8 T in the airgap, we may resume
the analysis and results in Figure 6.5.

The interclaw PM emf is so small that no overvoltage protection for the uncontrolled generator is
needed, if and only if the CP-SM is DC-excited with ir = 0.

The interclaw magnets increase the no-load airgap flux by as much as around 30%. Similar
improvements are expected in torque for given iy, iy, Wrip (Hepmbtpm)

As the CP-SM still has DC excitation, the saturation level in the rotor yoke is high and thus torque
pulsations are high; the three slots/pole situation also produces torque pulsations despite rotor effec-
tive double skewing (by the very shape of the claw poles).

Note: The PM-only claw-pole rotor case will lead to less saturation, but the armature reaction field
will remain within pole tops (axis ¢) and go between adjacent claws (axis d). Demagnetization avoid-
ance of both main and interclaw magnets should be checked for most critical operation modes.

The good thing is that the Ferrite-PM performance increases at higher temperatures, and then elec-
tric resistivity is high (low eddy currents in PMs by various magnetic field harmonics).
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6.4 CLAW POLE-SYNCHRONOUS MOTORS: THE dq CIRCUIT MODEL
FOR STEADY STATE AND TRANSIENTS

The dq model of a synchronous machine in rotor coordinates may be used if sinusoidal emf, and dis-
tributed windings are considered in the stator of the CP-SM.

We consider here both cases (DC or PM excitation). The interclaw magnet contribution in fact
increases the emf of the main (disk-shaped) magnet by reducing the fringing coefficient in Equation
6.3, and the latter (main magnet) is replaced by its mmf (wgir = H_ ppmhipy), as discussed earlier.
Finally, the field current influence is replaced by the constant ywpyo and the field circuit equation is
removed:

i3 X7 a_ . J— — . i3 . .o Y7 .
lsRs - Vs = - la/;s +]wrl//s; Ve =Wy +.]l//q; s =14 +]lq; Vs = Vd +.]Vq
Wy = Lyia+Wan:  Wan = Lamia + Lamir;  Lanir = wpy  if PM is used (6.6)

Ve = L‘v[lq + Yam> Ygm = Lgmlq

If there exists a DC excitation system:

. ) ) , .
iRy — Vi = — 8tF; Wi =Ly iy + Wan
3 3 6.7)
T, = Elee(stif) = Epl(llfdiq — W, ld)
J dw, do,
- = Te —-T —B re — = Wy
Py di load (& d @
(6.8)

2 Py 2\
Vag= 3 (Vu + Vpe 3 + Vye 3 )e—ﬂ, =Va+iVy

Though there are Joule losses in the rotor claws, as there are in any solid iron rotor, their value is
limited by design (larger airgap, etc.) and may be neglected in the dq model for simplicity and added
in the end as claw losses when efficiency is calculated:

3 .
Pejaws ~ ERclawlA% (6.9)

Core losses are also neglected in Equations 6.5 through 6.7, but they also should be added when
efficiency is determined:

3 V2

P: N -
) Reore(@;)

(6.10)

R jaw and R.qe(@,) may be determined by separate FEM calculations (for example, in AC at standstill)
and, respectively, in running on load (@, # 0).
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For steady state (and PM-only claw-pole rotor), Equations 6.5 through 6.7 simplify to:

_ — d
isORs - VsO = _jwrWSO (E = 0)

wa = Lata +yem; Wy = Lyly (6.11)

3 .. 3 a
T, = EPI(I//PM +La— Ly -ig) - ig = PVl
So, in fact, the CP-PMSM is an IPMSM (E;/V; max = 0.75!) and all the analysis, design, and con-
trol heritage of the latter may be used here also. This is why we do not insist here on this case. How-
ever, when DC excitation is used, the machine has one more degree of freedom in control, since

Wq = Laiq + Lanmir (6.12)

and the torque T, is

3 . Sy
T, = gpl(LdmlF + (Lg — Lq) “ig) - Iy (6.13)
There are two favored operation modes for the DC-excited CP-SM:

* Pure i, operation (i; = 0) for full torque below base speed
» Unity power factor operation (¢; = 0) for flux weakening (CPSR)—above base speed

The pure i, control instead of maximum torque per winding losses (stator + rotor [with DC exci-
tation]) is performed for simplicity, since the magnetic saliency is small L,;/L, < 1.5 (in deep satu-
ration conditions: 0.8 < L,/L,<1) and thus the use of reluctance torque is not safe and requires
too many Joule losses in the stator (through V,; < 0), though i; < 0 means less flux (saturation) in
axis d.

The vector diagrams in Figure 6.7 illustrate the ¢; =0 and i; = 0 motor operation in steady
state: Wo,1 < W0, for the same iy, ipo

As the stator flux y;, for the same i and ipo(y¥pm) is smaller for the unity power factor (¢; = 0;
iy < 0) it means that, for the same speed, it requires less voltage, and this is why it is used for flux
weakening as long as ip is variable. For PM-CP-SMs, this is not the case, and the controls of
IPMSM apply.

The field current reduced to the stator i required for unity power factor operation and a given volt-
age Vmax and torque is obtained as below:

. . . 2
Vimax = Rlso + wr0 - Wiy wio, Ty given; iy =T, -——— (6.14)
3-p1- 17Z8%)

So, for a given torque T, motor flux vy, and voltage V, max, the speed w,o may be calculated.
Also from Figure 6.7a:

L,i¥
tan (5,) = ;*‘“O; ify =i cos (8r); iy = — /il — i35 <0 (6.15)
0

g
Finally, the required field current flux L, iy is:

Lymiyy = Wi, cos (5;) + Lyni sin (5:,) (6.16)
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FIGURE 6.7 Vector diagrams of CP-MS at steady state: (a) at unity power factor (¢, = 0); (b) i:} =0.

As expected, field control ix, increases with torque to maintain the unity power factor. The ideal
no-load speed w,q is:

Vs
(@0)ig=0 =~ (6.17)

*
s0

as in the separately excited DC brush motor. Equation 6.12 with torque T instead of current
becomes:

2R T,
3pyy

+ oy (6.18)

smax —

A linear mechanical characteristic is obtained at the unity power factor, which is known to be
ideal for control; in addition, it is available during flux weakening (wide CPSR). On top of this, ir
decreases in wide CPSR operation and thus the efficiency remains good, despite i; <0 (and its
associated Joule losses) still existing. For zero i, (this regime is also feasible for PM excitation of
CP-SM):

: : 3 .3 .
Wa = Lamir =ypm; Wy =Lgigy Te= P Wem g = Epl(Ldml;:)lq (6.19)
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As 0, < wy, in general, the voltage is not limited: V, <V ..«. The control will have to consider
how to drive iy, ir in producing torque T, (Equation 6.19) for similar current density values in the
stator and excitation circuit (if any); then:

2.T*
R = £ 6.20
fa o \ 3P 1 Lam (620

may be adopted for close to minimum winding losses in the machine.

NUMERICAL EXAMPLE 6.1

A PM-CP-SM has the following data:

Interior stator core diameter D;; = 178 mm
Stator core length /iack =40 mm
Pole pitch 7= lgack =40 mm

Rotor PM (Ferrite) excitation airgap flux density fundamental Bg10=0.7T; B,=0.45T, Hepp =
320 kA/m for Ferrite-PM excitation.

Outer/inner diameter of disk (cylinder)-shaped PM is 0.75D;;/0.4D;; magnet thickness hpp =
10 mm (initial airgap g =1 mm).

The main magnet flux fringing coefficient Ky ing e = 0.5 is reduced to 0.2 (by interclaw Ferrite-
PMs whose properties are the same as above).

Rotor pole pitch average span ratio a, =0.7.

Emf at base speed n, =500 rpm is £1 = 0.75 Vi max, Vs max = 220*1.41 (peak value/phase).

Calculate:

a. The number of poles 2p; and base frequency f;

D m-178 .
= = ~ 7 pol 21
P 7 220 pole pairs (6.21)
500
fio = npp1 = w0 7 =58.33 Hz (6.22)

The peak airgap PM flux

2 2
Yemr = ; Bg]O cT /stack * Wi kW1 = ; -0.7-0.04 -0.04 - wq 'kW1

=1.783-1073 - wy - ky, (6.23)

where w; and k,,; are the number of turns per phase (one current path only) and the
fundamental winding factor, respectively.

Is the disk-shaped Ferrite-PM capable of producing the required airgap flux linkage in
no load?

According to Equation 6.3:

p1-7- Bgm . Istack

(6.24)
1+ kfringe

Apm - Bm =
and as above and Equation 6.4

Appt = %(0.752 —0.4%).0.18% = 0.0102 m? (6.25)
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So, the required B,, < 0.45 T is determined from Equations 6.23 and 6.24:

_7-0.7-(2/x)-0.04-0.04

B
m (14+0.2)-0.0102

=0408T<045T (6.26)

Now, with a 20-mm-thick magnet that “serves” evena2 x 2 mmairgapand B,=0.45T
(more above 25°C) is capable of producing the required PM flux density.

b. The number of turns per phase wy, for a g; = 1 stator-distributed (42 slots for 14 poles),
one-layer winding (k,,; = 1), is:

7V
wy = 0 — V2 6.27)
1.783-107%-1-2x-fio
Consequently:
0.7 -220-v/2 t
wi V2 p s (6.28)

T1.783-10°-1-27-5833  phase

c. With a slot height/width ~4/1, equal slot/tooth width, and current density j., =
10 A/mm?, we may calculate the rated current /. First, there are seven coils per phase
and thus the number of turns/coil (slot) n; is:

332
ns = Wi 232, 47 turns/slot (6.29)
P1g1 7

The slot pitch 7, comes from:

40
L 1333 mm (6.30)
m-g 3-1 3

Ts =

with an average tooth width of b, = 6 mm, the average slot width (along slot height) is
about w; =9 mm and the slot depth (active part) h,s = 28 mm; the slot useful area Aoy is:

Aot = Nas - Weay = 28 -9 = 252 mm? 6.31)

Now the ampere-turns per slot nl,,/v/2 is:

ns -1 . Aturns
% = Aglot * Kiill * jeon = 252 -0.45-10 = 1134 ot (rms) (6.32)
So
1134+/2
sn = T\f = 34 A (peak value per phase) (6.33)

d. Supposing that pure I, control is performed, calculate the base-speed-torque:

3 3
Ter :Ep] “ign - Pemi :5-7 -1.783-107.332-34=211.328 Nm (6.34)
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e. Calculate the base power at 500 rpm:
500
Peb:Tem~27z’-nb=211.328~27r~m%11kW (6.35)

f. Calculate the outer rotor diameter D,;, the torque/volume, and the shear stress on the
stator inner core:

Bg1 T
Dos = Djs + 2(h,s + 0.003) + 2 e 0.254 = 0.26 m (for safety) (6.36)
ys T

The stator core cylinder volume is Vs = ZDgslstack, and the torque per volume is:

Ten 1.
Ten _ 21 322 ~ 10(? Nm 6.37)
Vos  (z/4)-0.26%-0.04 litre
The tangential shear stress f; is:
Ten 211.32 N
fo = = . =10.5— (6.38)
(7/2) - Dilgack  (2/2)0.18% - 0.04 cm

The above are mighty high values in term of the last IPMS designs for racecars, and in
all probability, the airgap should be increased from 1 mm to perhaps 2 mm to reduce
armature reaction flux density to a reasonable value at base (peak) torque, Tep: Bagqgr
< 0.8B,41 to leave a reasonable 0.8 power factor. The “segmented appearance of
claw poles to stator field” also helps in reducing the armature airgap field (I, control,
l4=0). The already-adopted h,, =20 mm thickness for the disk-shaped Ferrite-PM
also might hold, but the above preliminary performance assessment should continue
with the magnetic design of the rotor and computation of Ly, Lgm, Ly, Lg, R to prepare
all data to verify the above performance claims by more elaborate (MEC and FEM)
modeling.

As Eypp=0.75 Vi max, the condition B,gq1 < 0.8B,410 should suffice to make the
design practical: @1Lgiq/Eq1 = Bagq1/Bagio and Vs max = E2om +(a)qufq)2 for pure Iq
control.

g. Calculate approximately the B,gq1 for the base (peak) torque Tep,.
First, we notice the kind of segmented structure of the rotor in axis g; thus, the airgap

may be considered doubled in axis g, while only 7,/7=0.7 of the maximum g axis mmf
is active. So, approximately:

3W] kw1lq(7p/7) _ Bagq12g.
7P1 Ho

g=2mm (k¢ is included)

3.332.1-34-0.7-1.286-10°°
Bawt = —0338T 6.39
341 22102 7.7 (6.39)

As magnetic saturation was not considered, some reserve must be maintained.
Also, even for double (rated) current, B,gq1 max=0.676 T <0.7 T, which prevents
demagnetization.

Final Note: The preliminary design numerical example here should only be indicative of
the performance range; consequently, an optimal design methodology is needed and
will follow.
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6.5 OPTIMAL DESIGN OF CLAW POLE-SYNCHRONOUS MOTORS

An optimal design methodology and code based on the nonlinear 3D-MEC model, as presented
earlier in this chapter, has been developed and put in place with promising results (after key FEM
validation) for mild-like HEV's and then extended to 100 kW at 6000 rpm for the case of DC-excited
interclaw PMs with and without NdFeB or Ferrite. Sample results are given in Table 6.1 [6,7].

To prepare for the case of the Ferrite disk-shaped PM claw-pole rotor CP-SM, we describe here
only the essentials of the optimal design’s MATLAB code.

6.5.1 THE OsjecTiVE FUNCTION

The objective function contains three terms: initial machine cost c¢;, energy loss cost ¢, over its life,
and the penalty function cost c,,.. In the initial cost, in addition to the active materials cost, the passive
materials and fabrication costs may be added:

Ci = Ccopper + Cstator core + Crotoriron + CpM + Cpassive =+ Ctabrication (6.40)
51 1%

Ce = Denergy (Pn] ;7_ + Py 7]_ hpyny (6.41)
1 2

with: penergy—=energy price; P,1, t,1, m—electromagnetic power (in kW), relative time operation, effi-
ciency at 3000 rpm; P,», t,», n,—electromagnetic power, relative time operation, efficiency at 6000
rpm; h,,—hours in use per year, n,—number of operation years.

The main penalty function related to power unrealization is c),:

p P
& +(Pn>Pn2max)' 5

nl max n2 max

Cp = kpp <(Pn > Pui max) - + (P, > Pp) Z) *Ci (6.42)

where k), is a coefficient such that it always renders the optimal design capable of power realization
at all critical speed speeds, base speed (P,), within the maximum voltage of the inverter V ,ax-
The (P,, > P, max) €xpression (logical comparisons) is “1” if the maximum generator power at the
speed is smaller than required power, and it is “0” if the machine is able to realize the required power.

Other penalty function components such as the PM demagnetization avoidance condition, say,
for (1.5-2) I, (pure I, control) may be added. The condition in numerical example 6.1, (Byg41)1g max/
B0 < 0.8, could be such a penalty function component.

Stator over temperature may also be a penalty function component to be expressed by a simple
thermal model referring to stack radial outer area Ay, and to an equivalent heat-transmission

TABLE 6.1
100-kW CP-SM Optimal Design Results

CPA without IPM IPM-CPA with NdFeB PMs IPM-CPA with Ferrite PMs

Efficiency at 3000 (rpm)(—) 0.934 0.9468 0.9425
Power produced at 3000 rpm (W) 105280 108500 159260
Efficiency at 6000 (rpm) (—) 0.9262 0.942 0.9396
Power produced at 6000 rpm (W) 120000 130720 207000
Active material cost (EUR) 132.71 213.98 148.15
Airgap length (mm) 1.15 1 1.45

Total cost (EUR) 296710 307110 296250
Stator outside diameter (mm) 395.5 389 388

Stator core length (mm) 36.5 51 47.5
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coefficient Gremp = (14-100) W/ m? /°C, dependent on the cooling system for the application:

AT = Plossin critical operation mode < AT* (643)
aTempAsout
The rotor temperature penalty may also be considered, especially due to eddy currents in the solid
iron claw poles (by field harmonics from all sources), even if the Ferrites are better (higher B,) with
higher temperatures. The ferrite PMs have to be protected against low temperatures, even by preheat-
ing them at standstill via AC stator currents in cold mornings before operation.
As the nonlinear multiple MEC model, already introduced, we mention here the set of variables for
optimization (the variable vector X).

X = (sDo, sDci, rDi, Ic, shy, stw, sMs, hag, poles,
sb, ap, rpl, wrd, Irc, rpk, lextmax, kippm) (6.44)

where
sDo—stator outer diameter (mm)
sDi—stator inner diameter (mm)
rDci—rotor coil inner diameter (mm)
Ic—stator core length (mm)
shy—stator yoke thickness (mm)
stw—stator tooth width (mm)
sMs—slot opening (mm)
hag—airgap (mm)
ap—polar span (p.u.)
rpl—rotor pole length (mm)
wrd—width of rotor end disk (mm)
Irc—rotor length variation due to disk (mm)
rpk—rotor pole height (mm)
lextmax—maximum ampere-turns of field coil (or H pypfipy for PM excitation only) in Aturns
kippm—interclaw magnet fill factor

Note: For the disk-shaped Ferrite PM-excited claw-pole rotor, the changes in the MEC are minimal
(as shown earlier in this chapter). The disk PM radius Rpy,, Rpym; and its thickness /py; have to enter
the variable vector; other than that, the optimal design code may also be used for the disk-PM excited
claw-pole rotor. The optimization algorithm is based on the Hooke-Jeeves method with 10-20
random starting variable vector runs to avoid (most probably) local optimums.

6.6 OPTIMAL DESIGN OF A PERMANENT MAGNET-EXCITED CLAW
POLE-SYNCHRONOUS MOTOR: A CASE STUDY

Based on Numerical Example 6.1, the optimal design code was put in place with FEM key validation.
(Am NdFeB or SM investigation by preliminary analytical design with 3D-FEM heavy usage is
available in [8].)

6.7 CLAW POLE-SYNCHRONOUS MOTOR LARGE POWER DESIGN
EXAMPLE 6.2 (3 MW, 75 RPM)

In an attempt to investigate the suitability of DC-excited CP-SM for hydro or wind generators, a few
specifications are put in place to start:

* Rated power: P, =3 MW
* Rated speed: n, =75 rpm
» Tentative efficiency: 17, > 0.9
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» Rated power factor: cos p; =1

* Airgap: g =8 mm

e Number of poles: 2p; =40

e Number of phases: m =3

* Number of current paths: a. = 10

« Tangential specific force: f, = 6 N/cm?

* Tentative inner stator diameter: sDi = 4.5 m; no load flux density Byys =0.8 T
* Phase voltage Fj,: 2900 V (rms)

* DC link voltage: Vdc = (x/ ﬁ)an =6346V at 75 rpm

* DC excitation

A diode rectifier is used to interface with a DC voltage bus and thus cos ¢, = 1; sinusoidal current
in the machine is assumed.

The design is based on same nonlinear MEC model as was depicted in this chapter [9] and thus
here only sample results are given to acquire a sense of magnitudes:

e The excitation mmf wyip = 32.789 kAturns

» Stack length [, = 0.22 m

¢ Excitation losses P.y. = 45.801 kW

« Current density joo, = 6 A/mm?>

* Stator copper 108ses pcopper = 97.127 kW

* Iron losses piron = 3.14 W/kg Gion = 6.109 kW
* Claw pole losses 0.3% P,, = 9 kW

* Active weight 10.4 tons

+ Efficiency = Pn

Pn + Pexc + Pcopper 1 Piron + Pclaw + Pmec

*  Weights: stator core (1945 kg), stator cooper weight (1412 kg), rotor iron + excitation coil
(mover) weight (7038 kg!).

=0.941

A few design sensitivity investigations have shown results as in Figure 6.8 [1].

By increasing the stator inner diameter from 3 m up reduces stator and active material weight but
increases the total copper losses. The sDi =4.5 m and 8-mm airgap yield the above performance,
which is considered acceptable for a preliminary investigation. As the excitation coil losses have not
been considered, the efficiency of 0.94 is an upper limit for the disk-shaped Ferrite-PM CP-SM design.

Similar designs for 1 MW, 150 rpm and 100 kW, 600 rpm [9] have yielded efficiencies in
excess of 0.93 (excitation losses not considered) for active weights of 3431 kg and 1063 kg, respec-
tively. It is inferred here that the optimal design code described earlier in this chapter may be exer-
cised on disk-shaped Ferrite-PM claw pole—excited version of the above design for hydro and wind
generators or other low-speed high-torque applications. But this is beyond the scope/space here.

6.8 CONTROL OF CLAW POLE-SYNCHRONOUS MOTORS
FOR VARIABLE SPEED DRIVES

The control strategies for CP-SMs are:

¢ With encoder
¢ Encoderless

and, on principle:

* Field-oriented control
* DTFC
* Scalar (V/f or I-f) with stabilizing loops
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FIGURE 6.8 Design sensitivity to inner rotor diameter and tangential specific force (N/cm?).

Disk-shaped PM-excited claw-pole rotor SMs are similar to IPMSMs with strong PMs (E/V nax =
0.75) and with variable magnetic saturation (0.7 < L,/L, < 1.2). Their control is treated richly in the
literature, and this is why we will leave this part out here.

The circular coil DC-excited claw-pole-rotor SM, on the other hand, has not enjoyed such atten-
tion. In fact, only encoder FOC strategy has been implemented for this machine so far. Here is
such a FOC for CP-SM for automobile tractionlike applications that is run in the torque mode control.
A calculator (Figure 6.9) gathers information on vehicle speed, M/G speed, V,. of battery on
load, and SOC of same battery. For start, let us consider the case of pure /, control, though unity
power factor control is needed, too, to extend the CPSR. Such a control scheme is illustrated in
Figure 6.9.

The output of the reference calculator prescribes the field current (/r) versus speed and the yx(I)
function. It also yields the reference torque T,. A coefficient transforms I (reduced to stator) to I in
the field coil. Subsequently, with measured field current /., the field current error enters a PI+ sliding
mode robust controller that controls the voltage in the DC-DC converter that feeds the excitation cir-
cuit on the rotor. As the saliency is small, from the reference T:, the g axis reference current IZ is:

27
* e

et MU (6.45)
 3pwip)

Now, I;=0 unless the voltage limit Vi max in the inverter is reached. Otherwise, a nonzero
(negative) I, is considered through a robust PI4+-SM controller, as is required from the inverter

(through the regulators of I, 1, closed-loop PI+SM regulators VZ, VZ; Vs = /ij + Vq*z).
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FIGURE 6.9 Encoder FOC of CP-SM.

Vac

V2

Ifvi< for motoring mode, a negative I is prescribed:

Vie ki . Ve
I = —(V;k - \/dﬁ) . (kp + s) + ki mgn(VS* - j§> (6.46)

Now, if VI < (V4e//2) for generating mode, a positive I; is ordered through the loop in
Equation 6.46.

The slight increase for motoring and decrease in generating may be required to allow for the
10%—15% reluctance torque contributions.

For the 100-kW, 6000-rpm, CP-SM design already mentioned earlier in the chapter and with
Vae=500V, R;=0213Q, R,,,=142.1Q, L;=1.515mH, L,=1.6 mH, stator leakage induc-
tance Ly =0.303 mH, excitation leakage inductance L., =2.09H, the above-mentioned FOC
control (Figure 6.9) was implemented with results as in Figures 6.10 through 6.12. Figure 6.10
shows results at 2000 rpm in motoring at 100 kW in terms of V,, Vg, Iy, Is, Iy, Pmechs Pinput-

Similar results at 100 kW for motoring and generating at 6000 rpm are given in Figures 6.11
and 6.12.

The above results show the control capable of handling the 2000—6000 rpm speed range at 100
kW. Full voltage is needed at 6000 rpm for full power, as expected, and a negative I; is implemented;
otherwise, I; = 0 FOC. The response in field current and powers are stable.

Note: DTFC and scalar controls (V-f, I-f with stabilizing loop [as developed for PM-RSM]) may also
be applied to CP-SMs with DC excitation or PM excitation.

6.9 THE HOMOPOLAR-SYNCHRONOUS MOTOR

Two typical topologies of H-SM are presented in Figure 6.13a and b.

The two configurations are characterized as follows:

In configuration a) the DC field does not use a special magnetic circuit but overlaps the AC field in
the laminated core of the stator, which is now made of two identical parts with an AC winding that
goes through both of them or two AC windings connected in series or in parallel.
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FIGURE 6.10 Motoring at 2000 rpm, 100 kW, 500 V. with the excited-PM-CP-SM.

Configuration a) looks simpler, but the AC coils have longer end connectors and thus AC copper
losses are larger; also, DC coil excitation copper losses end up larger, as the diameter of the DC coil
is larger.

Configuration b), by overlapping DC and AC fields, is exposed to larger magnetic saturation levels
unless the stator core is larger.
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FIGURE 6.11 Motoring at 6000 rpm, 100 kW, 500 V. with the excited-PM-CP-SM.
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FIGURE 6.12 Generating at 6000 rpm, 100 kW, 500 V. with the excited-PM-CP-SM.

Configuration b) needs a special heavy/voluminous solid iron additional core that “embraces” the
laminated AC core provided with an AC winding (even a tooth-wound three-phase winding may be
used to reduce AC copper losses and the total length of the stator).

Configuration b) does not transmit any DC homopolar magnetic field through the single AC stator
core and thus magnetic saturation is smaller and so are the AC coil ends; the rotor structure is simple
(segmented).

If the DC coils are placed at a smaller diameter (closer to the rotor diameter), the DC excitation
losses will be smaller than for configuration a).

Both configurations may be built with external rotors, but only configuration a) in Figure 6.13
seems competitive/practical.

Which of the two configurations is finally better depends on the application specifications.

Note: Concerning the feasibility of replacing the DC excitation stator coils with stator PMs, no con-
figuration offers enough space in the solid iron stator core for PMs to use Ferrite-PM flux concentra-
tion (Figure 6.14). Other EM configurations (such as flux switching or flux reversal machines) offer
such opportunities for convenient PM location in the stator.

H-SMs have not come close to market status on a large scale, and they show small torque/volume
(weight). They may be used for special high-speed (energy-storage) applications or in small hydro-
generators where the rugged solid iron rotor may be placed above the integrated turbine rotor in one
piece. An H-SM is basically an SM that can be considered as such. Consequently, we end here this
short treatment of H-SMs, referring the reader to some representative literature [10-13]. However,
starting from the application of linear H-SMs for integrated propulsion and levitation on magnetic
levitations (MAGLEVs), we may imagine the multiple large-diameter rotary H-SM made of
sectors—used, say, with a hydroturbine-integrated rotor for self-suspending the entire rotor by con-
trolling the DC excitation accordingly.
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6.10 SUMMARY

* Claw-pole rotor synchronous machines with more than eight poles are characterized by
at least two times the reduction of DC excitation losses in comparison with pole-by-pole
N S N S DC excitation on regular SMs with same number of poles.

* This reduction of DC excitation power from 3% of SM rated power by more than two times
increases efficiency and reduces the power transfer to rotor system size and cost and the rotor
temperature, which has been shown recently to be the bottleneck in the thermal design of a
regular SM with contactless power transfer to the rotor for 100-kW HEV applications [14].

* A high number of poles and a large diameter in a pancake-shaped machine are required for
CP-SM to be competitive in high-torque low-speed applications (hundreds to tens of rpm,
typical of hydro and wind generators and direct drives).

* A disk-shaped Ferrite-PM claw-pole rotor in SMs is shown in the chapter to produce in such
large diameter/length machines an airgap multipolar flux density on the order of 0.7 T,
which may prove sufficient for high torque (rotor shear force) density. It is clear that, in
this way, PM weight may be saved due to the PM disk-shaped “blessing,” similar to the
blessing of the DC coil circularity in the Lundell machine (CP-SM). The DC coil may
thus be eliminated with the CP-SM, turning it into a strong PM-emf (E; > (0.7-0.75)Vy max
IPMSM.

* The 3D shape of DC excitation (or PM) field lines through the CP-SM leads to the use of
3D-equivalent MEC or 3D-FEM approaches, to calculating airgap flux density, emf E;,
inductances Ly, Ly, and torque 7.

* The nonlinear 3D-MEC method determines the performance rather satisfactorily in less
than 10% of the computation time of 3D-FEM and thus the optimal design code for CP-
SM preferably uses the 3D-MEC method for modeling the machine. 3D-FEM may be
used to validate the 3D-MEC optimal design.

* Such an optimal design code with multiple-term objective function was presented, with rep-
resentative results and 3D-FEM validation for an automotive-like CP-SM with and without
interclaw PMs (to boost torque) in the 10 kW range; the results are encouraging.

» Based on the circuit dq model, suitable for steady state and transients, through Numerical
Example 6.1, an 11-kW, 600-rpm, 211-Nm CP-SM with disk-shaped Ferrite PM claw-
pole rotor is evaluated for steady and preliminary design with a potential 10 Nm/kg and
10 N/cm? rotor shear stress for a current density j., = 10 A/mm?, at 58.44 Hz/14 poles,
with efficiency well above 90%.

* Numerical Example 6.1 shows the potential of a Ferrite-PM CP-SM for high torque density
([5] claims a recent record 80 Nm/liter for 60 kW at 6000 rpm via IPMS with Sm,Co,
magnets).

* The optimal code developed for the Ferrite-PM CP-SM at 11 kW and 600 rpm has con-
firmed Numerical Example 6.1’s performance, leading to the conclusion that this machine
should be investigated further, at least for low-speed, high-torque drive.

* Another numerical example (6.2) gives the results for DC-excited 3-MW, 15-rpm 1-MW,
150-kW, 100-kW, 600-rpm CP-synchronous generators for wind or hydro turbines, which
show promising performance.

* Recently, another hybrid excited claw-pole rotor SM has been proved capable of doubling
the emf by adding axial Ferrite-PMs [15].

* Though, basically, the control of CP-RSM resembles that of SM (if they have DC excitation)
or of strong emf (E; > 0.75V; .x) IPMSMs, there are very few solutions that have been
experimented with for CP-SM. An example related to an encoder FOC of a DC-excited
CP-SM, designed for 100 kW from 2000-6000 rpm at 500 Vdc, gives good performance
in terms of power, current, voltage, and field current responses over the entire speed-
power range.
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DTEFC and scalar controls (V/f with stabilizing loops) are still due in encoder or encoderless
implementation for CP-SM variable-speed drives.

The homopolar SM (DC and AC on stator and variable reluctance rotor) in two main imple-
mentations is introduced and discussed qualitatively. A detailed optimal design code and
advanced control methods for H-SM are still due, as the literature on the subject is still
sparse, though application to inertia batteries seems promising.

The extension of homopolar SMs with stator PMs and variable reluctance rotor for high-
speed bearingless motor drives [16] should also be considered, as in such a case, the low
torque density of the machine does not lead to a bulky motor/kW, since forced cooling
already increases the machine volume.
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Brushless Direct
Current—-Multiple Phase
Reluctance Motor Modeling,
Control, and Design

7.1 INTRODUCTION

Quite a few electric machine technologies without PMs, such as reluctance synchronous and DC-
excited synchronous machine drives, are currently used, both for line-start (constant-speed) and var-
iable-speed applications, where, however, for the latter case, a PWM converter to produce variable
voltage amplitude and frequency is required.

The absence of PMs in RSMs and DC-excited SMs leads to lower cost but a lower power factor
(for RSMs) and, respectively, to larger-volume machines with DC joule losses (temperature-limited)
rotors fed either through a brush slip-ring device or a contactless (rotary transformer) power trans-
former to the rotor (less than 3% power rating, though).

A passive (windingless and PM-less) rotor as in RSMs but with a larger airgap and better PWM
converter voltage utilization (better equivalent power factor) would eventually lead to a better drive at
reasonable costs and performance. Such a machine should also be capable of working at low and high
speeds due to a larger airgap that allows enough space for a reinforcing carbon fiber rotor ring. A
departure from sinusoidal to trapezoidal current control is also expected to be beneficial in a multi-
phase machine (:m > 3 phases). A higher torque density is expected in a given geometry by using
mg phases as excitation phases, and the remaining my = m — my phases are torque phases. Each phase
plays both roles in relation to the distributed magnetic anisotropy (MFBA or ALA) rotor, similar to
the case of RSMs, but with a higher airgap.

From such targets, the hereby called BLDC-MRM was born in 1986 [1]. It stems, in our interpre-
tation, from a DC brush motor stripped of its DC exitation, but with the brushes moved to the corner
of the stator poles; the latter is provided with multiple flux barriers to reduce armature reaction
(Figure 7.1a). Finally, the stator and rotor are inversed, and the stator, now with m > 3 phases (2p
poles) and diametrical (y = 7) coils, is fed from a multiphase PWM inverter triggered by rotor posi-
tion (Figure 7.1b).

The multiphase inverter may be built as a null point configuration (Figure 7.2b) or as multiple one-
phase inverter bridges in parallel (Figure 7.3).

The number of phases m > 3 may be an odd number (5, 7,9, 11, 13, 15...) or an even number (6, 8,
10, 12, 14, 16...).

For trapezoidal phase current control, the summation of phase currents (the null current in null cur-
rent inverter-fed motors is the DC link current in m x 1-phase inverters) is no longer zero (as it is with
symmetrical windings with m > 3 phases and sinusoidal current).

It has been shown that for m, an odd number of phases, the null current (or phase current summa-
tion) in amplitude is one time the phase current but two times the phase current for m as an even
number.

201



202 Reluctance Electric Machines

(a) 1 d axis (b)

Torque coils
(phases) _||

Torque coils
i (phases)

Field coils

axis 1 =
1 & B (phases)

Axially laminated core Nonmagnetic spider

Flux barriers
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{Grid sidei For connected
‘converter; generator
(a) b anesgeranns
r'S Torque current
Field A
curren

]
'
]
]
I
'
S
]
]
[]
[
f

I L L
t t +

+
T
) m

H
1
1
L

FIGURE 7.2 Phase 1 and 2 current waveform (a); and a null-point six-phase inverter (b).

Phase A Inv. Phase B Inv. Phase C Inv. Phase D Inv. Phase E Inv.

LA AR A ARG A A A A
C D D’ E Ef
TAF AFAF FAF GG G

FIGURE 7.3 Five one-phase inverter topology.

DC link
+
>
>
os}
=
(@}

Irrespective of the number of phases, the ones counted 1, 3, ... have their winding ends swapped,

and the voltage applied is (—V) so that power on that phase remains positive, but the null current (or
phase current summation) is reduced to the values mentioned above.

So, apparently, an odd-phase current machine (m = 2k + 1) is better than an even-phase current
machine (m = 2k). However, for simple redundancy improvements, an m = 3k machine allows the
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segregation of m/3 subinverter units and thus at least one of them can continue the operation in case of
one phase fault. Such an operation at lower power requires small changes in control.

The airgap g of the machine needs not to be very small (as in RSMs) in order to quicken the
current commutation when one phase after the other switches roles (from a field phase, when
its coils are placed between rotor poles, to a torque phase, when the coils “fall” under rotor poles
[Figure 7.1b]). But the airgap g should not be too large, either, because then too much of an mmf
(current Ir) is required to produce full flux density in the airgap (0.7-0.85 T).

As the stator slotting has to be uniform, because all phases switch between field and torque roles,
an optimum airgap should be found. This airgap mitigates between sufficiently quick current commu-
tation at maximum speed and reasonable copper losses in the field phase stages.

For motoring, when the field current top i and the torque current top iy levels are equal to each
other (ir = iy), the operation at the MTPA condition is met implicitly without any online decision
making in the control so typical in sinusoidal current-controlled AC machines. In general, the torque
expression with dual flat-top trapezoidal phase current (i, i7) is simply:

T. = pypir(m — mp) (7.1)

The flux linkage by the m field phases in a torque phase is ¥ (per phase):

“ng-Ip-m m
l//pzz_?.l(-(q+1§d)'(1_ZF)'T’IS‘““'”S")‘ 72

where: n,—turns /coil (slot), p;—pole pairs, g—airgap, K.—carter factor, K;,—magnetic saturation
in axis d (for the excitation field flux lines: phases E and F in Figure 7.1b).

There is no apparent need to use the dq model, as the stator mmf is no longer a traveling wave and
the currents are not sinusoidal.

Phase coordinates may be adopted for simplicity, despite the fact that the self and mutual induc-
tance all vary with rotor position.

7.2 TORQUE DENSITY AND LOSS COMPARISONS WITH INDUCTION
MOTORS

Torque density and loss comparison with the induction motor (IM) may be performed if the actual
(trapezoidal) current shapes are replaced with rectangular ones (Figure 7.4) [3].
The ideal excitation flux ends up trapezoidal (Figure 7.4b), while the emf E becomes rectangular.

i(w,t) Field Armature (torque) current
LY [ T

& .t

IIIIIII I | Motion-induced voltage ¢ ¢
() . } 4
"y . bus | 27
m -E '

FIGURE 7.4 Ideal phase current (a); phase flux (b); and emf (c).
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The ideal electromagnetic power P, is thus simply:
Pe:mT'E'iT; E:2'Bgav0'wl 'lstack'2'p'7'—'n (73)
where B,,, ( is the average airgap flux density in a torque phase, w| = n, - p turns per phase, =—pole

pitch, n—speed in rps. With two-level rectangular flat bipolar ideal currents, the RMS value of stator
current Irps is [3]:

. [mr+mp(Ip/It
Irms = ir —() (7.4)
mr + mg
But the current sheet A, is:
2  Wio-
A = (mr + mp) - wizp, - Teats (7.5)
2-p1-7
The tangential specific force (rotor shear stress), f7 is:
fr= Pe = K; - Bgavg - Ay - (N/m?) (7.6)
2'”'n'p'(2'p'lstack)7 gae
with K; from Equations 7.4 through 7.6 as:
K, mr 1.7)

\/(mT + mF)<mT + (IF/IT)2 : mF)

Let us denote Lg,, L, as the magnetization inductances of a phase when the latter is placed with
its field in axis d (field phase), and, respectively, in axis g (torque phase). The expression of average
airgap flux density B, ., (also used in Equation 7.2) and produced by the field phases B that also
account for armature reaction is [3]:

Byavg = K, - Ky - By (7.8)
with
1 4-mF~IF/IT—1
K, = ; Kr = 7.9
1+Iﬂ. mp I 4-mp - Ip/Ir 79)
Ldm 2. mrg IF
Consequently, the tangential specific force fr becomes:
fr =Ki- Ky - Kp - Bgi - Ay [N/m?] (7.10)
For an induction motor, this specific force f'7 is:
1 cos @
L= =k - Bgpy - ALy - — 7.11
Ir o Bea Ao (7.11)

with k,,,—stator winding factor, ¢,—internal power factor angle, and A’;;—the total current sheet.
Adopting the same current sheet A, Aj; and resultant airgap flux density By, the ration of specific
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forces fr/f7 for the BLDC-MRM and IM is [3]:

fr_ sk -Kr - K; (14 cos ;)

7.12
fT’ le COS @; ( )

As an example, form =6 (mp=2, my=4), Ir/Iy=1, Ly, /Ly, =0.2, and K,,,; = 0.933, cos ¢;,
we obtain fr/fr = 1.558.

Alternatively, if the same power (torque) density in Equation 7.3 is targeted, the ratio of current
sheets A;/A" = fr /fr = 0.642.

So the ratlo of copper losses is: Py /Py = (A /A" ) = 0.412. Consequently, the BLDC-MRM
with six phases, in our case, turns to be, ideally, superior to three-phase IM either in torque density,
copper losses (efficiency), or both (at lower levels). The passive (windingless and PM-less) rotor in
BLDC-MRM leads to a more efficient cooling (exclusively in the stator) and thus a higher peak
torque density.

7.3 CONTROL PRINCIPLES

The consideration of stator slotting, rotor MFB or ALA structure, magnetic saturation, current trap-
ezoidal two-level bipolar phase currents may lead to a reduction in torque density or efficiency
improvements calculated above. However, they are still worth revisiting by more practical (technical)
theories/models, but not before illustrating here the simplicity of the control system (Figure 7.5).

In Figure 7.5, i}, is made dependent on speed, allowing for flux weakening (by reducing ir) with
speed. The torque reference current value i3 is the output of the speed controller; a limiter may be
added, especially for low speeds.

The current reference waveforms, whose two top values are i}. and 7}, are given as a function of a
rotor position whose zero values are related to phase a* in rotor axis d.

Let us note that this simple control may be augmented to correct, say i.(w,) or it.(T,, w,), to oper-
ate at iy = i} or, when the voltage limit is reached, i, is further reduced and i7 is limited.

oM B
— e
EE———1 f
‘_J Speed | & 1
_‘_ controller - J
PS SS
Lo! |
| L =5
wr
[ 2]

FIGURE 7.5 Generic control system of encoder BLDC-MRM (m = 6 phases, my =4 phases, mp=2 field
phases).
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Finally, the machine may switch from motoring to generating or back by simply changing the
sign of i in Figure 7.5. In principle, we could change, instead, the sign of i}, but the transients
will be slower and the torque response sluggish, as it is in the separately excited DC brush machine.

7.3.1 A TecHNICcAL THEORY OF BRusHLESS DIRECT CURRENT—MULTIPLE PHASE
ReELUCTANCE MOTOR BY EXAMPLE

Let us consider the ideal specifications in Figure 7.6.

To illustrate the technical (very preliminary) theory here, let us consider a seven-phase machine
(mp=2,my=35), Vpc=400V, 2p = 6 poles (fimax = 300 Hz, at 6000 rpm), outer stator diameter
D,;=0.3m, airgap g =2 mm, and torque density #, =45 Nm/liter at T,, A typical application
would be a traction drive, but, in a similar way, dedicated specifications could be assigned for,
say, an autonomous DC output generator or a variable-speed hydro/wind generator, and so on.

7.3.1.1 Solution
Let us consider iz = iy up to base speed. The stator stack length [, is straightforward:

Po/Q-7-ny) 50/ -x-25)

Lytack = 5 0z 0.1 m (7.13)
t,om-—2 ==
T 1 45 - & 1

Considering an airgap flux density produced by the two field phases (mp = 2) of 0.75 T, we obtain:

Mo -mp iy - N

B,—=-—9 " 7 5
"7 2¢ Ke(1 + Ksr)

(7.14)

0.75-2-2-107%.1.12-1.25
1.256-107%.2

Npipy = = 1.672 - 10 Aturns/slot (7.15)

with 2p; = 6 poles and a stator core interior diameter D;; = 0.6 - D,,; = 0.6 - 300 = 180 mm, the pole

pitch of coils 7 is:

m-Dy w130
2p 2-3

=94.2 mm (7.16)

The aspect ratio of stator core /g, /7= 100/94.2 = 1.06 is close to an intuitive low copper loss
case (due to reasonably long coil ends).

T

e
(pw)
T, P, [P, P

elm'” ib

—_
|58}
w
N

RS

o, (p-u.)

FIGURE 7.6 Typical torque and power specifications at CPSR =4/1, for 1.0 p.u. power.
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The stator yoke depth A is:

_ Byiaa7 _ 1.1-0.75 942

hyy = = —=16.5 7.17
»ZTB, 1 15 mm 717
So the height left for the stator slot i becomes:
D,; — D; 300 — 180
hy =%— e 16.5 = 43.5 mm (7.18)

Considering the wedge and slot neck height i, + £, = 2.5 mm, the useful height of the trapezoi-
dal-shape stator slot A,

By = hy — (hyo + hyy) = 43.5 — 2.5 = 41 mm (7.19)

Here comes the first (of three) verifications, which is related to torque-producing capability
for i, = i}. First, the base torque 7, is calculated:

Py 50-10°
" 2-z-mp, 2-7-25

T =318 Nm (7.20)

But

. is
Tope ~ gF’lstack’ns'lFb'mT‘z'Pl 7

—0.75-0.1- 1672.5.6.¥ (7.21)

=338 Nm > 318 Nm

As T,y > T, there is some guarantee that the machine may deliver the required base (peak) tor-
que at the calculated stator mmf (1672 Aturns/slot).

Note: A more realistic modeling, based on MEC or 2D-FEM, has been applied to verify in detail this
torque claim in detail; see Equation 7.21.

The second verification is related to the slot area sufficiency for the base (peak) torque in terms of
current density (which then defines the copper losses).
The slot pitch at the airgap 7 is:

7y =1/m=94.2/6 = 15.7 mm (7.22)

By adopting a rectangular tooth with a width b,;; = 8.7 mm, the lower width of the slot is: by =
Ty — by =15.7 — 8.7 =7 mm (Figure 7.7). The slot width by, is:

7+ (Dos — 2 - hyy) 7 (320 —38)

szZ 2p1m — U — 6.6

—7=18 mm (7.23)

The slot useful area A, emerges as:

by1 + b 7418
Agtor = hyy - % =41 +T =512.5 mm (7.24)
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hy, =43.5 mm

FIGURE 7.7 Stator slotting.

Consequently, the current density j,, (with perfectly rectangular bipolar current i}, = 7}) is:

; ng - iy, 1672 5
= = =T725A 7.25
Jeon = A ken 5125 -0.45 /mm (7.25)

The length of a turn of the stator coils /. calculates:

I ~2 lgexk+2-133 -7
=2-0.100+2-1.33-0.0492 (7.26)
= 0.4505 mm

So the copper losses at base (peak) torque are:

Deob XM - Poy - Ns + e - Pt~ ipp + Jeob
=7.23-107%.0.4505-1672-3-7.25-107° (7.27)
=2637.6 W

This represents 5.27% of base power P,;,. Assuming 1500 rpm, a reasonable efficiency (after core
and mechanical losses are still to be added) is expected.
The peak flux density produced by armature reaction at the corner of the rotor poles in the stator

b sk mk .
Bagq(lTb - lFb)'

b Ho-mp-(ng-ip)  1.256-107°.5.1672
@2 g+mpg, by 2-2-100°4+6-4.5-107°

=0338T (7.28)

The armature reaction flux density is reasonably small in comparison with the 0.75 T of flux
phases. Also, the ratio Lg,,/Lay:
Lom 2-g B 2.2
Lam 2-g+mFBp-bb_2~2+6-4.5

=0.129 (7.29)
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FIGURE 7.8 The rotor geometry.

The flux bridges on the rotor (Figure 7.8) exist to maintain the integrity of rotor laminations and
might increase this ratio; thus, methods used for the RSM may be used here to calculate the contri-
bution of flux bridges to the increase of L.

Also, we may infer from above that even doubling the torque current (NOW if era0d = 2 * i) Will
double the torque and the machine will still be able to cope with the situation, albeit being
more saturated.

The technical theory so far may be extended to calculate the number of turns per coil ng.

A very approximate way to do it is to use the equation of a torque phase between commutations but
with current chopping (still) at base speed and maximum speed. Thus (as for regular BLDC PM
motors!):

Voc =Rs-ipp + E+ AEchopping (7.30)

E(wb):2'p'ns’lstack'BgF'”'Dis‘@

=2.3.0.1-0.75-7-0.18-25 - ng (7.31)
=2.437 - ny

But

Peob " s 2637.6
m(if, - n;)  7-1672

~

Rsin ~

ny = 0.225 - n, (7.32)

To calculate the chopping voltage AE, we need the torque phase equivalent inductance L

(L‘I)phase ~ 12 (Lqm)phase

Lyn
=12 Ly 2" =12 Ly, -0.129
Ldm

L 6m (- P) % - Lyack (7.33)
72 -g-Kc-(1+Ksp)-p

_6-1.256- 1070 (3-ny)*-(5/7)-94.2-1072-0.1

= 72-2-3.1.12-125-1073

=5.51-10"%-n?

Ldm
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So
L,~1.2-0.129-551-107%.n* = 0.853-107° . n? (7.34)

But if the chopping frequency of the current is f,;, = 5 kHz and the hysteresis band of current
chopping is 1% of the rated (base) current, then:

troom 5000

-ny = 0.713n, (7.35)

So, using AE, Rgirg, and E(w,) from Equations 7.35, 7.32, and 7.31 in Equation 7.30, the number of
turns per coil n; is:

B 400
T 2437 -ng+0.225 -1y + 0.713 - ng (7.36a)

~ 118 turns/coil (slot)

n

Note: We introduced for Vdc 400 V, which means that we assumed implicitly that the 6 x 1 phase
inverter is used. Now we may verify if, at max speed and its torque for CPSR, the voltage is sufficient.
Let us suppose that we reduce the field current iy 1,,,,/n, =4 times, but keep the torque current
to provide a % torque (CPSR =4/1).

By applying the same Equation 7.30, the resistive voltage drop stays the same and so does the
emf E (speed increases by four times, but the flux (field current) decreases by four times also.

The chopping voltage drop also stays the same, as iz is the same and so are f,, and Ai; = 1% of the
base torque current.

So, in this case, the operation of torque phases is not posing any problem. For the same (base)
power at max. speed, even the copper losses will be somewhat reduced, as i is reduced by four times,
while iy stays the same. A similar approach may be applied for the phases when they commutate,
which will find, probably, that the number of turns/coil n; has to be somewhat diminished.

However, still, during current commutation from torque to excitation mode at maximum speed,
another voltage equation stands:

Ld(iTmax - (_iTmax/4)) . 1.2-.5.51. 10_6 . 118§ 1672 = 137 V

diphase ~
(zp.m.z)*l 10071 - (42-2)7" 4

dt

Ve > ’Ld

—1 .
nmax

(7.36b)

Apparently, from Equation 7.36b, the current commutation at maximum speed is guaranteed, but
the motion-induced voltage in the commutated phase is still neglected. As there is a generous voltage
reserve in Equation 7.36b and as commutation duration was considered half the stator slot pitch angle
time, the result still holds by being on the conservative side.

It is hoped that the technical theory so far has opened a window in understanding how this machine
works. It is thus now time for a thorough FEM investigation to bring the necessary precision in results
and further clues to various phenomena in BLDC-MRMs.

7.4 FINITE-ELEMENT MODEL-BASED CHARACTERIZATION
VERSUS TESTS VIA A CASE STUDY

As the machine has a passive rotor and both stator and rotor cores are laminated, only static 2D-FEM
is used to characterize the machine, emphasizing a 35-Nm laboratory prototype of 5 phases, 30
slots, and 6 poles (Figure 7.9):
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(a) (b)

68.85

FIGURE 7.9 Five-phase six-pole BLDC MRM, (a) stator; (b) rotor; (c) experimental rotor.

Magnetic field distribution at load (Figure 7.10) [6].

Magnetic field distribution at full load (Figure 7.11) [9].

Self and mutual phase a inductances versus rotor position at rated current Iy =17
(Figure 7.12) [9].

Average torque and torque density versus torque phase current density iz for a few field current
densities i [9] (Figure 7.13).

Torque pulsations have been explored on a six-phase ALA-rotor prototype [9] at standstill with
all phases in series (Figure 7.14).

Total torque ripple with current actual trapezoidal waveforms are shown in Figure 7.15 [9].

No load _—Load
038 MY

_1.2 | 1 |
0 90 180 270 360

Angular displacement (mech. deg.)

FIGURE7.10 FEM-calculated radial component of airgap flux density at no load (i = 4A, iz = 0) and on full
load (ir = ir=4A, T,,, =33 Nm).
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FIGURE 7.11 Radial component of airgap flux density (on load) over two poles at low speeds: flux weakening
is viable and is due to ir decreasing with speed and iz-= ct.

The above sample results warrant comments such as:

The airgap flux density is within limits and has pulsations mostly “dictated” by stator slot open-
ings, and the armature reaction (on load) is mild (Figure 7.10).

Flux weakening by reducing ir is effective (Figure 7.11).

The phase inductances (self and mutual) depend on rotor position (and current), but they should
be curve fitted by an average value plus a cos(26,,) term, as done with salient-pole synchro-
nous machines (Figure 7.12).

The average torque versus torque current density shows the machine capable of delivering
rated (base) torque 33 Nm for jr=j;=5A/mm?, but it is capable of producing up to
160 Nm (jc, =12 A/ mm?) for a short duration of time (Figure 7.13).

The static torque pulsations are notable, but FEM results fit experimental results. They may be
cut in half by making the rotor two parts, shifted by half a slot pitch (Figure 7.15).

FEM-extracted flux lines prove a gain in the armature reaction at rated (base) load (Figure 7.16)
in the 6-phase, 12-pole, 190-Nm, 200-rpm prototype [2].

FEM investigation may be used further to reduce torque pulsations and assess magnetic saturation
influences, especially if heavy overloading is needed. But also due to the complexity of the geometry,
FEM may be mandatory to be used to calculate iron losses, since the rotor core losses are not
negligible.

05 : . .
03} Ly, T o — e
02 e et
0.1 flea S ]

_0.1F da i I il B ™ N

Phase inductance (H)

-0.2

_0.3" e | 1 L e
0 45 90 135 180

Angular displacement (el. deg.)

T
~
L

FIGURE7.12 FEM (continuous lines) and curve-fitted phase a inductances (self and neutral) in the five-phase
machine at rated current versus rotor position at standstill.
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FIGURE 7.13 FEM-calculated average torque (a); and torque density (b) versus torque current density for the

five-phase machine.
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FIGURE 7.14 Static torque with ripple: (a) by FEM; (b) measured—six-phase machine (at standstill with all

phases in series).
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FIGURE 7.15 Total torque of a six-phase machine for j = jr =20 A/mm>.
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FIGURE7.16 Six-phase/12 pole BLDC-MRM: 2D FEM model (a); and flux lines at rated load (190 Nm), (b).
(After D. Ursu, “Brushless DC multiphase reluctance machines and drives”, PhD Thesis, University Politehnica
Timisoara, Romania, 2014 (in English). [9])

7.4.1 IroN Loss COMPUTATION BY FINITE-ELEMENT MODEL

To reduce the computation effort, we use here 2D-FEM only to calculate the flux density variation
with time in all FEM elements (in fact with rotor position for given phase current waveforms at given
speed), and these flux density variations in all FE elements are added up to get the core losses by an
analytical formula traced back to Steinmetz-Jordan-Bertotti [10]:

PFe = Kh fBa +Ke 'f2 'Bz +Ku ’fl.s 'Bl‘S [W/m3]
(7.37)
K,=n-0-d*/6
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FIGURE 7.17 Flux density hodographs and time variations in selected points, (a, b, ¢); and their time harmon-
ics contribution to core losses (d). (Continued)

with K, = 140 W/m>, & = 1.92, K, = 0.59 W/m>, and K, = 0 from the M19 magnetic core made of
d = 0.35-mm-thick laminations with ¢ =2.17 - 10° S/m (electrical conductivity).

Sample results for the five-phase machine at three points (P, P,, and P;) in the stator
(Figure 7.17a—d) show that the flux density variation is far from a sinusoidal (or traveling field) wave-
form and thus decomposition in harmonics in both stator and rotor elements is required and their con-
tribution added up. Calculations have been made for four speeds (250, 500, 750, 1000 rpm).

It seems that in our rather small speed (frequency) machine (200 rpm), the core losses are not large
(10%—-20% of rated copper losses) but the rotor core loss contribution is up to 50%, despite its reduced
volume with respect to stator core volume.

This is due to the fact that higher-order time flux density harmonics (» > 7) are larger in the rotor
core, and we should remember that this is not a traveling field AC machine but rather closer to the
operation mode of a DC brush machine.
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FIGURE 7.17 (Continued) Flux density hodographs and time variations in selected points, (a, b, ¢); and their
time harmonics contribution to core losses (d).
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7.5 NONLINEAR MAGNETIC EQUIVALENT CIRCUIT MODELING
BY A CASE STUDY

As known, FEM provides precision, but requires large computation time and resources. In view of
optimal design of BLDC-MRMs, a theory that is more complete than the technical one developed
earlier in this chapter (which, however, may offer a good starting point geometry) is needed, without
too large of a computation time.

The nonlinear MEC method [11] may be used successfully for the scope (as done for the claw-pole
SM in Chapter 6).

MEC is based on defining flux tubes all over the machine. The flux tubes have two equipotential
planes with magnetic scalar potentials #; and u, (which are virtual variables in magnetics, in contrast
to electrostatics).

The magnetic reluctance R, and its relations to magnetic flux ® and u, — u; = © (mmf) are:

* dx
Bon =) 0 - A
ot L (7.38)
for u(x) =ct, A(x) =ct: R, = /47\ =G
Rm:uz—ul;uz_m:jH.gx;gg:jjg.aa (7.39)
@ 0
A

where G—permeance.

The solution of MEC is similar to that of a multiple resistive electric circuit with u, — u; = 6;, as
voltages, ®; as currents, and R,,; as resistances.

To simplify the modeling in the stator and rotor yokes, the geometric permeances G,,, G,, relate
only to flux density tangential components, while only radial components are considered for the stator
and rotor teeth permeances Gy, and G,,.

The more elements (and nodes), the higher the precision, but the larger the computation time.

Permeances may be divided according to their magnetic permeability in constant (airgap) perme-
ability and variable permeability permeances.

Finally, we consider the permeances that vary with rotor position in relation to the airgap where the
energy conversion takes place.

For example, the airgap permeance G;;, between i stator tooth and the jth rotor tooth (between bar-
riers), may be defined as (Figure 7.18) [9]:

Cmeax’ 0= 14 = Ve
Gm X -
Cr 2a (1 —i—COS(ﬂ.’j: }/,,>>’ n<r<u
t 12
Gj = / (7.40)
Gmax -2
Cr—=( 1+ cos L2 EEn , 22—y, <y<2-=z
2 Ye— i
0
with
Y = 2(wsz - Wrr) v = o Wst + W + sMs + rMs (7.41)
sDi — g sDi — g

Gnax = Ho - Lstack - Wi/ &5 Wi = min(wg;, Wy;) (7.42)
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FIGURE?7.18 Airgap permeance variation: (a) with rotor position; (b) between a stator tooth and all rotor teeth
(between flux barriers).

There is some fringing in the airgap that may be accounted for by a coefficient Cy (Equations 7.40
through 7.42) that multiplies G« [11]:

sMs
M.

W - ln(l + SW S)
st

As the airgap permeance of different airgap-related flux tubes varies with rotor position, new
connections between them have to be considered, with motion.

The sources in the MEC are based on the slot mmfs (Figure 7.19). The MEC equation in matrix
form is simply:

C ~ (7.43)

[GI[V] = [o,] (7.44)

[G]—permeance matrix: (53 x 53) for the six-phase, six-pole (36 slots), nine rotor slots/pole
[V]—node potentials (53 x 1)
[®,]—tooth fluxes (52 x 1)

Observing the machine symmetry, only two poles are simulated, using, though, adequate boun-
dary conditions [11].
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FIGURE 7.19 The magnetic flux tube, (a); and the generic MEC of BLDC-MRM, (b). (After D. Ursu, “Brush-
less DC multiphase reluctance machines and drives”, PhD Thesis, University Politehnica Timisoara, Romania,
2014 (in English). [9])

The electromagnetic torque 7T, is:

N, N, dGi,j
Te=p1) 2 Vi=V)=p (7.45)

i=1 j=1

with Ny—stator slots/two poles (N, = 12) and N,—rotor teeth/two poles (N, = 18).

For given sources (mmfs) with known fluxes, the program solves iteratively for node potentials.
Iterations are needed to account for magnetic saturation.

A typical tooth flux density calculated by the MEC method for one rotor position, its 2D variation
with stator tooth current (Figure 7.20a), and its variation with rotor position (Figure 7.20b) show the
capability of the MEC model to fairly portray the geometrical slotting complexity and nonlinearity
due to magnetic saturation. The torque was subsequently calculated (Equation 7.45) and compared
with FEM results (Figure 7.21).

As is evident in Figure 7.21, the MEC-calculated torque has its pulsations much too large in com-
parison with the 2D-FEM results. So, at best, the MEC peak torque may be used as average torque.
However, the computation time was 4 seconds versus 3700 seconds for 2D-FEM.

FEM may be used for one electrical degree time-step after MEC-based model optimal design code
to check the optimal solution and calculate the core losses, as mentioned in section 7.3.1. But in this
case, if FEM is to be embedded in the MEC optimal design, a time-step of mechanical degree should
perhaps be used for 130 s FEM computation time. This way, the total optimal computation time will
be kept within a few hours on a single contemporary desktop computer.
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FIGURE 7.21 Torque versus rotor position for given phase current waveforms: MEC versus 2D FEM.

7.6 CIRCUIT MODEL AND CONTROL

Technical theory, MEC, and FEM modeling are all useful to investigate performance on an existing
device and for designing it, mainly for steady-state operation. However, to quickly investigate steady
results, transients, and control design, with an inductance matrix [L] imported after curve fitting from
the above methods, a circuit model is needed.
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As already implied, a phase coordinate model is practical despite the fact that its inductance
matrix depends heavily on rotor position and currents (or magnetic saturation), because phase current
control is operated with flat-top two-level bipolar currents (rather than with sinusoidal currents) for a
five-phase machine [6]. The voltage equation in matrix form is:

d
[Vi] = R[is] + E ([L(eers ls)][ls]) (7.46)

Vil = [Va, Vi, Ve, Vi, V1T

lis] = Lias ips ics igs ie]"s

o (7.47)
[l//s] = [L(Ocr, i9)][is]
T
[v] = [War Voo Wer Was wer wf]
1 . 7 O(L(Oer, D)) .
Te =5 i)' === 1i] (7.48)
J dw, db.,
e T, - T —B 0, —~L=w,; 0, =2-7-1n- 4
b dr ¢ = Tioad W = = O Or T-n-p (7.49)

where n is the rotor speed in rps.
The inductance matrix (L) for a five-phase machine is “full”:

L Lab Lac Lad Lae
Lya Ly Lpe Lpa  Lpe
[L] = Lca ch Lcc Lcd Lce (7 5 0)
Lao Lap Lac Laa Lae
Lea Leb Lec Led Lee

The phase inductances may be approximated as for salient-pole synchronous machines by intro-
ducing a single term in 26,,. For phase a:

Loa = Laao + Laaz - €08(20,,)

Loy = Lapo + Loy - cos(2€e, — 7r/5)

Lae = Laco + Laca - c08(20,, — 27/5) (7.51)
Lii = Laygo + Loa - cos(29e, — 37r/5)

Lae = Leo + Loez - €08(28,, — 47/5)

The values of L0, - s Laeos Laa2s - -- » Laen fOr phase a, but similarly for the other phases, may be
FEM (or MEC) model-calculated or measured (from, say, steady-still flux decay tests) by regression
methods.

Typical such comparisons are shown in Figure 7.12. For given inputs [V], T},aq, and initial values
of variables [i,], the circuit model (Equations 7.46 through 7.51) can be solved through a numerical
method. True, for each computation step, the matrix [L(6,,, i)] has to be inverted. It may be more
feasible to solve the same model in [i,] as the variable vector:

d
[Vi] = Ry[is] + % (7.52)
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with [w;] from Equation 7.47 for each integration step, [i (k)] has to be calculated after inverting [L],
but, in this case, the derivatives d[L]/0d6,, are not modeled, which may turn out to be an important
advantage.

If enough time is allowed when starting with zero (or given) speed w, and zero phase currents,
steady-state operation is obtained with the same circuit model (Equations 7.46 through 7.51).

The calculated waveform of phase a current versus time at 500 rpm (for the five-phase prototype
already introduced in the chapter) shows good agreement with test results in Figure 7.22 [6].

Also, measured and circuit model—calculated torque for given (experimental) currents compare
acceptably (Figure 7.23).

The higher-frequency torque ripples in the calculations have perhaps been introduced mainly
by the Runge-Kutta numerical solving algorithm, while the lower-frequency torque ripple
differences between theory and experiments are due to machine manufacturing imperfections and
the neglecting of magnetic saturation variations in inductances. FEM-calculated torques for same-
rated currents i = iy are notably closer to measurements (Figure 7.23c).

The control system for the five phase BLDC-MRM, fed froma 5 x 1 phase H-bridge inverter, implies
independent control of all phases. The speed and current control scheme are shown in Figure 7.24.

The speed PI controller with a limiter has K, = 0.005, K; = 30 while hysteresis current controllers
are applied (band = 0.05A) with Vpc= +300 V.

The simulation model is illustrated in Figure 7.25.

A 4/1 speed ratio was demonstrated (Figure 7.26) though not at rated power in tests, as iz was not
reduced inversely proportional to speed, in order to keep system efficiency high: (90% motor +
inverter maximum efficiency was measured).

Note: A comprehensive FEM characterization and four-quadrant control of a six-phase BLDC-MRM
is offered in [5]. From there, we gather here only a few sample results, including:

Speed reversal transients (Figure 7.27).

No-load motor to generator transients (Figure 7.28).

For this machine, a null point six-phase inverter was used (Figure 7.29). The three main control
system parts are shown in Figure 7.30a—c.

Making use of a lower power switch count in the null point inverter implies controlling not the null
current but the null point voltage pulsations (Figure 7.30c) in order to stabilize phase currents that
each have PI controllers.

7.7 OPTIMAL DESIGN METHODOLOGY AND CODE WITH A CASE STUDY
In an optimal design methodology, a few main steps are to be followed:

* Choose a proper (rapidly enough convergent) optimization algorithm.
* Define the optimization variable vector and its domain for the case in point.



Brushless Direct Current-Multiple Phase RMM, Control, and Design 223
(a) 50
40 +
2 304
]
g‘ 20 +
= -~ ;1000 rpm
10 "'_H_""\._/‘\——‘—#H‘"“\-._// ! ‘-“_""E'-.._r'
. ~— : ~ —
0 0.04 0.08 0.12 0.16 0.2
Time (s)
(b) 50 .
/— 250 rpm
40 + "y~ 500 rpm 4
E 30 MM%N\.&
S T AU AN A A W AN
& 20t 750 rpm
2 1000 rpm
O e o W R e
0 " i
0 0.04 0.08 0.12 0.16 0.2
Time (s)
(©
E
Z
05) -
g 20 -750 rpm
= 1000 rpm|
10 B i s e D
0 i i i L
0 0.04 0.08 0.12 0.16 0.2
Time (s)

FIGURE 7.23 Measured (a) and circuit model-calculated torque versus time for measured phase currents
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* Define the objective (cost-fitting) function components: cost functions and penalty func-

tions, in an unitary way.

* Choose a machine (drive) nonlinear model: MEC- or 2D-FEM-based, whose imported data
will feed the circuit plus control model of the motor/generator drive.
* Define input and output files as text and graphs.
* Verify offline or embedded by FEM the main performance of the optimal design machine
and correct the machine model (if requested) by fudge factors until the FEM and non-
FEM models are close enough to each other.
 If thermal and mechanical design follows, then that part of optimal design has to be added,
but these steps are beyond our scope here. A simple thermal model here, though, excludes all
designs with a high average or critical-point over-temperature.

After comparing four different metaheuristic optimal algorithms [9], the modified particle swarm
optimization (PSO_M) was applied to BLDC-MRM, because it can be seen as artificial intelligence in
the sense that it follows five principles:

* Proximity: simple space and time calculation made by population
* Quality: simple space and time calculation carried out by population
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7.7.1 PARTICLE SWARM OPTIMIZATION

PSO emulates bird flocking or fish schooling [12—-13]. Its foundation is based on the fact that coop-
erative populations (that share info) are eventually superior to the noncooperative ones, especially
when food resources have an unpredictable distribution, when cooperation surpasses competition

effects. Each particle has not only a position x; but also a speed v;,
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After a random initialization of particles (variable vector), their fitting (objective) function values
are evaluated, and the best position in space (gnes) and the best position of each particle (ppes) are
memorized.

A new velocity v(f + 1) at r + 1 time moment is computed as:

v(t + 1) = w(r) - v(t) + ¢; - rand(0,1) - (pbest - x(t)) +cp- rand(O,l)(qbest - x(t)) (7.53)

Xt + 1) =x(0) + vt + 1) (7.54)

where ¢; <2 is the self-confidence factor, ¢, <2 is the swarm factor, and w is the weight factor
(it decreases from 0.9 to 4 during optimization).
To speed up convergence, the weight factor w(¢) is replaced in Equation 7.53 by coefficient k

2

;@
2—p—Ver—4do

k= —cider >4 (7.55)

Example: With ¢ = 4.1, k= 0.729, and ¢ + ¢, = 1.5 in Equation 7.53, the situations in Equations
7.53 and 7.54 are equivalent.
Synthetic particle swarm movement and the PSO flowchart are illustrated in Figure 7.31.
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FIGURE 7.31 Particle swarm motion (a); and PSO flowchart, (b).

7.7.2  OPTIMIZATION VARIABLE VECTOR X FOR BRUSHLEss DIRECT
CURRENT—MULTIPLE PHASE RELUCTANCE MOTOR

The choice of variable vector X is an art. The most influential dimensional ones and as many nondi-
mensional ones as possible should be chosen to quicken the optimal design convergence process.
In our case, X is [9]:

X = [ fians B, Jss A, b.Prs, sMs, shyPzp, shyPwr hagq, hag, rhyPzp]
tangential airgap flux  current Istack/pole  stator stator  stator yoke rotor tooth/ equivalent machine rotor yoke
force in  density in  density in pitch ratio yoke pole slot pole pitch rotor slot airgap in  airgap width/pole
(N/cmz) (T) (A/mmz) pitch ratio width in ratio (flux barrier) axis ¢ in in (mm) pitch
=) (mm) ) pitch ratio (mm)
=)
(7.56)

A population of 100 particles (variable vectors), followed for 50 generations in a hypercube, at the
designer choice, suffices:

Xoin < X < Xona (7.57)

In our case study, the specifications refer to a six-phase BLDC-MRM of T,;, = 160 Nm, six poles,
at 3000 rpm (50 kW). For this case, X,;, and X, are:

Xmin = [0.5,0.4, 2, 0.6, 0.3, 1, 0.25, 0.35, 5, 0.35, 3]

(7.58)
Xmax = [3, 1, 10, 2.4, 0.7, 3, 0.7, 0.65, 20, 1.2, 0.7]
The random initial population (of 100 particles) is:
X = rand(Xmin + rand(O,l)()_(mX — )_(mm), X,) (7.59)

fori=1:P =100

After each particle speed computation and position updating, the new position is rounded accord-
ing to X,, again chosen by the designer, in our case:

X, = [0.05, 0.01, 0.1, 0.05, 0.1, 0.1, 0.05, 1, 0.05, 0.1] (7.60)

If an initial design is available from a preliminary method, as the technical theory in section 7.2, it
may be introduced as Xjpi.
Now, let us define the cost or fitting or objective function .. ,.
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7.7.3 Cost FuNcTION COMPONENTS

As we are concerned with both initial cost (or volume or weight) and lower losses, a complex cost
function ¢, is defined here:

Teost = Mcost + €cost + PENeost (7.61)
with m..s —material costs (copper, laminations, and shaft) and passive (framing, etc.) materials
Mcost = COPPeTeoss + Lameos, + shafteos, + PasMeos, (7.62)

The energy loss cost e ; iS:

11
ePrice'Pn'<n__rl'>'hpy'nysr]<7[min
Ccost noom (7.63)

1
€price * P - (5 - 1) ~hpy - ny, 1 > Ny

where hpy is the number of hours at full power per year and ny is the number of years in operation. It is
also possible to define a “most frequent load” level for, say, a standard driving cycle, for which to
calculate e, ;.

Penalty cost pen,s ; is here the sum of two terms:

* Overtemperature penalty Temp,s ,
* Power nonrealization penalty: Pow . ,

Temp,, = max[0, (Thy — Tn)Meos:] (7.64)
with

_ Pcopper + Piron

T,
ar - Areq

+ Tambients Tambient = 40°C (7.65)
ar—equivalent heat transmission coefficient calculated at the outer stator core area. It also depends
on the cooling system: a7 = 14-100 W/m*°C.

Pow s ; 18:

2(Py — Pmin) - Mcosts, Py < Pmin

0, Py > Pain (7.66)

Powos; = {

All components in 7., are expressed in terms of money, and the penalty functions are also
proportional to the materials cost, m.q 5

7.7.4 Op1IMAL DESIGN SAMPLE REsuLTs

Sample results from the best particles of the swarm are presented in Figures 7.32 through 7.40 [9].

The initial and optimal cross-section are illustrated in Figure 7.40.

The optimal design code investigated 5000 machines (100 x 50) within 20,000 seconds on an
2.26-GHz Intel i5 processor.

The sample results in the case-study in point (Figures 7.32 through 7.40) for 160 Nm, 3000 rpm
(50 kW) may be characterized as follows:

» Keeping the efficiency above 94%, the active weight dropped from 67 kg to 32 kg; also, the
t.os + dropped from 670 to 250 USD.
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FIGURE 7.34 Main machine cross-section ratios.

* The outer stator diameter was reduced from 342 to 271 mm, with the stack length about the

same: Lo = 123 mm.

* The core and copper losses are not far away from each other in the optimal solution.

« The current density went from 1.5 to 9.4 A/mm”.

» The stator slot opening and airgap were reduced to 1.4 mm and 0.4 mm, respectively. As the
airgap is small, the commutation of the current (trapezoidal with irp = i) at 3000 rpm and
Vpc =500V within one slot pitch time has to be checked via circuit model.
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FIGURE 7.37 Efficiency evolution.

But, increasing the airgap to improve current commutation will also increase copper losses in field
phases and thus should reduce efficiency somewhat.

If the machine were intended for a CPRS = 4, n;, = 3000 rpm, and 7,,,x = 12,000 rpm, a penalty
function for power unrealization at maximum speed should be added, while, implicitly, the airgap
would increase. The efficiency at maximum speed might hold if the field current i Fpmax = ir/CPRS.

The torque density is only 25 Nm/liter, which is to be expected because the efficiency was kept
above 94%.
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e BLDC-MRM stems from an upside-down DC brush motor with stripped-off excitation and
brushes shifted from a neutral axis to the corners of former inductor poles. Starting with a
two—stator pole, six—rotor slot (coils) DC brush machine, we thus obtain a two-pole six-
phase BLDC-MRM where the stator holds the six-phase AC coils, and the multiple flux
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barriers or axially laminated anisotropic passive rotor provide(s) for low armature reaction,
thus securing high torque density. Out of six phases, two (my) of them are situated at some
moment between the rotor poles and play the role of excitation (ir—current), while the other
four (myz), under the rotor poles momentarily, play the role of torque phases (i current)
[1-7]. The principle may be used in multiphase IM drives as well [8].

e Mechanical commutation is replaced by electronic commutation, and the machine
becomes brushless.

* The natural situation corresponds to iz = iz, when the torque-speed curve is similar to that of
a series DC brush machine, known to be ideal for traction (wide CPSR):

e Torqueis: T,=ky -mr-ip-ir

* A multiphase reluctance machine was obtained, which, however, operates as a DC brush
machine with a power angle oscillating a little around the value of 90°.

* The current waveforms, intact with rotor position, are trapezoidal bipolar with two flat tips
(ir and ip).

 The commutation transition of currents between + and — polarities and the ir and iz tops,
almost linear, depends on machine inductances. This is why the machine airgap should
not be too small (as is in reluctance synchronous machines), but it may not be too high,
in order to keep the excitation losses (mpRSi%) reasonably small for good efficiency.

* A mild magnetic saliency in the rotor, with L,,,,/L,,, ~ 4.5, sometimes suffices to secure low
enough armature reaction for high torque density before the stator core teeth oversaturate.

e The BLDC-MRM may be run:
e At constant i; but variable i; (with reference torque)
o Atip=iras long as the voltage ceiling in the inverter permits; this is the implicit max-

imum torque per current condition (MTPA: so simple to achieve here)

¢ for wide CPSR

) w
lp = Tpp = for || > |w,|
r

and torque current i decreasing to reference torque

» Stator coordinates are used for the circuit model, with rotor position—dependent machine
inductance matrix.

* The torque density (Nm/Kg or Nm/liter) has been proven 40% more than in an IM with
same stator and total copper losses.

* The larger airgap allows a retaining carbon fiber on the rotor to permit operation at high
speeds.

* The efficiency remains high during flux weakening for wide CPRS as i decreases with speed.

* A technical theory was developed first to calculate a preliminary (initial) geometry for
given specifications.

* 2D-FEM characterization of the BLDC-MRM; one of five phases and one of six phases were
presented to shed light on the complexity of machine geometry, magnetic saturation, and
stator and rotor core loss computation.

* Alternatively, a nonlinear magnetic equivalent circuit method was developed for BLDC-
MRM and proved useful for machine modeling in optimal design. The computation time
is hundreds of times smaller than for 2D-FEM, but the precision is lower, too.

* The circuit model in phase coordinates was developed with the inductance “full” matrix
dependent on the rotor position by cos(26,,) as in salient pole synchronous machines; curve
fitting from 2D FEM or from a flux decay standstill test is required to get simple analytical
formulae for the inductance matrix.

* The circuit model may then be used to portray steady-state operation and especially transient
operation without or with closed-loop speed and current control.
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With m one-phase inverters, the DC line voltage (+ ) is applied to each phase and phase cur-
rents are all controlled individually. The same is valid for a null-point m-phase inverter, but
now the voltage applied to each phase is smaller than V¢, and, in addition, the null-point
voltage pulsations have to be controlled to bring symmetric current in all phases. The null
current is equal to the phase current top value in odd-phase count machines and twice as
much in even-count phase motors. However, the latter uses fewer power switches and allows
for simpler fault-tolerant operation by grouping the phases in groups of three.

A 4/1 or more CPSR was demonstrated at high efficiency in a five-phase BLDC-MRM.
Machine overloading is permissible, as no PMs are present.

A PSO-based optimal design code (ODC) with MEC for machine modeling was put in place
and applied with encouraging results for high efficiency (94%) for an 160-Nm, 3000-rpm
drive (for 6 hours of computation time on a single laptop). Wide CPRS designs are also fea-
sible with ODC.

2D-FEM may be used parsimoniously as embedded in the ODC after the optimization cycle
is done to check the key performance (torque and inductance matrix) and correct the MEC
model online by fudge factors to speed up convergence. Still, tens of hours of computation
on a single laptop are required.

In conclusion, BLDC-MRM is worth trying both in drives with and without a wide CPSR, at
small and high speeds and torques; the not-so-small airgap leads to room for a rotor carbon
fiber retaining rig, but the remaining airgap also leads to small enough mechanical losses in
high speed applications.

BLDC-MRM may be considered a strong competitor to the brushless excited SM in most
variable-speed motoring/generating drive applications.
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Brushless Doubly-Fed
Reluctance Machine Drives

8.1 INTRODUCTION

As implied in Chapter 1, the commercially named BDFRM may be considered a flux modulation
reluctance machine that has two windings in the stator (both AC three-phase, for example, or
one AC three-phase and one DC-fed) placed in semiclosed uniform slots and a salient pole rotor
with P, poles. The two stator AC-distributed windings, primary and secondary (controlled),
have different numbers of pole pairs p,, p; and are called primary (power) secondary windings.
The latter are fed at w; = variable through an AC-DC-AC (or AC-AC) PWM converter such that a
speed o, is:

Wy + wy
Pp + Ds

Wy

s Pp+Ds =pr; 05 >/<0 (8.1)

where p, is the number of rotor equivalent salient poles.

In principle, it may also be feasible to have p, — p;=p,, but then performance is lower. The
so-called primary (power) and secondary (control) windings are both on the stator, while the flux
modulator is represented by the salient-pole rotor, which may be built in four main configurations
(Figure 8.1).

Though the number of rotor poles p, may be odd or even, even numbers lead to fewer radial force
peaks and thus to lower noise and vibrations.

It has also been demonstrated that the higher the magnetic saliency in the rotor, the better the
magnetic coupling of the two windings and thus the higher the torque for given primary (power)
and secondary (control) winding mmfs. Also, it has been proven that the numbers of stator windings
pole pairs p, and p, should not be too far apart, though this would mean that they should be rather
large numbers and, consequently, BDFRM is more suitable for low-speed applications for primary
fundamental frequency f, = 50 (60) Hz.

The coupling between the two windings (or the flux modulation) is performed by the first har-
monic (with p, periods per revolution) of airgap magnetic permeance [1]. Alternatively, the same cou-
pling may be performed by a nested cage rotor with p, poles, when the brushless doubly fed induction
motor (BDFIM)—proposed a century ago—is obtained [1-3]. The rotor nested cage on the rotor and
its losses are notable demerits of BDFIM.

Let us consider, as an example, a two-pole primary (power) winding and a six-pole secondary
(control) winding, with a four-pole rotor. The fundamentals of the mmfs of the two windings
(Figure 8.2a) interact through the first (p, periods) harmonic of the airgap magnetic permeance
(1/g)—Figure 8.2b and c.

For simplicity, the stator slot opening effect is neglected in Figure 8.2.

The BDFRM may be built with two separate rotor distributed AC windings placed in the same
slots or as a single winding (divided into three or two sections) connected to handle both roles
(or one of p, and one of p, pole pair windings); see Figure 8.3a—c.

When the secondary (control) winding is DC-fed (i*. = i,o), the machine behaves as a synchro-
nous machine with p, pole pairs: o, =w,/p, (p,=p, + ps) [4], when the power factor is improved
as in any synchronous motor.

235
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FIGURE 8.1 Typical magnetically anisotropic rotors: (a) conventional; (b) MFB-rotor; (c) ALA-rotor;
(d) segmented regular laminated anisotropic (SRGA)-rotor.
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FIGURE 8.2 Winding function fundamentals N,(®), N(®), (a); ideal inverse airgap, (b); actual inverse airgap
1/, ().

The fabrication simplification brought in by the simple winding solution (Figure 8.2a,b,c) leads
to a higher slot filling factor but also to additional copper losses in the winding with a lower num-
ber of poles. So, in general, two separate windings, eventually phase shifted by 90° mechanical
degrees, may be the practical solution in many applications. It is to be shown in subsequent sec-
tions that for a limited speed range lw,l <, /3, the power rating of the secondary (control) stator
winding P; is:

P, > p, 2 (8.2)
Wp

With slip defined as § = —w,/w,, the BDFRM becomes somewhat similar to BDFIM, but it has
better efficiency, as only core losses occur in the winding-less (passive) rotor.

This is how the main merit of BDFRM, besides being brushless, comes into play: partial rating
of secondary (control) winding power converter. If the power winding unity power factor is targeted,
the KV A rating of the converter has to be raised notably. To grasp the BDFRM operation, its phase
coordinate and dual dq model are to be treated in what follows.
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FIGURE8.3 BDFRM stator windings: (a) separate AC windings (2p, = 6,2p, = 2,p, = 4); (b) single AC + AC
windings (2p, = 6, 2p, =2, p, = 4); (c) single AC + DC winding (2p, =4 AC, 2p,=2,DC p, = 3).

B C

8.2 PHASE COORDINATE AND dg MODEL

The voltage equations in phase (stator) coordinates are simply:

[Va,8,c,]1 = [Ryllia,z,c,] (3.3)
. d
[VasVasVes] = [Rillia,z,c,] + 7 Va5, (8.4)

where [R,,] = Diag R, [R,] = Diag R, are three component diagonal matrixes and [V4,p,c, 1, lia,5,c,],
[w A, chp] are three term column matrixes (the first two) and a 3 x 3 matrix (the third-order variable:
flux linkage matrix).

The relationship between the phase flux linkage and currents are standard:

Wa,8,c,] = [La,8,c,4,8,¢,1[ia,8,c,] + [La,B,ca.8,c,1lia,8,c,] 8.5)
3x1 3x3 3x1 3x3 3x1 )
(wa,p.c,] = [La,.c,aB,c]liaB,c,] + [La,B,c,a4.8.c,]lia,B,c,] 8.6)

3x1 3x3 3x1 3x3 3x1
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with

LAPAP Ly »Bp Ly »Cp
[La,B,c,4,8,c,] = | LB,a, Ls,s, Ls,c, (8.7)
Le,a, Lcs, Lcoc,

Laa, Lag, Lac,
[LaB,caB,c,] = | Lpa, L, Lsc, (8.8)
Lea, Les, Legc,

La,a, Las,  Lasc,
[La,B,c,4.8,c,(0m)) = | Lp,a, L, Lg,c, (8.9)
Le,a, Le, Legc,

The motion equations may be added:

dwpy,
J——=T, — Tpa
d o (8.10)
T, — l[l ] a[L/él‘,,BpC‘,,AABSCA (Grm)] [l ]T, dgrm —w )
e =5 liaBc, %0, 48,615 === Om

where o,,, and 8,,, are the mechanical angular speed and rotor axis angle with the axis of phase A,,.
In order to reduce the torque pulsations, it would be practical to have only [La 5,c,4,8,c,] dependent on
rotor position, like in a nonsalient-pole rotor synchronous machine.

The stator slotting will be considered here only by the Carter coefficient (Kc), and the rotor slotting
(due to flux barriers) is neglected in terms of airgap permeance pulsations. Thus, only the simplified
(equivalent) 1/(gKc) stepwise function in Figure 8.2b is considered.

Pursuing the method of winding functions and considering only their fundamentals [5] per pole as
M,(¢) and M(p), Figure 8.2a, the neutral (airgap) inductance between any two phases of the two
windings L;(8,,,) is:

27
T _ . .
Lij(0r) = py - lstackl% : J 8. YOrm» @) - N; - sin ®p> @) - N; - sin (py, @)de (8.11)
0
where 17, is the pole pitch of the primary (power winding) and Iy, is the stator core axial length.
The equivalent inverse airgap function g 'O, @)—Figure 8.2b—is:
8. Om. ) = (8- K™

O +—(2n— ) < ¢ < O +—(Q2n + )
1 Pr Pr 8.12)
g; (91‘1717 (ﬂ) =0

Om + QN+ a) < ¢ < Opm+ 2 Qn+2—a)
P P

Heren=0,1,2,p,- 1.
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The ideal inverse airgap function here was adopted for simplicity, while a more involved one may
be adopted for more precision. In such conditions, La,a, is:

PpTp lstack
L = pg————N,N,-
ApAg Ho ju ch pi¥e

Pp — Ds Pr

8.13
<COS[(P )l + _px)]) o
pr—1 P s)Vrm i
. Pyt Ds =
n=0 | smpppip . %a . Z (cos[(p,, + ps)Orm + 2Jm])
r r n=0

If (p, — ps)/pr is not an integer, the first term in Equation 8.13 becomes zero and Ly 4, is
(Pp+Ps=p»):

LA,,AS = mes COos (pr Orm) (8.14)
N,N;a sin (o)
mes =Ho Pp-Tp- lstackﬁ o (8.15)
Similarly:
L c, = Lc,p, = Laa, = Laa, = Lyps - €08 (Dy - Oy)
P 7 p p

2r
LA,,B: = LB,,A; - LC:CP - LC,,CX = Lpps - COS\ Py - erm - ? (8 16)

2r

LAPCS = LC,,AA = LCJ-C,7 = LC‘,CA = mes - COS\ pr - grm + ?

Now if 2p,/p, and 2p,/p, are also not integers, the self and mutual inductances within the two
windings end up independent of rotor position ,,,:

LA,A, - LB,B, - LC,C, - Lpo‘ me
Ay POl 1
1

LApo = LApC,, = LBPC[, = - Eme
(8.17)
LA:As = LBSBX = LC;C: = Lsrr + Lm.v
1
Lap, = Lac. = Lp.c, = =5 Lms
with:
me _ﬂO Pp- T lStaCk NP2 ) a; Lms =/’£0 *Psc Ts - lstack st - a (818)
8- Kc 8- Kc
and:
2N, -K, 2N, - K,
N, ==Ll N =22 0w (8.19)
0 pP T Ps

with Ny, N,, K,,1, K,,» the number of turns per phase and the winding factor of the primary (power)
and secondary (control) windings.



240

Reluctance Electric Machines
So:

Lo — 41, lstack(Nle1)2 ta, L
mp — 5 s Lms
a pp'g'Kc

= iTS ) lstack(NzKW2)2 a (8.20)
p 2 ps- 8- Ke

The space phase vectors of the flux linkages of the two windings are in their phase coordinates:

— % _ 2 2 _ L = L —k
Va,B,C, = g(l//A,, ta-yp +a -yc)=Lyiap,c, + Lni, ,

‘951'
WGy ¢
; (8.21)
l/_/j;stC: - § (l//As + a2 R ta- l//Cs) = LS;ASB-‘CJ + Lm?A:BpCP ' e_](}"
with
3
eer = prerm and Lp = Lp(; + 2me
3 . (8.22)
Li=L, + ELms, Ly, = Emes
L,

- and L are the leakage inductances per phase.

The dq (space phase) model is needed to eliminate the rotor position angle in Equation 8.21.

A random dgq reference system may be used, as defined by its angle 6, because only the coupling
inductances between two windings depend on rotor position.

For the secondary (control) winding, the transfer matrix is applied to conjugates:

_ - 2. .
—jO _ * —j(Op—0er
Sagp = ng,,B,,C,,E T fags = ngxBxC,,e #(65=0er) (8.23)

As visible in Equation 8.23, the Park transformations are valid in two different systems of coor-
dinates, defined by 6, and 6, — 6, for the two windings.

The Park transformation matrixes are used to get the dg variables directly:

Ja,qm, = [PO)fa,8,c,

(8.24)
fdsqsnj = [P(gb - 96;’)]](XXVB.\.C.y
with

2
[P(Oer)] = 3| sin(=0e) sin

2 2
Cos (_eer) COS<_6er + gﬂ') Cos(—@e,. — gﬂ,’)

2 . 2

o, 4+ 37r> sm(—@ _ 37[) (8.25)
1 1 1
2 2 2

Finally, Equations 8.21 through 8.25 lead to the dg model of BDFRM:
_ - do
Vg, = Rplayg, = d_tb
4 (8.26)
Vg, = Ryiag, + E‘/_/dqu + i@y — @)W a5 @r = Pr - Om

d _ .
+ 7t Vv T IO, @b



Brushless Doubly-Fed Reluctance Machine Drives 241
and

l/_/dp%) = LP ';quI’ + L .;drq.r
) _ (8.27)
l/_lds% = L5 ’ id.\"l.\' + Lm ’ idn‘[h

The model (Equations 8.26 and 8.27) is similar to that of the doubly fed induction machine if we
only define slip as: § = —w,/w,.

Synchronous coordinates (w, = w,,) may be profitable for field-oriented control, while stator coor-
dinates (w;, = 0) are adequate for the case of w; = 0: DC excitation of secondary (control) winding,
when the case of a stator “DC-excited cageless rotor nonsalient pole” synchronous machine is met.

The electromagnetic torque in the dg model is simply:

3 . .
Te =5pWaiq — Wy la)
3 .. ..
= Eper(ldp lg, — lqplds) (8.28)

3 . .
= 5me(zdl ig, — quzds)

We may now reduce the secondary (control) winding to the primary (power) winding to obtain:

N\ 3 N, 3
L = Lms . (_])) = me; L = _mes L= _me . Kp
ms N meo2 N, 2
s s (8.29)
sin(za) . 1 2
K, = pom <1, Wltha:§:>Kp:]—T!

Now L, < (3/2) - L, which is the strong difference with respect to the doubly fed inductance

m

machine (DFIG) counterpart as:

3
Ly = L, = Lpo + 5 Lup(1 = Kp) > Ly

m

3 (8.30)
L —-L =L_+ Eme(l —-K)>1L,

So there is an additional large leakage inductance L, that corresponds to the average airgap of
the machine: L,,; = (3/2)L,,,(1 — K,,). In the dg model (with the same reference systems for both
windings wy), all variables have the same frequency (in both windings), but in reality, it is o,
in the primary (power) winding that refers to stator coordinates (w;, = 0) and w, for the secondary
(control) winding in the same coordinates.

So, for steady state d/dt — jw, and jw, for the dq voltages of the two windings. The dq equivalent
circuit for steady state in stator coordinates is shown in Figure 8.4.

The dg model of BDFRM leads to remarks such as the following:

* The additional inductance (L,,;) in both sides of Figure 8.4 dependent on (/ — K,,) should
be made as small as possible to secure an acceptable power factor and thus lower the kilo
volt ampere (KVA) rating in the PWM converter that feeds the secondary (control) wind-
ings. To do so, p,, and p, should be close to each other, but the shaping of rotor saliency
will also help.

* To do so, the MFBA-rotor or the ALA-rotor (Figure 8.1b and c) should be adopted, as
explained later in the chapter.

* The slip S expression (§ = —w,/w,) contains the sign minus because @, = ®,,,,(p, + ps) =
w,+ w,, where w, is positive (same phase sequence with primary windings) in
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FIGURE 8.4 dq equivalent circuit of BDFRM in steady state: both windings are AC fed (a); secondary
(control) winding is DC fed from a three phase winding (b).

oversynchronous operation and negative (opposite sequence of phase in the secondary
windings) in undersynchronous operation. Synchronous operation is considered for o, = 0
and thus o, = w,/p,.

* When the secondary (control) winding is DC-fed S = 0, synchronous machine-like opera-
tion is obtained.

* The right part of the equivalent circuit in Figure 8.4 becomes in this case a current DC source
(Figure 8.4b):

- 3
iF = idc; Vx = ERY : idc (831)

* As the secondary (control) winding is three phase, its DC resistance is (3/2)R,, which
explains the DC control voltage V, expression in Equation 8.31.

 Finite-element analysis of ALA-rotor BDFRM has shown that, despite nonsinusoidal airgap
flux density, the mutual inductances between the two windings vary rather sinusoidally with
rotor position [6], as in Equations 8.14 through 8.16.

* The additional inductance L, (Figure 8.4) both in the primary (power) and secondary
(control) windings will have a beneficial effect in the sense of reducing the overcurrents dur-
ing large symmetric and asymmetric voltage sags or swells in the power grid, in contrast to
the regular DFIG (with slip-rings and brushes and the secondary winding on the rotor),
again, at the price of a lower power factor.

e It should be mentioned that a BDFRM may also operate as an induction motor if the
secondary (control) winding is short-circuited; in this case, w; is given by ®,, and the speed
O O =0, — O).

* Also, it should be noted that the key torque factor (Equation 8.29) is

SN BN PR . 1

3 Lips = 5w - - == =5 Ly - K,

s (8.32)

both « (ratio of rotor pole span/pole pitch) and sin(za)/ma are smaller than unity; con-
sequently, the torque density is inevitably smaller than for DFIG, for similar mmfs in the
windings. Minimizing this effect leads to the optimal design of the MFBA or ALA-rotors
(Figure 8.1) for BDFRM. Using a sinusoidal analytical model has led to values of K,
from 0.11 to 0.5 for various pole pair combinations (p,,, p,) and for given airgap. The higher
coupling factor is obtained with p, > p; [7].

* Asexpected, the maximum torque is obtained when the self-induced and induced voltages in
each of the two windings are at 90°, or when the corresponding phase currents in the dg
model, say, in stator coordinates, are at 90° with each other. With zero stator resistance,
say, for motoring, in the primary (power) winding, the phasor diagram may be simplified
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FIGURE 8.5 Power winding factor for maximum torque (motoring).
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to that of Figure 8.5 where ¢; is the ideal power factor angle. It may be demonstrated [7] that
the ratio of current loadings (A,, A,) in Aturns/m is, in this case:

A,

— =1 -G.F.
A an ¢,

GF. = ﬁ

PsCpp

(8.33)

(8.34)

* G.F. is the goodness factor, with C,, and C,, as coupling and self-coupling coefficients

(Cii» Cjj, Cyp), as in Tables 8.1 and 8.2 [7].

It should be noticed that G.F. depends on the combination of pole pairs p,, and p, and that
for p, > p,, the grid winding electrical loading A, may be increased (by increasing G.F.)
without affecting the power factor (in Equation 8.33) too much; fortunately, this would

mean higher ideal coupling coefficients (Cij).

TABLE 8.1
Ideal Coupling Coefficient

Pole Numbers

Coupling Coefficients

Pr pi P Cii
2 4 8 0.00
4 2 0.1817
5 4 6 0.3831
6 2 10 0.0865
6 4 8 0.2933
8 2 14 0.0498
8 4 12 0.1817
8 6 10 0.3499
10 2 18 0.0323
10 4 16 0.1216
10 6 14 0.2477
10 8 12 0.3831
20 10 22 0.4454

Cj=Gji
0.00
0.3183
0.4677
0.2067
0.4135
0.1501
0.3183
0.4502
0.1169
0.2523
0.3784
0.4677
0.4918

Source: A. M. Knight et al., I[EEE Trans., vol. IA-49, no. 1, 2013, pp. 50-58. [7]

Ji
0.00
0.661
0.5780
0.5827
0.6034
0.5643
0.6061
0.5900
0.5520
0.5946
0.6081
0.5780
0.5447
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TABLE 8.2
Ideal Goodness Factor

Pole Numbers

psC CppCss
Pr Pg Ps IT('PPI: szz)s
6 2 10 0.4780 1.1793
6 0.7050 1.0349
6 1.3706 1.0349
6 10 2 1.7741 1.1793
8 2 14 0.4300 1.2493
8 12 0.5840 1.0869
8 6 10 0.7718 1.0189
8 10 6 1.2716 1.0189
8 12 4 1.5755 1.0869
8 14 2 1.8614 1.2493

Source: A. M. Knight et al., IEEE Trans., vol. IA-49, no. 1, 2013, pp. 50-58. [7]

 If a similar procedure is followed for the secondary (control) winding, one obtains [7]:

Av scsp
R 8.35
A, an @ (p,, C> (8.35)

Now multiplying Equation 8.33 with Equation 8.35 yields:

CppCis
Gpr = == =tang, - tang; Cpy = Cy (8.36)

Gpr in Equation 8.36 was calculated in Reference 7 and is also given in Table 8.2. As
expected, the lower the coupling (C,Cy,), the larger the power factor angles ¢, ¢, and
thus the lower the power factor. Also, for maximum torque conditions, the two power factors
may not be maximized simultaneously. This comes as no surprise, as the machine magne-
tization may be provided either from one winding, from the other, or by both. If the primary
(power) winding is run at the unity power factor (cos ¢, = 1), the above conditions fall and
thus the machine may not operate for maximum torque conditions in this situation.

* Again, for maximum torque/current (maximum torque as discussed above) in space vectors,
one obtains:

3 - - T 1
Te =sPr I, - Is : Lm; = :]—_p (837)
SPrlIp| - [ VARREAIA

For steady state, the voltage equations become:

» =R, - T, + jo,(L,1, + L,Iy) 8.38)
: is )

s
s R, +j0)s(Lm7p + szs)

<

These expressions, with L,,, L, L, calculated preliminarily, as discussed above, allow one
to calculate approximately the maximum torque capability of the machine and then the
active and reactive powers for each winding.
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Such a calculus done in Reference 7 for an outside stator diameter of 430 mm and stack
length [, = 251 mm BDFRM showed it capable of producing 300 Nm over a wide speed
range with a power factor of 0.8 lagging in the power winding and 0.5-0.6 in the control wind-
ing. The torque density proved to be small (8.6 Nm/liter) for A,/A,= 16220 A/m/15780
A/m and grid frequency f, = 50 Hz, and synchronous (normal) speed (@, = 0) of 500 rpm.
The speed range around synchronism defines the KVA of the secondary (control) winding
and its PWM converter rating by the same principle as for DFIG: P, > (log maxl/®)) - Py,

* To conclude, after this preliminary investigation by electric circuit (phase coordinates and
dg model) theories, we have to notice that the machine torque density in Nm/liter is smaller
than that of the competitor’s solutions, but there are no brushes. However, the power factor
is impaired by an additional notable airgap inductance present in both windings (L, in
Figure 8.4); this will lead to higher kVA in the secondary control winding PWM converter
if high or even unity power factor is required in the primary (power) winding.

8.3 MAGNETIC EQUIVALENT CIRCUIT MODELING WITH
FINITE-ELEMENT MODEL VALIDATION

The phase coordinate and dg model with winding-function-method-based inductances may be used
for preliminary performance investigation and control. But the consideration of magnetic saturation
and stator and rotor slotting effects on circuit model parameters on average torque, torque ripples, and
radial forces is imperative for practical design purposes.

2D-FEM is the way to go, but, for optimal design codes, it requires prohibitive computation time.
So FEM is to be used with care, rather to validate optimal design codes that use nonlinear analytical
(realistic machine) models: MEC, for example.

Given the complexity of stator and rotor slotting, using FEM-only for optimal design codes for
BDFRM within a few hours of computation time on a single desktop computer are still due.

The MEC case study here [8] refers to a four-pole power and eight-pole control three-phase wind-
ing 540-Watt, 1380-rpm BDFRM with its main specifications in Table 8.3 and main given geometry
data in Table 8.4.

A rather complex equivalent magnetic circuit including the airgap, stator and rotor slots, flux
barriers, and teeth is required. There are 48 slots on the stator and 11 equivalent slots/pole (6 poles)
on the rotor (Figure 8.6).

Considering this structure, the MEC for three stator slots and four flux rotor barriers is as in
Figure 8.7.

TABLE 8.3

Specifications

Item Description Value

4-pole winding Rotor speed 1380
Phase voltage [V] 100
Phase current [A] 5.3
Frequency [Hz] 60

8-pole winding Phase voltage [V] 179
Phase current [A] 12.1
Frequency [Hz] 78

Source: M. F. Hsieh et al., IEEE Trans., vol. Mag-50, no. 11,
2014, pp. 1-5. [8]
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TABLE 8.4

Main Dimensions

Description Value Description Value
Length of air gap 0.5 mm Height of the stator shoe 1.1
Stator slot number 48 Width of the rotor tooth (induction rotor) 4.2 mm
Stack length 81 mm Width of the rotor tooth 4.2 mm
Coil turns (4- and 8-pole) 15 ‘Width of the rotor rim 2 mm
Stator tooth width 3.8 mm Height of the rotor shoe (reluctance rotor) 1 mm
Width of the stator yoke 10 mm Outer slot radius 48.4 mm
Rotor radius 70 mm Height of the stator slot 21.1 mm

Source: M. F. Hsieh et al., IEEE Trans., vol. Mag-50, no. 11, 2014, pp. 1-5. [8]

As the MEC method was described in previous chapters (see Chapter 7), we will present it only
briefly here.

The main element is represented by the magnetic reluctances. R, for airgap; Ry, R,, for stator and
rotor teeth; Ry, R,,, for stator and rotor poles; and the leakage reluctances Ry, R;, for stator and rotor
shoe gaps.

There is a direct relationship between the magnetic flux in different magnetic tubes and various
field sources (mmfs: Fyy, Fyy, ... in Figure 8.7) via a nodal approach:

[GullV] = [@,]; [Gn] = [Rn] ™ (8.39)

Itis implicit that the magnetic reluctances (R,;) and their magnetic permeances G,; depend on rotor
position angle; thus, torque 7, is produced:

B N N, , dGy;
Te=p) D o Vim V) o

The fluxes in different teeth are summed to get the flux linkage of all coils of all phases at different
moments in time (with simultaneous values of all currents as assigned). Magnetic saturation is
considered iteratively in the MEC code (Figure 8.8) [8].

(8.40)

i

FIGURE 8.6 One-quarter cross-section: the white part represents steel and the black part refers to slots (or flux
barriers). (After M. F. Hsieh et al., [EEE Trans., vol. Mag-50, no. 11, 2014, pp. 1-5. [8])
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FIGURE 8.7 MEC of stator airgap and rotor section. (After M. F. Hsieh et al., I[EEE Trans., vol. Mag—50,
no. 11, 2014, pp. 1-5. [8])
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The airgap flux density linking the two windings (coupling torque producing) flux density is
separated by using, say, only currents in the primary (power) winding and calculating the flux linkage
in the secondary (control) winding after extracting the fundamental for the secondary (control) wind-
ing period (27y):

2
Yps = ;Bgls “Ts  lstack - N2 - Ko (8.41)
Then the average torque T, 4 is:

3 .
Teavg - Eprlllpslp s @; (842)

where v, and I, are peak phase values and ¢; is the angle between the induced voltage and the
current. Sample MEC (V) results compared with FEM (V;,,) show acceptable agreements
(Figures 8.9 and 8.10) [8].

1.5

0.5 ,r'h\ ‘M

Flux density (T)

0 4 8 12 16 20 24 28 32 36 40 44 48
Stator tooth

FIGURE 8.9 Flux density in the 48 stator teeth by MEC and by FEM, at rated currents. (After M. F. Hsieh et al.,
IEEE Trans., vol. Mag-50, no. 11, 2014, pp. 1-5. [8])
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FIGURE 8.10 MEC versus FEM phase voltage waveforms (a) eight-pole winding; (b) four-pole winding.
(After M. F. Hsieh et al., IEEE Trans., vol. Mag-50, no. 11, 2014, pp. 1-5. [8])
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The stator teeth (airgap) flux density in Figure 8.9 is calculated rather acceptably by MEC, but, as
the voltage waveforms show (under steady state), there are still notable differences with respect to
both experiments and FEM on the small-power prototype under investigation here (Figure 8.10).

The reduction, up to two orders of magnitude, of computation time by MEC with respect to FEM
may justify the lower precision of the former method and its use in optimal design codes.

8.4 CONTROL OF BRUSHLESS DOUBLY-FED RELUCTANCE MACHINES

Both BDFIMs (with nested-cage rotor) and BDFRMs (with reluctance rotor) are credited with safer
operation (lower overcurrents for low grid voltage ridethrough) due to the additional (leakage) induc-
tance present both in the power and control windings. This way, the crowbar protection of secondary
(control) winding is not necessary, in contrast to regular DFIMs. This is a solid reason to pursue
BDFRM control and its implementation for both generator and motor modes in undersynchronous
(0y <0, § > 0) and oversynchronous (w; > 0, S < 0) operation modes. The rotor speed ®,,, is:

o :‘”P<1 +Z) — (5 S = —ar/w, (8.43)

r P r

while the mechanical power (at zero losses) P,, is:

Pu=T, 247, =P, +P,=P,(1-5) (8.44)

r r

There is rich literature on BDFRM control:

e Scalar control [9]

* Voltage vector oriented (VC) [10]

* Power (primary) winding flux oriented control [10]
e DTFC [11]

Other controlled strategies such as torque and reactive power control (TQR) or direct power
control (DPC) are derivatives of DTFC.

All the above control strategies may be implemented with encoder feedback or encoderless, but
DTFC (and DPC) seem particularly adequate for encoderless control. Here, we investigate in
some detail VC and FOC as they reveal the essentials of active and reactive power control in the
primary (power) winding:

3 o i t2i
Py =35 (Vadap + Vg iap = inpe ipp = % (8.45)

3 ) .
o= i(vﬂp’ap — Vapipp)

2Vap — Vi — Ve
Vop = 3

Vi, — Vop
V3

VC and FOC are both vector controls, but for VC, the voltage vector V,, of primary (power) winding
is oriented along axis ¢g,,, while for FOC, the same power winding flux vector is oriented along axis d,,.
This difference, which reflects only the primary (power) winding resistive voltage drop (R,i,)
influence leads to some coupling of active and reactive power control for VC while decoupling

(8.46)

Vg =
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FIGURE 8.11 Primary (power) winding voltage vector angle and speed (6,, ®,), its flux angle and speed
estimators. (After S. Ademi et al., IEEE Trans., vol. EC-30, no. 2, 2015, pp. 596-604. [10])

control is secured for FOC, at the price of an additional primary (power) winding flux estimator
(Figure 8.11).

Making use of the already developed dg model, but this time at speed w,, for the primary (power)
winding and at speed w, for the secondary (control) winding (to secure DC variables during steady
state), the torque 7, and active and reactive power P,, O, may be expressed by:

3p, . )
(Te)ye = > (Wonalsg — Wimnglsd) (8.47)

Vind = Wy, for FOC (Figure 8.11):

w 3 vl . .
(Pp)VC = (Te)vc ' ?p; (QP)VC = Ewﬂ |:<LP - l//mdlSd> - l/’mql~Yq:| (848)
r p
3 Lm . 3 .
(Pp)roc = 2@ Wplsg: (Op)roc = @Y plpd (8.49)
P

Equations 8.47 through 8.49 evince the uncoupling and, respectively, coupling character of P,
and @, for FOC and, respectively, for VC.

A generic VC or FOC system is portrayed in Figure 8.12 [10].

Only the secondary (control) winding-side PWM converter is shown in Figure 8.12. The grid-side
converter (as part of an AC-DC-AC system) is not shown, as its control (in general V; ., O control by
igg» 14 control) is standard as for DFIG and independent of the other part, though, during voltage sags
and the like, its behavior should be mandatorily considered.

Typical experimental results on a lab prototype (its data is shown in Table 8.5) are given in
Figures 8.13 and 8.14 but for FOC and VC.

The results in Figures 8.13 and 8.14 warrant remarks such as:

* The two control methods (FOC and VC) show very similar speed, torque, and active
power responses.
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FIGURE 8.12 Generic VC or FOC system for BDFRM. (After S. Ademi et al., IEEE Trans, vol. EC-30, no. 2,
2015, pp. 596-604. [10])

* The results differ in terms of power winding current i,,; and reactive power, probably due to
the small coupling of d-q axes in VC.

* The g-axis currents i,,, iy, are similar to active power and torque responses, as they are
directly related to each other.

» The speed transition through synchronism (Figure 8.14)—750 rpm—shows clearly that the
sequence of secondary (control) winding currents changes at synchronism (wg = 0) when
the latter become, for a while, DC currents.

» The lagging reactive power of 1200 VAR is a direct result of i}, = O (pure active power han-
dled by the secondary [control] windings) to secure minimum converter current (KVA in the
inverter).

TABLE 8.5

BDFRG Lab Prototype

Rotor inertia [J] 0.1kg- m?
Primary resistance [R,,] 11.1Q
Secondary resistance [R;] 13.5Q
Primary inductance [L,] 041H
Secondary inductance [Lg] 0.57TH
Mutual inductance [L,,] 0.34H
Rotor poles [p,] 4

Primary power [P,] 1.5kW
Rated speed [n,] 1000 rev/min
Stator currents [/, ] 2.5 A/rms
Stator voltage [V,,] 400 V/rms
Stator frequency [f,] 50 Hz
Winding connections Y/Y
Stator poles [p/q] 6/2

Source: S. Ademi et al., IEEE Trans., vol. EC=30, no. 2, 2015,
pp- 596-604. [10]
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sients: (a) FOC; (b) FC. (After S. Ademi et al., IEEE Trans., vol. EC-30, no. 2, 2015, pp. 596-604. [10])
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FIGURE 8.14 Experimental secondary (control) winding voltage and currents for a speed transition
through synchronism (w; = 0): (a) FOC; (b) FC. (After S. Ademi et al., [EEE Trans., vol. EC-30, no. 2,
2015, pp. 596-604. [10])

* If unity power factor in the stator is needed, the control should have i, # 0 and the inverter
KVA ratings (and cost) increase notably (even by 100% from IS,axl/P))

* Quantitative analysis of BDFRM behavior in the presence of asymmetric deep power grid volt-
age sags, smooth transitions from grid to autonomous (islanding), back operation, and so on all
still need to be investigated. Notable refinements in encoderless control are also expected.

8.5 PRACTICAL DESIGN ISSUES

The design of BDFRM was treated far less than its control [12—14]. It is suggested that this machine
may be advantageously designed even for a 2-MW wind generator for w,=50Hz, f; <50 Hz,
and speed range from 500 rpm to 1000 rpm when the power and control windings each deliver
50% of full power 2 MW at 1000 rpm. At 750 rpm, f; = 25 Hz, the control winding may produce
0.66 MW with the power winding delivering 1.14 MW [12]. In both cases, the power factors are
low (0.87 lag and 0.12 lagging for 1000 rpm and 0.58 lag and 0.33 lag for 750 rpm, both at about
1.8-1.9 MW delivered). It is evident that such a small power factor in the control winding (0.2,
then 0.3) would lead to a hardly acceptable KVA rating of the converters, which have to deliver
0.66 to 0.9 MW of active power in the design.

The additional (leakage) inductance—due to average airgap permeance—that occurs both in the
power and control winding by principle leads to this situation. Yes, this additional inductance limits
the currents in both windings in case of power grid deep voltage sags or swells, but the price in the
control winding inverter oversizing hardly seems practical. Moreover, the 7-10 Nm/liter torque den-
sity, in a 0.74 m outer stator diameter, 200 kW (at 1200 rpm, with minimum speed of 600 rpm),
though offering 94% efficiency for 70% of operation points in the speed-torque envelope, is far
less than with competitive solutions. The PWM dual AC-DC-AC converter KVA sizing at the unity
power factor in the power winding should be close to 100%—as, for example, in cage rotor induction
generators with full ratings (100%) and similar PWM converters. A pertinent analysis of these aspects
is available in [15], but for a BDFIM (with nested cage rotor).
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It seems that disruptive improvements, eventually adding capacitors in series with power winding
to compensate for the additional airgap inductance is needed in normal operation. To handle voltage
sags, such capacitors may be short-circuited. Resonance conditions have to be avoided all over the
operation range. Trading these capacitors for drastically lower (additional) converter KVA ratings
may be practical. Another potential way to reduce the KVA ratings of the control winding con-
verter may be the finding of applications where the power winding frequency may be variable
with speed (its voltage may be requested to be constant) to reduce the maximum slip (w,/w,,). Stand-
alone (vehicular) generators with controlled AC voltage amplitude or DC output may represent
such opportunities.

Yet another way to go to reduce total KVA ratings of the two back-to-back converters is to force
the grid side converter to deliver reactive power to partly magnetize the machine through the main
winding. Still, that additional inductance (Figure 8.4) raises the KV A to higher values than in DFIGs.

Finally, when the control winding is DC fed (w, = 0) a synchronous machine with a large syn-
chronous inductance and a slow DC excitation response (all due to the additional inductance
[Figure 8.4]) is obtained. This results in moderate-high power factor reluctance machines with favor-
able efficiency [4].

8.6 SUMMARY

* BDFRMs, similar to BDFIMSs, have a stator with two AC windings of p,, and p, pole pairs
placed in uniform semiclosed slots of a laminated iron core. Their rotor has p, = p, + p;
poles, either salient (reluctance) or of nested cages (BDFIM).

* One power winding of p,, pole pairs is connected to the grid or kept in general at constant V,,
Jf» while the other is fed from a power converter at variable Vi, f;.

* The two windings interact through the first harmonic of airgap permeance (for BDRM) to
produce constant torque (power) if the speed ,,, = (@, + @,)/p,-

* But the constant/average component of airgap permeance is reflected in an additional
large constant inductance L,,, (Figure 8.4) in both windings (same value if the secondary
[control] winding is reduced to the primary [power]| winding). This additional inductance
does not produce torque, but consumes reactive power, thus leading to inherent low
power factor.

* The torque for given geometry and mmfs in the two windings is maximum when the
two windings currents (in a single-speed dgq reference system) are phase shifted 90°
(in time).

* Though BDFRM has a salient pole rotor, it behaves like a nonsalient pole machine in the
sense that only the coupling inductances between two windings vary with rotor position.

* Coupling inductance is characterized by a coupling factor Kj; < 0.5, indicating limited tor-
que density in comparison with other AC machines with the same geometry and airgap. But
itis brushless, and the ideal power rating of secondary control winding P, = P,(los max!/@p);
o, < 0 for undersynchronous and w; > 0 for over synchronous speed wgy, operation (@sy, =
(®,n) = w,/p,). Unfortunately, the sizing of the secondary (control) winding PWM con-
verter, even for P;<<0.3P,, is not possible unless all reactive power in the machine is
extracted through the primary (power) winding from the power grid when the power factor
is rather low.

* At the other extreme of operation, at the unity power factor in the power winding, a notable
oversizing (+100%) of the KVA in the control winding converter is required.

* To alleviate the situation, the grid-side PWM converter (part of the AC-DC-AC system that
feeds the secondary winding) may be controlled not only at given DC link voltage, but also
to deliver reactive power (Q, > 0) from the DC link capacitor and thus counteract the reac-
tive power required in the stator with the unity power factor in the control winding.
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Apart from simplified parameter formulae in phase and dq coordinates, useful for control,
MEC and FEM are used to account for magnetic saturation and stator and rotor slotting.
Quite a few design hints and examples are available to provide a feeling of magnitudes.
Control of active and reactive power delivery from the power winding may be scalar, voltage
vector—oriented control, power winding flux—oriented vector control (FOC), or DTFC
or TQC or DPQC, with or without encoder feedback over a 2/1 speed range with applica-
tion for motoring and generating (for wind energy conversion) at small speeds (as p, >4
in general), but they may also be used in speeds of thousands of rpm in autonomous gener-
ators, where power winding frequency may also vary with speed for AC or DC constant
(increase) voltage output (avionics, ship, train generators) with a 2/1 speed range. This
way, § = —w,/w, can be kept small over the entire speed range and thus the KVA rating
of the AC-DC-AC converter may be kept reasonably small, making the situation
economically feasible.

A series AC capacitor in the power winding, provided with a fast short-circuit hardware, will
further reduce the PWM converter rating by compensating that large additional (leakage
like) reactance (@,L,s).

When used as a generator at the power grid, facing grid voltage sags or swells, the short-
circuiter opens and thus w,L,,; limits the overcurrents in the machine.

Developments on DFRM design, control, and applications are expected in the near future
mainly due to its brushless ruggedness and reduced PWM converter KVA rating for up
to 2/1 speed control range, not to mention that the machine may stand light starts as an
induction cage motor by short-circuiting the control windings until the minimum speed
for self-synchronization @, i, = (05 — 0 maxl) - p,- is reached.
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Switched Flux-Permanent
Magnet Synchronous Motor
Analysis, Design, and Control

9.1 INTRODUCTION

When, in 1943 [1] and 1955 [2] (Figure 9.1a and b), the outer and inner, respectively, rotor single-
phase configurations for generator mode were invented, the “switched-flux”” machine had PMs in the
laminated stator together with 1(2) AC coils and a salient-pole passive laminated iron rotor.

The three-phase configuration of SF-PMSMs introduced in [3] provided radial magnets with
tangential opposite polarity to make room for three phase coils and secure symmetric emfs
(Figure 9.2).

The principle of FS-PMSM may be derived by the flux-modulation approach [6], which divides
the SF-PMSM in three parts:

* PM (4 eventually) DC excitation (mmfs) on the stator (its speed is , = 0) with p, pole pairs

* The armature (AC) winding mmf on the stator (its speed is €, and it has p, pole pairs)

* The flux modulator (the rotor here) with speed €, (mechanical) and p,,, pole pairs; the rotor
has p, salient poles (p, = p,,)

If only the fundamental of airgap permeance is considered, to provide synchronism between the
AC winding mmf wave and the excitation (PM) produced airgap flux density, and thus secure non-
zero average torque, two conditions have to be met [6] for maximum torque:

: Qm — Qa(pm _pe) (91)

p m

Pa = |pe —Pm

From the configurations in Figure 9.2, simply P, = N,/2, P,, = N, stator and rotor poles: Ny = 12,
N,=10,p. =12, p,,=10, p, =2, f., = p,» - n. The number of pole pairs of p, = 2 means that even
a distributed AC winding with four poles may be used. However, its larger end coils lead to larger
copper losses unless the stator stack core length is large in comparison with the AC coil throws.
The configurations in Figure 9.2b and ¢ with 6 stator poles and 13 (respectively, 14) rotor poles
operate on a similar principle, but use other harmonic of airgap permeance, again with the rotor as
flux modulator, as explained later in more detail.

The flux modulator “matches” the different pole pairs (p, and p,,) of excitation PMs and armature
mmfs, such that, ultimately, FS-PMSMs may be assimilated to synchronous machines.

Many slightly different configurations claiming novelty have been introduced, such as:

* The outer rotor FS-PMSM (Figure 9.3) [7]

* The axial airgap FS-PMSM (Figure 9.4a and b) [8, 9]
* DC-assisted FS-PMSM (Figure 9.5a and b) [10, 11]
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FIGURE 9.1 Switched-flux PM single-phase AC machine: (a) with outer rotor (Adapted from E. Binder and
R. Bosch, Patent no. 741163, Class 21d1, Grorep 10, Sept 16, 1943 [1]); (b) with inner rotor. (Adapted from
S. E. Raunch and L. J. Johnson, AIEEE Trans., vol. 74, no 3, 1955, pp. 1261-1268. [2])

(a)
Air
Winding

Permanent
magnet

Rotor

© @ <

FIGURE 9.2 Typical three-phase SF-PMSM with inner rotor: (a) with regular stator core (12/10); (b) with
C-type stator cores (6/13); (c) with distributed AC winding (6/14). (After E. Hoang, A. N. Ben Ahmed, J. Luci-
darme, Record of the European Conference on Power Electronics and Applications, vol. 3, 1997, pp. 903-908;
J. T. Chen et al., IEEE Trans., vol. IA—47, no. 4, 2011, pp. 1681-1691.; D. Li et al., IEEE Trans., vol. EC-31,
no. 1, 2016, pp. 106-116. [3-5])
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Stator lamination &’R‘_otor lamination

7/ Winding

FIGURE 9.3 Outer rotor 12/22 FS-PMSM. (After W. Fei et al., IEEE Trans., vol. IA—48, no. 5, 2012,
pp- 1496-1506. [7])

A few general remarks are in order here:

* The main advantage of an SF-PMSM is that it retains torque density of regular PMSMs
(in some conditions), while the placements of magnets on the stator leads to their easy
cooling and to a passive salient pole rotor, so the machine may be considered thermally
and mechanically rugged.

* However, as evident in Figure 9.2, only at best half of all coils throw is “visited” at a moment
by the maximum PM flux (positive or negative); PM flux concentration is inherent to obtain
the same torque in the same stator volume as for regular PMSMs. Still, “PM flux fringing”
is so high with identically placed tangentially magnetized PMs that the mass of PMs per Nm

()

(b) Wi

[} Wpm

e L . mtg Wmtc|illy | Wms | ‘4
- - i - -l
wst hst Wit st
{ 1
Wity Wity

hst;
v 4 % hsty

FIGURE 9.4 Axial airgap FS-PMSM: (a) with stator back iron. (After W. Zhao, T. A. Lipo, B.-I. Kwon
IEEE Trans., vol. MAG-51, no. 11, 2015, pp. 8112204 [8].); (b) without stator back iron. (After B. Zhang et al.,
IEEE-Trans., vol. MAG-51, no. 11, 2015, pp. 8204804. [9])
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FIGURE 9.5 DC-assisted FS-PMSM: (a) with memory additional PMs. (After H. Yang et al., I[EEE Trans.,
vol. IA-52, no. 3, 2016, pp. 2203-2214. [10]); (b) with claw-pole stator-circular dc coil. (After A. Dupas et al.,
IEEE Trans., vol. IA-52, no. 2, 2016 pp. 1413-1421. [11])

is almost twice as large with respect to regular PMSMs with same stator volume and same
copper losses. The reduction of PM weight for the same emf at the same speed for the same
stator volume is demonstrated in [4] (Figure 9.2b) with C stator cores and 6 (instead of 12)
stator poles and 13 (instead of 10) rotor poles. However, at overloads, this performance
improvement is not notable, a sign that the C core machine is more saturated.

¢ Ithas been demonstrated [12] that even at full load, with NdFeB magnets, the risk of demag-
netization is high and the use of Ferrites in the standard configuration (Figure 9.2a) may lead
to early PM demagnetization.

» However, the machine inductances L, ~ L, are notably larger than for regular IPMSMs and
thus the CPSR at full power is larger for SF-PMSMs for the same stator volume and copper
losses. But the cost of the motor is also larger.

* The outer-rotor SF-PMSM was proposed in the hope of reducing losses, but it did not yet
yield satisfactory results.

* The axial airgap TF-PMSM takes advantage of two rotor sides and is claimed to increase
torque density (torque/volume) but not efficiency.

* The notably higher inductances make the SF-PMSM operate at a lower power factor as a
motor (higher KVA in the inverter) and with large voltage regulation in generator mode.

* The additional memory magnets (AINiCo), magnetized/demagnetized in tens of millisec-
onds (for positive or negative polarity), may reduce the NdFeB magnet weight per Nm
and thus decrease copper losses during flux weakening, but the response in torque is marred
by the time (tens of milliseconds) required to bring the total PM flux at the required torque
level first.

* The configuration in Figure 9.5b—with DC claw-pole stator assisting excitation—requires
reasonable DC excitation power, but about 35% of NdFeB flux is lost through the claw-pole
structure that embraces the now-bulky stator.

* The rather large highly peaked airgap flux density in the airgap (1.4-1.7 [1.8] T) leads to
large (local) radial forces, which increases noise and vibrations and thus at least the number
of rotor poles p, has to be even in order to avoid uncompensated radial forces.

* The “switched-flux” term was used initially [2] to designate, in fact, a PM flux “reversal” in
the AC coil (coils) when maybe the second term (“reversal””) would be more proper, because
a “switch” is characterized by 0 and 1, not by —1/+1, situations.

e As “flux-reversal” PMSMs allow slightly different embodiments [13] from SF-PMSMs,
they will be treated in Chapter 14.
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* The doubly salient machines with DC stator coils (instead of PMs) in addition to AC coils
may also be considered a variety of FS machines, but they will also be treated separately in a
dedicated chapter, as they stem from the switched reluctance motor core.

* Given the myriad analyzed configurations, we will present here a synthesis of SF-PMSM
principles and their modeling, then analyze a few key implementations with their control.

9.2 THE NATURE OF SWITCHED FLUX-PERMANENT MAGNET
SYNCHRONOUS MOTORS

SF-PMSMs represent, in fact, synchronous machines with stator PMs and a flux-modulation rotor to
couple the PM airgap flux density with the AC stator mmf to produce nonzero average torque.

The airgap permeance harmonics affect this magnetic coupling and, by using this method [5],
we can not only explore different stator and rotor pole (N, N,) combinations, but also calculate
analytically, for preliminary design, the torque, inductances, and finally performance. More
advanced modeling by MEC or by 2D (3D) FEM should follow to allow more precision for
modeling the double saliency of the machine, considering magnetic saturation, and investigating
PM demagnetization aspects. But, as shown in [6], the method of pole pair matching of rotor, stator
PM mmf, and AC coil mmf may be instrumental in designing the AC coil windings with their
connections [15].

The “airgap permeance” approach [15] will be followed primarily here. But first, let us notice
the operating principle of PM flux linkage in the AC coil “switching” or (+ —) in Figure 9.6.

9.2.1 AIRGAP PERMEANCE HARMONICS

The SF-PMSM has doubly saliency, whose airgap permeance A, (in the absence of magnetic
saturation) may be approximated to [16]:

Ag(Oy, )~ & A‘V(‘g)ﬂ' A5, D) 9.2)
0

where A (6y), A (8, t) are permeances related to the stator and, respectively, rotor slotting.

FIGURE 9.6 Principle of PM flux switching (a); and the ideal PM flux, emf and current in the AC coil versus
rotor position (b). (After Y. Shi et al., IEEE Trans., vol. 63, no. 3, 2016, pp. 1425-1437. [15])
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For a single saliency A(8)—say, for the stator one—:
As(05) = Ao + A cos (Z,65) 9.3)

if only the first harmonic is considered.
By conformal mapping [16]:

Ay~ H0 (1 - 1.6ﬁ&>
81

Iy

g =g+ Ln/u; f=05— .
So
] —
" (28’) 9.4)

4 o tS 2 . o
A =&fﬂ 0.5+ (So/t) 5 ~sm(1.6-ﬂs)
g n So

0.78125 — 2 (—)

s

with s,—slot opening, t,—slot pitch, y,—recoil permeability of PMs, Z—number of stator slots
(see Figure 9.7). After neglecting airgap permeance harmonics higher than 2Z; in the stator and Z,
in the rotor (Z,, Z,—stator teeth in the stator and in the rotor), from Equation 9.2:

A(Gs, n= Iué(AsO — Ay1 - c08(2Z16y)) - (Aro — A1 - €08 (Z205 — 2,8,1)) (95)
0

The constant component and the four harmonics in Equation 9.5, 2Z,, Z,,2Z, + Z,,2Z, — Z,, with
their speed €2, dependence are shown in Table 9.1 [15].

FEM verifications of Equation 9.5 for a 12/10 SF-PMSM are shown in Figure 9.8 [15].

Only the important harmonic 20 is missing in Equation 9.5, as it refers to the second harmonic
(27,) of the rotor component, which is missing.

| I

\E

A \

FIGURE 9.7 Two coils and their core section in SE-PMSM.
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TABLE 9.1
Airgap Permeance Harmonics
Pole Pair Amplitude Speed Source
Const. £ As0 Ar0 0 Airgap
Ho
27, £ Ar0 Ast 0 Stator slots
Ho
Z, £ As0 Arl Q Rotor slots
Ho
2Z,\+ 7, £ Ast Arl LQ Stator and rotor slots
2pg 22, + 7,
27, — 7, -EPN s1 Arl — LQ’“‘ Stator and rotor slots
2p 22, -2

? Negative value means opposite speed direction.
Source: Y. Shi et al., IEEE Trans., vol. 63, no. 3, 2016, pp. 1425-1437. [15]
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FIGURE 9.8 Airgap permeance harmonics amplitudes for a 12/10 SF PMSM (a) as calculated from Equation
9.5 (b), and with FEM (c). (After Y. Shi et al., IJEEE Trans., vol. 63, no. 3, 2016, pp. 1425-1437. [15])
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9.2.2 No-Loap AirGcar FLux DensiTy HARMONICS

The magnet mmf may be described by its fundamental and third harmonic:
Z 3
Fiys, t) = F; sm( 5 0 ) + F; s1n( 2195> (9.6)

Accounting for airgap by the product of Carter coefficients K, K.,

4 Ko1 B hpm
Fl=2
ﬂ,u p (2 n hpm TPM)
oree chchr lPM
©.7)
14 Ka3Brhpm
Fy=~-
T ) + hpM TP_M
Hollree chchr lPM

where hpy, Ipy are the magnet thickness and radial height, zpy; is the peripheral distance between two
adjacent magnets, and K, and K, are approximation coefficients.
The no-load airgap flux density B,(6,,t) is thus:
B, (05, 1) = F(6y, 1) - A(Y;, 1) 9.8)

Taking into account only the flux harmonics that will benefit the emf, we obtain (from Equa-
tions 9.5 to 9.7) [16]:

z
B,(0,, 1) = —B, sin<<Zz + >9s —- 2,9, z) + B, sin<(z2 - 71> 9, — ZZQ,I>
z 3.z
+ Bs sin<(5 ?‘ - Z2> 0, + ZZQ,t> + By sin(<221 2‘)9 + 2,0, t)

52 3z
+ Bs sin((Zz + 7‘) 0, — zgz,r) + B sin((Zz + 7‘) 0, — zgz,;) 9.9)

with

Bl Fl AYOArl + Alerl

2u 0
By = F1 ——AoAn + AslAn

2 0
By =F 4i AaAn

0 . (9.10)
3

B B AGAL + 2 E AN,
4 = 4 s +—— 20 50/\r1
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9.2.3 ELECTROMAGNETIC FORCE AND TORQUE

The emf expression, based on the winding function method, is:

2n

d
€= — EZ }’glslack j Bg(esa HN;(0y)do, (9.11)
0

where y, is the rotor outer radius, /g, is the stack length, and N; is distribution of stator coil turns of
a phase along rotor periphery; m is the phases.
Finally, the electromagnetic torque 7, is simply:

ealis + epip + eci Z
T, = 24 gB = ; <3x/§-ﬁrglmklRMsBiW£) 9.12)

where B; = By, B, B3, B4, Bs, Bg as above and P; is the order of flux density harmonics [15]:
(Pi)i:],2,..,6 = +72,/2,2, — 2,/2,52,/2 — 75,372, /2 — 2>, Z, — 5Z,/2, Z, + 37, /2 (9.13)

In Equation 9.12, the phase currents were considered in phase with emfs (i, = 0), and N; is the
number of turns/phase.

9.2.4 FeasiBLE COMBINATIONS OF STATOR AND ROTOR SLOTS: Z; AND Z,

In order to obtain a symmetric m phase winding:

Z . ..
GCD(P,. P mk; k-integer positive 9.14)
P; is the airgap flux density harmonic pole pair and P,, is the pole pair of armature (AC) winding mmf.
Though there are many harmonics P;, fortunately all have the same greatest common divisor (GCD)
(Z,, P;) and thus P,, is easier to match in Equation 9.14, as the harmonic order may be “thrown out” in
Equation 9.14 for compliance.

The minimum order of these harmonics may be chosen equal to P,. In this case:

Z

/7 =k, ——m =
4=k Gepa, Py

mk (9.15)

For single-layer windings, Z, /2 will replace Z, in the second condition (Equation 9.15). Table 9.2
summarizes Z;, Z, conditions for three-phase SF-PMSM.

Table 9.2 offers also P,/pole pairs of armature mmf, K,, winding factor for nonoverlapping wind-
ing, SPP is slots/pole/phase and pole ratio PR = Z,/P,,, which is a kind of “magnetic gear ratio” [15]:

SPP(g) =

.16
2mP, ©-16)

The airgap flux density on no load for the 12/10 prototype in [5] appears in Figure 9.9.

The working airgap flux density harmonics that produce fundamental emf are the 4th, 8th, 16th,
and 20th. The 6th and 18th harmonics are produced by the PM mmf third harmonic (Equation 9.16).
Also, the second harmonic and 16th flux harmonic are produced by the fundamental PM mmf and the
20th (22,) airgap harmonics and create a second-order emf harmonic that is ignored in Equation 9.9,
but accounted for by FEM.
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TABLE 9.2

Z, & Z, Conditions in Three-Phase SF-PMSM

Z|z,| 2 | 4| 5 |6e| 7 | 8 | 10|11 |12]13] 141617 ] 1920

6 |pa 1% |1#% | 2w+ ) e | 1ex |2 ) e, [, .
k, |05 |05 |0.866 0.866 [05 [0.5 |0.866 0.866 [05 |05 |0.866 | 0.866 |0.5
SPP | 1 1 |os | |os |1 1 Jos | los |1 1 o5 |os |1
PR [2 |4 |25 35 |8 10 |55 65 |14 [16 |85 |95 |20

12|Pa |4  |2%x 1 25 |4 |5 5 |4 f2# |1 1 2w
k, |0.866[05 0259 0259 (0.5 | 0.866 | 0.933 0.933 | 0.866 [0.5 |0.259 |0.259 | 0.5
SPP 0.5 |1 5 2 1 05 |04 | o4 los |1 |2 |2 1
PR |05 7 la |25 |22 8 |17 |19 |10

18|Pa | 7% 2 R BT P T 755 |8 § |7
k, |09 0.617 | 0.167 | 0.167 | 0.617 | 0.5 0.9 |0.945 |0.945 | 0.9
SPP | 3/7 15 [3 |3 15 |1 3/7 10375 (0375 |3/7
PR [2/7 72 |8 10 [11/2 |4 16/7 [ 17/8 |19/8 | 20/7

Overlapping winding is preferred. &, is the winding factor of FSPM machines with nonoverlapping winding.
m Two slot-pitch winding is preferred.  **means that the phase back emf waveform is asymmetrical.
Source: Y. Shi et al., IEEE Trans., vol. 63, no. 3, 2016, pp. 1425-1437. [15]

9.2.5 CoiL CONNECTION IN PHASES

The standard “star of slot emfs” method used for regular AC symmetric windings may still be used
here, but the electrical angle between the emfs in two adjacent slots ¢, is:

2

ae=P,—— =P, - Asgeometric 9.17)
Z;
0.7 T r
I FEA
06 1 [ Analytical expression
0.5} 1
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5 i | :
T 03} o NN ]
=2 ' / NN
= ; / Nt N
o™ ) _
| | \ I~
NG
0.1 1 I [/ | \ l N
/ K I D,
0 | - - . \j £
0 2 4 6 8 10 12 14 16 18 20
Order

FIGURE 9.9 No-load airgap flux density harmonics spectrum. (After D. Li et al., IEEE Trans., vol. EC-31,
no. 1, 2016, pp. 106-116. [5])
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(b)

Direction of flux rotation

4=27,-7,/2
120°

OT‘L¥'T

FIGURE 9.10 SF-PMSM, (a); and the star of slots, (b).

This is similar to conventional AC windings with P, pole pairs. For Z; = 12 stator teeth, Z, = 10
rotor poles. P, =7, —Z,/2 =10 — 12/2 =4 pole pairs. The star of slots (emfs)—Figure 9.10—is
similar to that of a single-layer 12-slot/4 pole pair (8 poles) fractional slots (concentrated) winding
regular PMSM (SPP = 0.5).

It has to be pointed out that all working flux harmonics (Equation 9.9) have the same star
of slots!

9.2.6 SYMMETRICAL PHASE ELECTROMAGNETIC FORCE WAVEFORMS

By selecting a suitable combination of stator and rotor teeth (Z; and Z,), the virtually asymmetric
single-coil emfs (due to even time harmonics) may become symmetric in a phase emf when
connected in series [17]. The even time harmonics in emf are produced by even flux harmonics
(Equation 9.9).

Considering the machine periodicity, £, (number of emfs per phase in phase with each other) is:

t, = GCD(Zy, P,) (9.18)

as in standard AC machines.
For odd, duplex-2, or duplex-odd phase machines, if #, and Z;/m - t, are odd, the phase emf
waveforms are asymmetrical. But if Z; /m - 1, is even and

— =2kt 1, 9.19)

Ip

the phase emf waveforms become symmetric.
Also, if t, is even, but Z, /1, is odd, the number of star spokes is not a multiple of 2 m, but, still, if:

2 k41, (9.20)
t[’

the phase emfs are symmetric.

Finally, for even or duplex-even (except for two-phase machines), if 1, and 2Z, /mt,, are odd num-
bers, again, the phase emfs are asymmetric. Butif 2Z; /mz,, is even and Z, satisfies Equation 9.19, the
phase emfs become symmetric again. However, with t, even and 2Z,/mt, odd, Z, should satisfy
Equation 9.20 to secure symmetric phase emfs.
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9.2.7 HicH PoLe Ratio PR=2,/P,

Forthe 12/10 SF-PMSM PR = 10/4 = 2.5. A high PR is likely to produce higher torque density [18].
The C stator core SF machine (Figure 9.2b) with Z, = 13 and P, =2 has PR = 6.5 (!) and a winding
factor of 0.866. However, it is plagued by uncompensated radial forces that create additional noise
and vibration and core loss (due to Z, = 13, odd). The winding factor is the product of the distribution
factor and chording factor, typical in standard AC machines.

9.2.8 OVERLAPPING WINDINGS?

In a high pole ratio, PR = Z,/P, SF-PMSMs, the SPP(g) becomes large (Equation 9.16) and thus
nonoverlapping windings tend to have a low winding factor (K,,; = 0.5, for C-core 6/14 SF-PMSM,
PR=14,P,=2,SPP=1, K,,; =0.866 for 12/10 standard PMSM).

For high PR (PR > 3), SF-PMSM distributed windings have been proposed:

* Integer g (for SPP > 1, integer) distributed AC windings (Figure 9.2c)
* Fractionary g (for SPP > 1) distributed windings
* 0.5 <SPP < l—concentrated windings with two slot-pitch throw

The FEM-calculated single-coil emf harmonics spectrum in a C-core 6/14 SF-PMSM for over-
lapping and nonoverlapping windings is shown in Figure 9.11 [5].

It is evident that the overlapping type of winding for same number of turns/slot produces twice as
much emf (and torque) for a given stator current. Unfortunately, the phase emfs of the C-core 6/14
SF-PMSM have asymmetric phase emfs that reflect themselves in third-order torque ripple. The 2/1
increase in emf with overlapping winding, for the same number of turns/slot and current (same
current density), means more losses for the overlapping winding due to larger end turns, but also
two times more torque.

With the C-core 6/14 SF-PMSM, P, =1 and thus the AC coils throw in the three-phase over-
lapping windings is 7D, /2p, = Teoin- If Lsack = Teoi, the relevance of the end connections in copper
losses for overlapping windings decreases. The two-slot pitch coil throw winding is a good com-
promise for the case in point. The 6/13 SF-PMSM with nonoverlapping windings falls in between
the two overlapping windings for 6/14 SF-PMSM; it has symmetrical phase emfs but also

1.4

" | MM 6/14 FSPM machine with overlapping winding
[""16/14 FSPM machine with nonoverlapping winding

1.2}

0.8f

0.6

Magnitude (V)

0.4}

0.2

Order

FIGURE 9.11 Single-coil emf for a 6/14 SF-PMSM with overlapping and nonoverlapping winding.
(After D. Li et al., IEEE Trans., vol. EC-31, no. 1, 2016, pp. 106-116. [5])
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uncompensated radial forces. Also, the armature reaction field is larger for overlapping windings, and
so is the mutual inductance between phases. Weaker fault tolerance is thus obtained. This only shows
that choosing Z; and Z, is paramount; it has many consequences and should be selected application
by application.

However, if the armature winding mmf pole pairs p,, are redefined to be the working harmonic pair,
the star of slots (emfs) method may again be applied to allocate phase coils to slots, as in standard
PMSMs with either nonoverlapping or overlapping AC windings. The number of slots/pole/phase
is defined as in classical theory, ¢ = SPP = Z,/2m - P,,, and then the winding factor may be calculated
with same standard formulae for both nonoverlapping and overlapping AC windings [19]. When
torque density is paramount, overlapping windings with C-core 6/13(14) and other SF-PMSMs
are likely to be more suitable in terms of torque/volume, torque/losses, and torque/PM weight (cost).

Typical stars of emfs (slots), their allocation with phases, and the winding connections for the
12/11 and 12/26 standard SF-PMSMs are shown in Figure 9.12a through c [15].

The angle S of adjacent slot emfs is:

for 12/11 SF PMSM:

360°
p=150°,as Ny =12, P, =N, —N,/2 =5; = N -P,
for 12/13 SF PMSM:

360°
p=30°%asN;, =12, P, =13 —-12/2=7; p= D i
for 12/26 SF PMSM:

360°

p=240°,as Ny =12, P, =26 — 12/2 = 20; f = 20

While the 12/11 and 12/13 SF-PMSMs produce reasonable emfs and torque, the 12/26 config-
uration produces 20 times less [15] torque for the same geometry and is offered here just to illustrate
the nature of SF-PMSMs. To further shed light on the nature of SF-PMSMs, [15] offers a parallel
between the above-adopted classical (motor-oriented) theory and the generator-oriented theory to
prove that, in fact, they are equivalent.

9.3 A COMPARISON BETWEEN SWITCHED FLUX-PERMANENT MAGNET
SYNCHRONOUS MOTORS AND INTERIOR PERMANENT MAGNET
SYNCHRONOUS MOTORS

SF-PMSM modeling starts from a method to calculate the no-load airgap-flux density, computes the
emfs for then phases, then calculates L, Ly, Ly, wpm (the PM flux linkage per phase) [12]. Stator
resistance R; computation is straightforward, but core loss pj;o, calculation, which is due to numerous
flux harmonics (on load especially) in the stator and rotor (including PM eddy current), may be
approached with adequate precision only by FEM. The flux density variation in time in all FEM
elements is used in two (three) term core loss formulae initiated early by Steinmetz (Chapter 7).

This way, steady-state and transient performance (for control) may be approached by the dg model
as for regular IPMSMs. Moreover, the magnetic saliency in SF-PMSMs is rather small and thus a
wide CPSR is obtained just because the machine inductance in p.u. values is large, due to the small
airgap and stator current mmf flux harmonics.

More and more, 2D-FEM is used to extract Ly, Lg,,, and wpy, electromagnetic torque with all
their variations, with rotor position (L, and L, vary little with rotor position, but enough to impede
rotor position estimation in encoderless drives). A correction is needed, as known for [IPMSMs.
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FIGURE 9.12 Coil (slot)—emfs, three-phase emfs and three-phase nonoverlapping standard 12 stator
teeth (coils)/11, (a); 13, (b); rotor poles. (After Y. Shi et al., [EEE Trans., vol. 63, no 3, 2016,
pp. 1425-1437. [15]) (Continued)

As an example, starting with [12], a comparison between standard 12/10 SF-PMSMs and four
different PMSMs with NdFeB or Ferrite magnets is unfolded here.
The four IPMSMs treated in (Figure 9.13) are:

* SPMSM (Figure 9.13a)

e IPMSM with flux-barrier-rotor (Figure 9.13b)

* IPMSM with spoke magnets (Figure 9.13c)

e IPMSM with V-shaped magnets (Figure 9.13d)
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FIGURE 9.12 (Continued) Coil (slot)—emfs, three-phase emfs and three-phase nonoverlapping standard 12
stator teeth (coils)/26, (c) rotor poles. (After Y. Shi et al., IEEE Trans., vol. 63, no 3, 2016, pp. 1425-1437. [15])

FIGURE 9.13 Four PMSMs: (a) SPMSMS; (b) flux-barrier-rotor IPMSM; (c) spoke-magnet IPMSM;
(d) V-shaped magnet IPMSM. (After A. Fasolo, L. Alberti, N. Bianchi, /EEE Trans., vol. IA-50, no. 6, 2014,

pp. 3708-3716. [12])
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FIGURE9.14 12/10 SF-PMSM with magnetic flux lines, under load. (After A. Fasolo, L. Alberti, N. Bianchi,
IEEE Trans., vol. IA-50, no. 6, 2014, pp. 3708-3716. [12])

First, NdFeB-sintered magnets are considered, then Ferrite magnets are introduced in all four
PMSMs (Figure 9.13) and in the regular two-layer main 12/10 SF-PMSM (Figure 9.14) [12].

9.3.1 NDFeB MAGNETS

All these machines have two-layer fractional identical winding. First, they all have same outer
rotor diameter D,; = 134 mm and stack length [, =90 mm, and the same inner stator diameter
D;; =71.5 mm. For this condition, the PM magnet weight was: 0.27 kg for flux-barrier-rotor [IPMSM,
0.55 kg for SPMSM (B, =0.97 T, y.c = 1.06 p.u.) for a nominal stator slot current of 1665 Aturns
(peak)—9 A/mm? (rms).

The average torque (with pure i, current) was 30 (31) Nm for the SPMSM and SF-PMSM
and for the V-shaped IPMSM, but about 40 Nm for the spoke-shaped IPMSM. The flux-barrier
IPMSM produced, however, only 15 Nm. By the torque/PM magnet weight, for the same copper
losses and same stator, the spoke-shaped IPMSM is best, by far, but, unfortunately, as Figure 9.15
[12] shows, only the SPMSM is free of PM load demagnetization at full torque. The flux-barrier
IPMSM is also safe from this point of view, but at half of the torque value, when all the others
will also be okay.

As visible in Figure 9.16, even the SF-PMSM is not free of demagnetization at full load. Moreover,
in the spoke IPMSM (Figure 9.15c) and SF-PMSM, the level of flux density along most of the PM
length is smaller. This demagnetization inquiry was performed for 120° temperature (with NdFeB,
0.97 T, trec = 1.06 p.u. at 20°), when the intrinsic coercive force H;, = 450kA/m. B, > 0.4 T was
considered acceptable (free of demagnetization risk).

9.3.2 FerrITE PERMANENT MAGNETS

By putting Ferrite magnets in same geometry, torque has decreased and so has efficiency (for same
current density). The average torque was 20.9 Nm for SF-PMSM, 10.3 Nm for flux-barrier IPMSM,
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FIGURE 9.15 Flux density on the PM surfaces at full load along their length (a) SPMSM; (b) flux
barrier IPMSM; (c) spoke-IPMSM; (d) V-IPMSM. (After A. Fasolo, L. Alberti, N. Bianchi, /IEEE Trans.,
vol. IA-50, no. 6, 2014, pp. 3708-3716. [12])

20.7 Nm for spoke IPMSM, 13.0 Nm for SPMSM, and 17.6 Nm for V-IPMSM [12], with the PM
volumes in the ratio: 100%/210% /43% /43% /43%.

As Ferrite PMs get better with temperature rise, their demagnetization risk is checked at 20° (H;. =
250-300 kKA /m, ttree = 1.06 p.u.). B,, > 0.1 T was considered safe on the PM surface along its length.

Unfortunately, even this time the SF-PMSM is not demagnetization safe and neither are the
spoke IPMSM and V-IPMSM. The flux-barrier IPMSM and SPMSM are safe, but at notably lower
(50-65%) torque for the same stator geometry and lower losses. Better (or more) PMs and/or differ-
ent PM placement are required to avoid demagnetization risk with both NdFeB and Ferrite magnets.
However, the regular SF-PMSM produces least torque Nm/PM weight even with Ferrites.

The initial cost/torque of all 10 motors at 30 Nm (five with NdFeB and five with Ferrite PMs) was
also calculated and found to be the largest for NdFeB-SF-PMSM (3.3 USD/Nm), but rather low for
the Ferrite SF-PMSM (1.6 USD/Nm). Moreover, there is no guarantee that the whole magnet will
survive demagnetization at full torque in both cases [12].

At about the same initial cost, both the NdFeB and Ferrite flux-barrier IPMSM are safe from
this point of view, but only with NdFeB (2.0 USD/Nm) are they free from demagnetization at the
lowest volume of all five machines. Not so for the Ferrite PM version of SPMSMS, which is not
safe at full load (the price of magnetic materials was 60 USD/kg for NdFeB (0.97 T, y. = 1.06
p.u.), 10 USD/Kg for Ferrite PMs, and 2.2 USD/Kg for iron laminations) [12].

0 5 10 15 20 25 30
Length (mm)

FIGURE 9.16 Flux density on magnet surface (line A-B) (a) in SF-PMSMS and flux density distribution (b).
(After A. Fasolo, L. Alberti, N. Bianchi, /EEE Trans., vol. IA-50, no. 6, 2014, pp. 3708-3716. [12])
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9.3.3 Frux WEAKENING (CONSTANT Power SPeeD RATIO) CAPABILITY

The same five motors with NdFeB magnets have been investigated for flux-weakening capability by
imposing 30 Nm up to 1000 rpm and inverter current limit: 14 A; inverter voltage may be different
to allow each machine 30 Nm at 1000 rpm [12].

To maintain voltage at speeds above 1000 rpm, the value of i, increases (negative) or the current dg
angle moves from the MTPA to maximum torque per voltage (MTPV). The results in power versus
speed in Figure 9.16 [12] show that, here, the SF-PMSM is notably superior even to the V-IPMSM,
not to mention the other three contenders. However, we should bear in mind that both the SF-PMSM
and V-IPMSM face the danger of demagnetization at 30 Nm (up to 1000 rpm) and at high speeds
(because i; < 0 increases).

As the flux density in the stator yoke and upper and lower tooth zone is less sinusoidal in time with
the SF-PMSM [12]; the core losses are expected be higher (in the latter) and thus the efficiency is
lower. Also, the noise and vibration are expected to be higher with the SF-PMSM.

Finally, the torque/volume for the SF-PMSM (with NdFeB magnets) was found to be only 28.5
Nm/liter (at 9.00 A/ mmz), while it was 42.1 Nm/liter for the spoke PMSM; unfortunately, the latter
is also under demagnetization risk. Torque pulsations for all motors studied here proved to be less
than 6.4% [12] (Figure 9.17).

A few final remarks may be placed here:

* The regular SF-PMSM allows for a thermally and mechanically more rugged motor, but,
when prime-quality NdFeB or SmCo magnets are used, it faces demagnetization risk,
even at 9 A/mm? current density for only 28.5 N/liter at 30 Nm.

* The regular SF-PMSM is notably better in terms of CPSR once the demagnetization risk is
eliminated, hopefully at moderate additional costs.

» It seems that there is hardly a way to make the regular 12/10 (or similar) SE-PMSM less
expensive in terms of USD/Nm for the same copper losses as the SPMSM.

» Ferrite PMs should be checked carefully for demagnetization if ever tried for SF-PMSMs.

* The C-core (6/13, for example) SF-PMSM [4] has been proven to produce more emf
(+40%) and torque (slot opening between the six poles is four to five times larger than
PM thickness) in contrast to the 12/10 SF-PMSM of the same geometry, with half the
PM (NdFeB) weight. The machine inductance also is increased 2.5 times, which may be
good for wider SPSR, but at full (or over) load, the demagnetization risk is higher than in
the regular SF-PMSM. The cost per torque Nm (in USD/Nm) will be decreased notably
with respect to the regular SF-PMSM due to the use of about 50% PM weight.
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FIGURE9.17 Flux weakening performance. (After A. Fasolo, L. Alberti, N. Bianchi, I[EEE Trans., vol. IA-50,
no. 6, 2014, pp. 3708-3716. [12])
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* Similar, better, results in terms of torque/PM weight have been claimed in [9] for a linear
motor version of SF-PMSM with axial airgap and twin rotor where the stator in the middle
has AC coils embracing two PMs (Figure 9.4b).

* Yet another attempt to increase torque/volume but also increase torque/PM weight [8]
introduces an axial airgap twin-rotor 12/13 SF-PMSM, with dual stator winding
(Figure 9.4a). Here, 3D-FEM is necessary (axial airgap). For an average torque of 70 Nm
(torque ripple is about 5%) at 10 A/ mm,2 a torque density of 13.5 Nm/liter is claimed for
an efficiency of 0.8 at 450 rpm. Compared with the more than 45-60 Nm/liter in commer-
cial EV and HEV propulsion at 50-100 KW for efficiency above 90%, with IPMSM or with
copper cage IM, we feel that much more is to be done to make the FS-PMSM
fully competitive and demagnetization safe in premium-quality (Nm/liter and efficiency)
applications.

EXAMPLE 9.1: PRELIMINARY DESIGN

After elucidating to some degree the nature of SF-PMSMs and offering a rather complete compar-
ison with four PMSMs, essentially using FEM for machine characterization, here we introduce a
preliminary design example that may serve in feasibility studies or as an initial design for optimal
design methodologies.

Let us design a T, = 100 kNm direct drive SF-PMSM that works at nx,; = 30 rpm and operates at
fy=>50Hz.

The machine geometry, represented by two poles only, is shown in Figure 9.18.

FIGURE 9.18 SF-PMSM: two of many poles.
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A shear rotor stress f, = 5 N/cm? is adopted, and the ratio of stack length to interior stator diam-
eter ratio is: 4 = lyack/Djs = 0.15. D;s may now be simply calculated as:

D.
Te ZTB'ft'”'Dis'/stack

; (9.21)
3 .
Pis = 3\/n-TZn-/1: ﬂ.51(.)?041-00.15 = totsm
S0 lstack 1S:
lysck =4 -Dis = 0.15-1.618 = 0.242'm (9.22)
The number of rotor salient poles for around 50 Hz is:
Ne=pr == 20 409 (9.23)

P =, = 3060

In reality, to simplify the design (Figure 9.18), here we magnetically separated the coils, and the
extra available volume and area are used for cooling. Thus, if the rotor anisotropy has a periodicity
of 2z, one coil sector, which includes 2 /37 shifting of coils (phases), is (47+ 27/3) long. The num-
ber of such sectors is 6 k and thus:

2N, -t = 6/((41 —0—%1) = 28kt (9.24)

With K=7; N, becomes N, =98 rotor poles; f, = 98 50 = 49 Hz. The airgap is g=2mm
. . o 100
(assigned value), while the pole pitch:

ﬂ'D/s_lr~1.618
2N, 2.98

T =

=0.02592m = 25.92mm (9.25)

The slot opening, equal to the PM thickness /., is taken as /,,, = 10 mm. So the stator tooth
Wis = 7 — Wos = 25.92 — 10 = 15.92 mm. The rotor pole span w,, is in general:

Wpr = (0.7 — 1.0 (9.26)

We may now calculate the ideal no-load (PM) flux density in the airgap Bgpm:

B,
Bypwi = 7 9.27)
W[S/hPM + (/’lrec//’lo) . m

which was derived based on:

Bm =B, + Hrec Hp

B how = B - 9.28)

B
Hlpm +-2-2g =0
Ho

With strong NdFeB magnets, B,=1.2 T and pirec = 1.05 p1o. Now, the PM flux fringing (Kinge)
and magnetic saturation (K;) reduce Bgpp; to Bgpm=1.1T.
1

B, = Bppjj —m—— (9.29)
BV P8P 4 Kiinge) (1 + K5)

With Kpinge = 0.66, Ky = 0.2, Bgppy=2.19T.
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This high value is only theoretical, and from Equation 9.27:

1.2
219 = 9.30
15.92/Bpy + 1.05-2.2/10 (9:30)
the magnet radial height hpp = 124.6 mm
Consequently, the maximum PM flux per coil turn @ppmaxc is:
PPMmax = BgPM * Wi - /stack
(9.31)
=1.1-0.0159-0.242 = 4.238- 10> Wb
With 2K coils per phase (K =7), the PM phase linkage v is:
YpMphase = 2K@ppmmax - Ne
(9.32)
=2.7-4.238107%-wp,-nc =nc-59.33-103 Wb
ne—number of turns per coil.
The emf per phase (peak value) is:
Em =27 fn Wonma =2 -7+ 49-59.43 107 - n. = 18.25 - n, (9.33)
Now, the Ampere turns per coil (slot) can be calculated from torque T:
Em 1
Ten=3—=lh———
- V2 "2 7 n,
o 2ne o 2zn, 2-100-10°-2-7-60/60 (9.34)
T3V T En 3v2-18.25

= 16.26 - 10° Aturns/slot(rms)

The slot width wg, = (T — 1.2)tpm = 1.1 -25.92 = 28.512 mm. The total available slot height
hsy = hpp — (2/3)ws — 0.005=124.6 — (2/3) - 15.92 = 5=109.09 mm. Now, if we consider
the coil cross-section rectangular and a slot filling factor Kg; = 0.65 (preformed coil), the current
density jeon is:

Neln
hsuwsu Kfill

_ 1626-10°
7109.1-28.52-0.65

jcon =
(9.35)
= 8.040 A/mm?(rms)

With a turn length /.o as:

/coil ~ letack + Atppm + - Wy

(9.36)
=2-0.242+4-0.02592 + 7 -0.0285 = 0.677m

the stator phase resistance R is:

leoil
Re=2K:pcy———n
s Peo ncln/jcon Me

0.677 2 (9.37)
16.26-10%/8.04 - 10° ¢

=9.571-n2-107°Q

=2.7-2.1-1078.
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And thus the copper losses pcopper are:
Peopper =3+ Ry - A =3-9.571 - (nc - [,)* - 107> = 75.913 W (9.38)
But the electromagnetic power Pgjy, is:

Pem = Te - 27-ny = 100-10° - 27 - 60/60 = 628 kW (9.39)

So it seems that the copper losses are rather large (almost 13% of the electromagnetic power).
This is mainly due to the rather large f;=5 N/cm? allowed in the design. On the other hand, the
design should continue, as apparently the machine inductance will be very large, so thicker PMs
might be needed at a larger airgap, also to secure an acceptable ideal power factor of 0.707 when:

Enm En
N wplsl, (rms); then: Vs, ~ 7 V2 (rms) (9.40)

Vs, is the rms phase stator rated voltage.

From these equations, the number of turns per coil n. may be calculated (from Vi,,). After that,
the phase inductance L;= Ly + 1.05Lyy, is calculated using analytical expressions. If too large, L
would make the solution of n. infeasible (by not complying with the second equation in Equation
9.40); measures to reduce L, have to be taken.

9.4 E-CORE HYBRID EXCITED SWITCHED FLUX-PERMANENT MAGNET
SYNCHRONOUS MOTORS

DC assistance in SF-PMSMs is possible first in the regular 12/10 full reluctance stator core config-
uration (Figure 9.19a) [20, 21].
The use of assisting DC excitation allows for:

* Lower magnet volume, weight, cost

* Stronger flux weakening (FW) with zero stator ig control and eventually lower total AC
copper losses

* DC excitation-positive DC current at full torque below base speed and negative DC current
for FW above base speed

Pertinent methods to optimize such a hybrid excitation SF-PMSM referring to N, (number of rotor
poles), PM thickness Ipyy, slot width wy, yoke depth A,,, PM radial length hpy,, slot height Ay, stator
(By) and rotor (B,) tooth (pole) widths, and the stator split ratio D;,/D,, have been delivered [21].

The thin teeth embraced by the DC coil span may be also optimized.

The E-core (Figure 9.19b) 12/10 SF-PMSM keeps 12 stator poles, but 6 are narrow and have
DC coils placed on them. This way, the configuration falls close to the C-core 6/10 SF-PMSMs.
The C-core configuration has been proven to need about half the PM weight of the initial 12/10
configuration, but in a 6/13 slot/pole combination. The C core N,= 6(coils)/N,= 13 rotor
poles SF-PMSM, also known to produce symmetric phase mmfs, is also chosen to increase torque
(Nm/PM weight). As evident in Figure 9.19b for the E-core machine, the flux of DC coil II
overcomes that of DC coil I because of the difference in magnetic reluctance. Consequently, the
DC excitation mmf does not need to be so large, as the airgap is rather small (parallel hybrid
excitation).

It has been proven that, even for j;. = + 15 A/mm? in the DC coils, the no-load flux linkage may
be varied only by +8%, —13% while, with Ferrite PMs, the variation is +45%, —63% for the regular
12/10 SF-PMSM. The flux variation range for the E-core 6/11, 6/13 SF-PMSM is smaller than for
the regular 12/10 SF-PMSM, but the average torque of the E-core 6/13 SF-PMSM is 25% larger.
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FIGURE 9.19 12/10 SF-PMSMs with hybrid excitation (a) with regular stator core; (b) with E-core stator.
(After Y. Wang, Z. Deug, IEEE Trans., vol. MAG—48, no. 9, 2012, pp. 2518-2527; J. Krenn, R. Krall,
F. Aschenbrenner, Optimization of Electrical and Electronic Equipment (OPTIM), 2014 International Confer-
ence on, Brasov, Romania, 22-24 May 2014. [20,21])

The flux variation capability is larger for Ferrite PMs, but the average torque for similar geometry is
notably smaller. It may be fairly stated that the flux variation capability with the SF-PMSM is still
small, and new ways to improve it are needed.

9.5 SWITCHED FLUX-PERMANENT MAGNET SYNCHRONOUS MOTORS
WITH MEMORY ALNICO ASSISTANCE FOR VARIABLE FLUX

Performing flux weakening in IPMSMs, as in SF-PMSMs, is accomplished by negative i, current
component control, which at high speeds means higher copper losses and thus lower efficiency
than even IMs in same situation.

It should be ideal to control the SF-PMSM at i, = 0 (maximum torque per current as Ly ~ L,) but
weaken the flux. This operation may be done through memory AINiCo magnets with DC current
coils, which may magnetize them positively or negatively “online” to increase/decrease the flux
of the main (NdFeB) magnets over a wide range of flux adjustment.

This situation [10], already alluded to earlier in this chapter, is presented here in more detail, as the
flux adjustment range may reach a 5/1 ratio eventually. The proposed configuration [10] is shown in
Figure 9.20.

The 12/14 SE-PMSM configuration is chosen to mitigate between average torque, torque ripples,
and compensated radial forces. To reduce torque ripples from 16.5% to 8.6%, tooth steps and rotor
pole chamfering are added (Figure 9.20b), though the average torque is reduced by 7% (Figure 9.21).

To avoid too-heavy magnetic saturation in the stator core, care should be exercised in choosing
the proportion (hybridization ratio HR) of AINiCo and NdFeB magnets (HR = 0.85 for the case in



280 Reluctance Electric Machines

(@)

———

>

FIGURE 9.20 Hybrid 12/14 SF-PMSM with memory AINiCo additional magnets—only one stator slot sur-
rounding is shown. (a) barrier configuration; (b) tooth tip and rotor pole chamfer. (After H. Yang et al., IEEE
Trans., vol. IA-52, no. 3, 2016, pp. 2203-2214. [10])
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point). The flux adjustment ratio increases with more AINiCo area per pole, while the average torque
is larger with more NdFeB area (which has a 6/1 higher coercive field H,.):

H — AAINiCo

c = 9.41
ANdreB ©41)

A typical result of this compromise [10] is shown in Figure 9.22a.
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FIGURE 9.21 Full torque dependence on rotor position. (After H. Yang et al., IEEE Trans., vol. IA-52, no. 3,
2016, pp. 2203-2214. [10])
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FIGURE 9.22 P.u. torque and flux adjustment ratio versus HR (hybridization ratio), (a); and torque/PM
volume versus NdFeB magnet thickness, (b). (After H. Yang et al., IEEE Trans., vol. IA-52, no. 3, 2016,
pp- 2203-2214. [10])

Also, to reduce NdFeB thickness is important, but preserving low enough cogging torque and
high torque/PM volume (weight)—Figure 9.22b [10]—is paramount. If the NdFeB magnets are
too thick, they will simply demagnetize the AINiCo magnets under load. This new problem needs
careful scrutiny. Results in Figure 9.23 illustrate the need for a new compromise for 0.8 T no-load
airgap flux density to secure a zero demagnetization ratio (in %) for the AINiCo magnets when the
NdFeB magnets are 2.5 mm thick [10].

It has to be remembered that the online magnetization/demagnetization of AINiCo within tens of
milliseconds by DC coils =+ currents makes the torque response slower. But this may be acceptable
in some applications with wide CPSR, such as traction, ventilation, and pumps.

As the efficiency improvement at high speed (FW) was the main goal of the AINiCo memory
magnets’ presence, Figure 9.24 [10] shows the optimum wide operation torque-speed range where
high efficiency is secured as it should be.

To conclude, we notice the following:

* The introduction of memory AINiCo magnets to supplement NdFeB main magnets in a
12/14 SF-PMSM has raised the flux adjustment ratio to 5/1, for a hybridization (area) of
0.85 (AINiCo area/NdFeB area), which means a notable reduction of NdFeB weight for
a given peak torque.

* The design has to avoid too-thick NdFeB magnets to avoid AINiCo PMs demagnetization
under full load. However, too-thin NdFeB magnets will lead to demagnetization risk at high
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FIGURE 9.23 Airgap no-load flux density and AINiCo demag. ratio versus NdFeB magnet thickness.
(After H. Yang et al., IEEE Trans., vol. IA-52, no. 3, 2016, pp. 2203-2214. [10])
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FIGURE 9.24 Optimum wide torque speed envelope with high efficiency for the AINiCo SF-PMSM.
(After H. Yang et al., IEEE Trans., vol. IA-52, no. 3, 2016, pp. 2203-2214. [10])

loads; also, it will lead to a large inductance, which will reduce the power factor and thus
increase the inverter KVA ratings.

* A few tens of milliseconds DC + current pulses from dedicated DC coils are required to
change the flux level, so the torque response is slower.

* The energy loss in DC coils to magnetize/demagnetize the AINiCo magnets online is
quite small.

» The higher efficiency at high speeds (for wide CPSR) by the method is demonstrated.

* All the above merits are paid for by additional hardware and space (larger outer stator
diameter) and a four-quadrant DC-DC converter to handle the mag/demag current pulses.
The peak KVA rating of the DC-DC converter should not be trivial (=3%—5%).

9.6 PARTITIONED STATOR SWITCHED FLUX-PERMANENT MAGNET
SYNCHRONOUS MOTORS

SF-PMSMs are characterized, as now known, by stator PMs that produce in the AC stator coils
(nonoverlapping or overlapping) a bipolar (ideally sinusoidal) flux linkage due to the stator and
the rotor magnetic saliency (open slots on both sides).

In general, nonoverlapping coil windings embrace about one rotor pole pitch in SF-PMSMs, while
overlapping coils embrace around two or more rotor pole pitches to match the flux-modulator
principle:

Pa =N, — NY/2 (9.42)

Pa» Ny, Ny are the AC winding mmf pole pair, rotor, and stator tooth number.

Note: Flux-reversal PMSMs [13,14], in contrast, have multi-PM pole pitch nonoverlapping windings
with PMs either on the stator or rotor and will be treated in a separate chapter.

Rather recently, inspired by the “flux reversal” concept [13], partition-stator SF-PMSMs have
been proposed [22, 23]. In such machines, the external stator carries the AC nonoverlapping coil
winding placed in N teeth with open slots, while the internal stator also carries Ny or Ny/2 PM poles
of alternate polarity (with surface, consequent, or spoke-shaped PMs (Figure 9.25). In between, the
rotor is made of N, laminated iron segments that provide a magnetic saliency with N, periods per
periphery. So, here, only the PMs of the SF-PMSM have been placed in a separate stator.
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FIGURE 9.25 Partitioned-stator 12/10/12 SF-PMSM configurations with radial airgap and segmented rotor:
(a) with overlapping (distributed: q > 1) winding and SPMs; (b). with tooth-wound winding and SPMs; (c¢) with
consequent interior stator Ny = 12 PM poles (12/11/12). (Adapted from C. C. Awah et al., I[EEE Trans., vol.
MAG-52, no. 1, 2016, pp. 9500310. [23]); (d) with spoke-shape N;= 12 PM poles on the interior stator.
(Adapted from C. C. Awah et al., IEEE Trans., vol. MAG-52, no. 1, 2016, pp. 9500310. [23]); (e) with
tooth-wound AC outer stator coils and N,/2 interior stator PMs (N,,/Ny; = 12/6).

According to the flux modulation principle (Equation 9.42) the pole pairs of stator mmf p, =4
(it is the fundamental one for the g = 1, 24-slot stator winding [Figure 9.25a] and the largest forward
harmonic for the tooth-wound 12-slot winding [Figure 9.24b]).

Consequently, Ny =12, N, = 10, p, = 4 in Equation 9.42. Now, for the PS-SF PMSMs, the inner
stator pole pair ppy; = N,/2 = 6 again, as it is for the regular SF-PMSM (12/10).

To reduce PM weight, consequent poles may be used in the interior stator, while, to increase mf
and torque, spoke magnets are adequate.

Finally, it is possible to use only six PM poles on the interior stator (for the 12/10/6 combination),
but only for a single layer tooth-wound winding, which has been proven to produce wide CPSR and
good PM utilization at lower torque per outer stator volume [23].

Thus, only the PS-SF-PMSM with surface PMs on the interior stator (Figure 9.24a and b) will be
treated in more detail here.

The interior stator may be shifted with respect to the outer stator poles to obtain a kind of flux
weakening. However, the flux adjustment is only from 100% to about 60%, which hardly justifies
the introduction of an even small power servo drive with a high-ratio latched gear to do the flux weak-
ening. And, again, an analytical technical theory of PS-SF-PMSMs may be elaborated on for prelim-
inary design and as a safe starting set of variables for optimal design codes. The segmented character
of the rotor and the slotting in the stator introduce additional phenomena besides magnetic saturation
that warrant the use of 2(3)D-FEM. 3D-FEM is imperative in short stack length [, /coil-through
ratio (less than 1-1.5) machines. For comparison, two such machines (24/10/12 and 12/10/12),
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FIGURE 9.26 Design optimization result for 24/10/12 and 12/10/12 PS-SF-PMSMs with D,; =90 mm,
lsack = 25 mis: (a) efficiency; (b) torque versus rotor position; (c) on load iron losses; (d) PM eddy current losses.
(After I. Boldea and S. A. Nasar, Electric drives, 3rd edition, CRC Press, Taylor and Francis Group, New York,
2016. [25])

PS-SF-PMSMs with outer stator diameter D,; = 90 mm and stack length [ .. = 25 mm, are investi-
gated, globally optimized, and compared for 20 W of ideal copper losses at rated speed n,, = 400 rpm.

The calculated electrical efficiency (mechanical losses are taken as zero, when they are notable
with two small airgaps around the anisotropic laminated rotor) obtained (Figure 9.26a) [25] seems
remarkable. The rated average torque for 20 W ideal copper losses for both machines investigated
is around 2.87 Nm (Figure 9.26b). The core loss is larger for the 12/10/12 configuration because
of the richer content of harmonics of the outer stator mmf (Figure 9.26c), and so are the PM eddy
current losses (Figure 9.26d).

The 24/10/12 configuration has been shown to have higher phase self-inductance and lower
mutual inductance (due to shorter flux lines, in essence) and thus it shows a smaller short-circuit
current and slightly larger CPSR. Despite larger end coil connections, the slightly higher emf of
the 24/10/12 configuration leads to slightly better (1%) efficiency because of lower core losses.
But the difference is small and the machine frame is about 10% larger, heavier, and costlier (in copper
and framing).

Figure 9.27 exposes the first prototype of these two machines [22]:

Note: Though the torque/volume of around 8 Nm/liter is, for an outer stator diameter D, = 90 mm,
rather acceptable, the mechanical complexity of the machine leads to increased fabrication costs and it
is still to be determined if the PS-SF-PMSM will replace the regular SPMSMs and IPMSMs with
tooth-wound AC stator windings. But if, as shown in [24], increasing the number of rotor poles to
13 (14) and reducing the outer rotor pole tips leads to a further 80% increase in torque at the price
of thicker magnets, which also reduces demagnetization risk, high torque/volume may be expected.
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FIGURE9.27 The PS-SF-PMSM prototypes for D,; = 90 mm and /y,.x = 25 mm (a) outer stator with 24 slots;
(b) outer stator with 12 slots; (c) 10-pole cup-shaped rotor; (d) rotor laminations with bridges (for one piece);
(e) 12-pole inner stator; (f) inner stator with bearing. (After Z. Z. Wu, Z. Q. Zhu, H. L. Zhan, IEEE Trans,
vol. EC-31, no. 2, 2016, pp. 776-788. [22])

9.7 CIRCUIT dg MODEL AND CONTROL OF SWITCHED FLUX-PERMANENT
MAGNET SYNCHRONOUS MOTORS

SF-PMSMs may be assimilated to synchronous machines where the number of pole pairs is the num-
ber of rotor salient poles N,. There is some magnetic saliency (L, < L,), but not much. If a DC field
stator winding is added, its equation should be added. Also, the emf (by PMs and DC coils) is rather
sinusoidal. So the dg model in rotor coordinates @, = 2zN,n for synchronous machines may be used
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to portray SF-PMSM behavior for transients and control design:

Vi Ry + pLy —a)qu pr iy 0
Vi | = wrLy Rs +pL, My | ig | + | owpm 9.43)
Vi pMy 0 R + pLy if 0
with
Ly 0 M .
Va 0 L 0 lq YpMm
v, | = 3 q g |+ 0 (9.44)
vy M 0Ly iy Wiy
and torque T,:
3 . . .
T, = gprlq(l//PM + Myiy + (Lg — Ly)iq) (9.45)

In the absence of DC stator excitation (with positive and negative excitation current iy), the dg
model in Equations 9.43 through 9.45 “degenerates,” as expected, into that of regular IPMSMs.
So all the control heritage of IPMSMs:

* Field-oriented control
* Direct torque and flux control
e Scalar V/f (or I-f) control with stabilizing loops

may be applicable here [25]. The inductances may be imported from finite-element analysis (FEA)
or may have analytical formulae based on MEC modeling. Yes, cross-coupling saturation occurs,
and this may cause errors in rotor position (and speed) observers for encoderless control.

As the SF-PMSM is similar to a regular IPMSM with small magnetic saliency L,/L,; = 0.8 — 0.85,
we refer the reader to the rich literature (papers and books) on the [IPMSM control with and without
encoder feedback [25], except for encoderless control with signal injection, which bears some
peculiarities worth considering here. So attention will be placed on DC-excited SF-PMSMs for
wide speed range control, where this machine shows definite merits.

9.7.1 SiGNAL INJECTION ENCODERLESS FIELD-ORIENTED CONTROL OF SWITCHED
FLUX—PERMANENT MAGNET SYNCHRONOUS MOTORS

For sustainable operation at low speeds (a few rpms) and for nonhesitant starting, either encoder con-
trol or signal injection encoderless control may be applied. However, the magnetic saliency for signal
injection (especially) is low in SF-PMSMs and thus position observers have difficulties in assessing
rotor position correctly, especially as SF-PMSMs tend to have a large number of poles.

The FOC of SF-PMSMs may start with a “signal injection” rotor position (and speed) estimation
and then “fuse in” an emf (or active flux [25])-based speed and position observer for wide speed
control (with flux weakening). But this control for SM drives is already treated extensively in the
literature [25], where, from MTPA to MTPV, controls are corroborated seamlessly.

However, as the saliency is small, the CPSR is acceptable (2/1 to 3/1) only due to large machine
inductance in p.u.

Ref. 26 investigated four 12/10 SF-PMSMs as follows:

* Three-phase with double-layer tooth-wound AC coils (Figure 9.28a)
* Three-phase with one-layer tooth-wound AC coils (Figure 9.28b)
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FIGURE9.28 12/10 SF-PMSM (a) double layer; (b) single layer; (c) alternating 2 x 3 phases; (d) adjacent
2 x 3 phases. (After T. C. Lin et al., IEEE Trans., vol. IE-63, no. 1, 2016, pp. 123-132. [26])

* 2 x 3 phases (phases A; and A, are in series) for fault tolerance with two 50% rating
inverters (Figure 9.28c) or with one of 100% ratings with alternating (Figure 9.28c) and
adjacent (Figure 9.28d) three-phase coil groups

For high-frequency «; injection at standstill or at low speed (w,/w; < 0.05), the dg model in
synchronous dgq coordinates is:
d

Lan,  Lagn Lan

Vin
_ 21t 9.46
‘ Vq quh th dt | ign ( :
where the HF inductances—which include cross-coupling terms (L, & Ly, # 0)—are:
Ly = [l//d(id + Aig, ig) — w,(ia, iq)]/Aid (9.47)
Loy = [wylia, iq + Aig) =y (ia, ig)]/ Al ‘
Lagn = [walia, ig + Aig) — wylia, ig)]/Ad, (9.48)

Lyan = [, ia» iq + Aig) — w,(ia, ig)]/ Al
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These inductances may be FEM calculated and shown to be dependent on both current iy, i,
and smaller, with the machine heavily saturated, than the dg inductances calculated from FEM in
zero-frequency conditions at standstill, with frozen permeabilities as:

La(ia. iq) = [wala. ig) = wem]/ia
. o (9-49)
Ly(ia, ig) = w,(ia, ig)/ig

It would be good for encoderless signal injection control for L, — Ly, to be notable (though not
large in principle in SF-PMSMs) and constant with load; if not, practical corrections should be
applied to reduce the steady-state rotor position estimation error.

Assuming that the estimated reference frame angle ¢, with respect to the rotor d axis differs a little
from the real one 6,,: Ag, = ¢, — 6,,, we may calculate the machine response in the estimated
reference system (6.,) by the transformation:

__|cos(Af,) —sin(Ad,)
T(A0) = sin(A6,)  cos(A8,) ©.50)
We obtain:
Vo Lin  Lagn | 1 d|ig,
e | = T(AO)- ! PNTH(AG) - —| & 9.51
vir | =T@0) ’ Lo Lo | T 0 Gl 9.51)
From Equations 9.49 through 9.51, one obtains:
! + ! cos (2A8, + 6,,) ! sin (A8, + 6,,)
dig] | Ly Ln oo Ly e Vs, 95
dr i ] L n2a0,+0,)  ~—Lcos2n0,+6,) Var 02
Lm e m Lp Lm e m
with
Ly = (Lan + Lgn)/2, Ly = (Lgn — Lan)/2
0 — -] <—quh>_ . LanLgn — Léqh o Lanlgn — Lﬁqh (9.53)
m . > D LS > n —
0 0 Ly, + L,

If the voltage injection into the virtual (estimated) reference frame has a pulsating character (only
along axis d°):

Vin | _ cosa |
[quh]_vh[ 0 i|,a_a);,t+go (9.54)

where V), a are related to voltage injection parameters. Using Equation 9.54 in Equation 9.52, one
obtains approximately:

i I, 4+ I,cos(2A0, + 6,) | ..

[iZ:} - [ ! I sin(2i9 _:9 ) )] sin (w,t + @) (9.55)
q n e m

with

I[, = V/,/(U)/,Lp), In = Vh/th,, (956)
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As expected, I, > I, and its processing, after filtering the w, frequency component, will yield a raw
rotor position estimation 6,.

To obtain the amplitude of carrier (w,,) current response, synchronous detection and low pass filter
(LPF) are applied [26]:

l'e l'e
n = LPF( [ & } -2 sin (wpt + q)))
Lgh Lin

B |:I,, + I, cos (A8, + 0,,,)}

. (9.57)
I, sin(2A6, + 6,,)

The “road” from measured carrier d°g® currents to their pulsating amplitudes and to g, Tesponse
(according to Equation 9.57) is shown in Figure 9.29 [26].

It has been shown [26] that the amplitude of the i, circle (Figure 9.29¢) is higher for the two-phase
12/10 single-layer and 2 x 3-phase 12/10 double-layer windings. However, additional saliencies
occur, which finally render the double layer 12/10 winding best for encoderless control! The rotor
position extracted from Equation 9.57, even with a single PLL tracking observer (Figure 9.29a), is
not improved enough in quality, unless an orthogonal PLL observer is applied [26]; see Figure 9.30b.

Even tracking observers based on motion equation, such as the PLL observer, may be used to
improve the quality of rotor position and speed estimation ([25], Chapter 9), especially during speed
transients. The entire FOC diagram is represented in Figure 9.31.

The 12/10 SF-PMSM investigated [26] has the data: 7,, = 2.7 Nm, n,, = 4000 rpm, L, = 0.277
mH, L, =0.377 mH; digital simulations at 25 rpm and test results in transients from O to 25 rpm
illustrated in Figure 9.32 [26] show remarkable quality performance.

—
)
=
—
o
=

8 - ~ 360
= a = 4 P —~
= ¥ = s A 1300
s = K WW =
E _g :2 4 ’_,- : /‘ ,.‘p' 240 é'
3 k= ’ e b=
& z B 2 /'/ Vil 180 %
o < o
3 T 20 . ] 120 5
£ £ i ol Y& g
= _ v i =
s . R P “z
. 0 vy 1 | Ll 0
0 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
Time (s) Time (s)

(c) 3
=
2
53
g
4
o
=
2
=
=

0 1 2 3 4 5 6

Virtual d-axis current (A)

FIGURE 9.29 Measured HF (signal injection) currents in the estimated reference frame d°q°, (a); their ampli-
tudes, (b); and if] locus due to machine saliency, (c). (After T. C. Lin et al., IEEE Trans., vol. IE-63, no. 1, 2016,
pp- 123-132. [26])
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FIGURE 9.30 Single, (a); and orthogonal, (b); position tracking observers and compensator, (c).
(After T. C. Lin et al., IEEE Trans., vol. IE-63, no. 1, 2016, pp. 123-132. [26])
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FIGURE 9.31 Encoderless signal injection system in SF-PMSM.

9.7.2 Direct CURRENT-EXCITED SWITCHED FLUX—PERMANENT MAGNET SYNCHRONOUS MOTORS
FiELD-ORIENTED CONTROL FOR A WIDE SPEED RANGE

This time, the complete dg model (including the field circuit equation) is used. An axial-airgap
topology with six stator E-cores (and DC-poles on the thinner teeth in the middle of E cores)
and 11 rotor poles [27] is used for exemplification (Figure 9.33). The same topology, but with a
radial airgap, was described earlier in the chapter as a good candidate for wide CPSR (Figure 9.33)
and PM weight reduction by using positive (magnetizing) and negative (demagnetizing) DC
excitation current.
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FIGURE 9.32 12/10 SF-PMSM: encoderless signal-injection FOC performance: (a) digital simulation at 25
rpm; (b) transients from zero to 25 rpm. (Adapted from T. C. Lin et al., I[EEE Trans., vol. IE-63, no. 1, 2016,
pp. 123-132. [26])

For a wide torque speed control range envelope, i; =0 control with positive ir below base
speed (for more torque) and negative ir above base speed (for less flux) may be described in three
stages [27]:

2T, — 3p; ian 3 )
l:; = 0, l; = M for Tload > 7prl//PMlqn; wr < Wp
3p1Mflq,, 2
(9.58)
iy =0,ip=0,i = T for Tipad > S PrVemlign
Above base speed w,,, for flux weakening, there are two additional options:
2 ;
Wl VB0 = L — v
iy = . >0
Mg
Stage 1 =0 (9.59)
2T
iy = e , i VE< Vpe/V3
Epr(l//PM + MFriy)




292 Reluctance Electric Machines

Stator

Excitation
winding

Armature
Rotor = winding

A
Low speed region
/ (i, = 0 control)
= Power
g
Z
é Voltage
= ! High speed region
: (flux-weakening control)
|
|
]
@
& Mhase Speed (r/min) Miax

FIGURE 9.33 Axial airgap 12/10 dc excited SF-PMSM, (a); wide CPSR requirements, (b).

For higher speeds:

it = —lip) <0

i/ N30 = Ly = W — Myif,) 0
Ly

L o,

" 3plyem + (L — L) — Myir,]

Stage 21 i = (9.60)

Alternatively, above base speed, the machine may be run at unity power factor [25].

Particle swarm optimization is used online in [27] to optimally choose one of the four control strat-
egies depicted in Equations 9.58 through 9.60. By optimal behavior, small torque, excitation current,
and speed ripples are targeted.

For a 12/10 axial-airgap DC-excited SF-PMSM with the data: V=200V, n,(n,) =750 rpm,
T,=6Nm, I,=4A, ip,=3A, yps=0.1Wb, R;=3.4Q, L,=10mH, L,=15mH, R,=79Q,
M= 15 mH, sample results such as in Figure 9.34a and b have been obtained through digital simu-
lations and experiments [27].



Switched Flux-Permanent Magnet Synchronous Motor Analysis, Design, and Control 293

()

Speed (r/min)

FIGURE 9.34

D-axis and g-axis
current (A)
(=)

1600

P =
. A /
1200 | 500| [ |
PSO-PI f <
495 11505
800 0 05 1. gl15 2/ PI
A 4
e 4] 1500 [y
400  Prmeeeem” PSO-PI }
| LY S T —
3
0

|
S

900 |400'
5

600 B PSO-PI

0 10 20
Time (s)

30

Electromagnetic

D-axis and exciting

(b)

torque (Nm)

=
&

Excitation current (A)

current (A)

10‘
07
7501 bos
L 05
! ool ML IOl4
5 osl——
22 24 26 28 30
".'!\t\ A PI
25 \
% 1 2 3 4
Time (s)
ar ’ PSO-PI
a -25 T .
2 st
-3
0 !Mmm!*:;s 3 kL i
! A
-2 e
e o
—4 L R sl
0 1 2 3 4
Time (s)
°
i (PSO)
4 A
I i, (PSO
) 4 (PSO)

>

0 10 20 30
Time (s)

12/10 axial airgap DC-excited SF-PMSM digital simulation results for speed, (a); torque,

(b); ig, (c); field current if, (d); measured transients in speed, (e); in iz and ig, ). (After J. Zhao et al., IEEE Trans.,
vol. MAG-51, no. 11, 2015, pp. 8204004. [27])

The results in Figure 9.34 trigger remarks such as:

The DC-excited SF-PMSM is capable of a wide speed range with positive and negative DC

field current contribution.

iy¥ is either O, or, at the largest speeds, it is negative, together with a negative DC

field current.

PSO leads to lower ripples in torque, current, and speed.

The generic FOC system is shown in Figure 9.35.

9.7.3 ENcobperLess DIRECT TORQUE AND FLux CoNTROL OF DIRECT CURRENT—EXCITED
SWITCHED FLUX—PERMANENT MAGNET SYNCHRONOUS MOTORS

As already mentioned, being basically a cageless rotor synchronous motor, FOC and DTFC may be
applied accordingly ([25], Chapter 14) to SF-PMSMs. While the encoderless FOC implementation of
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FIGURE 9.35 Generic FOC of DC excited SF-PMSM. (After J. Zhao et al., IEEE Trans., vol. MAG-51,
no. 11, 2015, pp. 8204004. [27])

DC-excited SMs based on the active flux concept is illustrated in [25], a dedicated DTFC is developed
for a DC-excited three-phase SF-PMSM in [28]. Space vector modulation is used also in [28] (as in
[25]) to reduce the torque ripple.

The key element is the stator flux estimator (|yr], 9%, @1), from which the rotor position 9” is
obtained as:

eer: W, -0 (961)

where & is the torque angle, the angle of the stator flux vector with rotor axis d (the axis of DC
excitation and of PMs), calculable from torque:

.3 . .
Te = Epr(l//mlsﬂ - l//x/}lsa)
(9.62)

3 o
= Epr‘l//x}(l//PM + Myiy) sin &

A first-order and band-path (BP) filter are used to estimate stator flux from voltages e,, eg, while
a multiple low pass filter of e, e is used to estimate the stator flux vector speed @; and its position
0 . So, a voltage emf model is used for stator flux estimation and is prone to notable errors at low
speeds The use of the active flux concept Y’ in a combined voltage/current model observer ([25]
Chapter 14) leads to:

w4 =, — Ly (9.63)

Aligning to the rotor d axis QW = 0., would simplify the speed estimator though a PLL observer act-
ing on 9 « rather than on 6,, , which would allow operation at much lower speeds. The estimated
0,. = 0; e 1s used only in the stator flux observer at low speeds in DTFC. One more aspect to treat
is how to control the DC field current if.
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FIGURE 9.36 Generic encoderless DTFC of DC-excited SF PMSM using the active flux concept to simplify
the rotor position and speed observer.

Equations 9.58 through 9.60 may be used for wide speed control in three stages, to produce stator
flux |1/7;“ , torque T reference values [27], and DC + field current i}.

For autonomous generators, the DC output voltage in Equation 9.59 may be replaced by V.. But,
in addition, to correct for machine parameter detuning, V,. may be measured and a PI controller will
add an additional DC field current reference Ai}:

APt = PI(VE — Vo) (9.64)

So, a generic DTFC based on the active flux model [25] could be used as in Figure 9.36.

For motoring (and grid operation), V,. in Equation 9.57 could be replaced by the reference control
voltage V¥ = V./ /3, while the control system in Figure 9.36 holds.

Transients with SVM-DTFC encoderless DC-excited SF-PMSM specific control at high speeds is
shown in Figure 9.37 [28]. The errors in position and speed estimation are large, but the response is

24 v =300
nr
3* n.—-n
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FIGURE 9.37 Generator mode specific DTFC of DC-excited SF-PMSM: high-speed transients with rotor
position and speed estimators and their notable errors (in rad and in rpms, respectively). (After Yu Wang,
Z. Q. Deng, IEEE Trans., vol. EC-27, no. 4, 2012, pp. 912-921. [28])
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still stable. Potentially, the scheme in Figure 9.36 should operate even below 10 rpm safely without
signal injection in encoderless control.

9.7.4 MuLTIPHASE FAULT-TOLERANT CONTROL OF SWITCHED FLUX—PERMANENT MAGNET
SYNCHRONOUS MOTORS

Note: The SF-PMSM may be built in multiphase (say, five or 2 x 3 phases) configurations when their
control with 1, 2, 3 open (or shorted) phases is of interest for safety-critical AC drives [29]; see
Figure 9.38.

Figure 9.38 [29] illustrates a five-phase SF-PMSM with phase C shorted and reconfigured analytical
hybrid control to account for the noncompensated reluctance torque with phase C shorted; a small
torque ripple is left.

Note: In contrast, the 2 x 3 phase 12/10 SF-PMSM introduced earlier, when 2% x 50% rating twin
three-phase inverters are used, offers nonreconfigured control with one faulty phase at 50% torque by
shutting down the three-phase group with the faulty phase(s).
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FIGURE 9.38 Five-phase SF-PMSM for fault-tolerant operation (a) adjacent phases; (b) five leg inverter with
phase c shorted; (c) 2D-FEM + analytical torque with phase ¢ shorted and reconfigured control. (After E. B,
Sedrine et al., I[EEE-Trans., vol. EC-30, no. 3, 2015, pp. 927-938. [29])
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9.8 SUMMARY

* Placing the PMs on the stator allows for easier fabrication and PM cooling, while a salient N,
pole passive rotor offers a rugged motor configuration. This is how switched-flux PMSMSs
were born in one-phase topologies in 1943 [1] and “reborn” in 1955 [2].

* Inessence, the AC coils on the stator have their throw (span) around the rotor saliency pole
pitch. However, they comprise two stator teeth that sandwich a radially placed but tangen-
tially magnetized PM, which implicitly produces PM flux concentration and thus the airgap
no-load flux density is, in general, from 1.3 to 1.7 T for reasonable torque density
(Nm/liter).

* The PM flux of the AC coils, modulated by stator and rotor saliency, changes (switches)
polarity; this is why they are called “switched-flux” PMSMs.

* SF-PMSM meet the synchronization condition:

Pa =Ny —ppm, ppv = Ns/2; Ny = pr = pp (9.65)

where p,,, ppm, Ny are the stator (armature) mmf max. forward space harmonic and number of
PM flux pole pairs (ppp = Ny/2, in general), and, respectively, N, is the number of flux mod-
ulator (rotor) salient poles equivalent to the pole pairs p, (p,.).

* The closer Ny, N, are, the better in terms of average torque pulsations, and so on. Ny — N, =2
is a preferred combination, but many more are feasible as long as they lead to symmetric 3(7)
phase emfs.

* Unfortunately, the bipolar PM flux in the AC coils exploits at best half of coil span, and this
is why good torque density implies heavy magnetic saturation.

* The frequency of stator currents f,. = p, - n; n—the rotor speed at synchronism.

» It has been proven that regular SF-PMSMs can develop in the same stator (outer diameter
and stack length) for the same copper losses and similar torque as regular IPMSMs, but
for less Nm/PM weight and with a stronger risk of PM demagnetization than in IPMSM.
Still, in some configurations (say, instead of 12/10 combinations), C core 6/13 combina-
tions produce similar Nm/PM weight.

* Despite double magnetic saliency, the dg model magnetization inductances Ly, Ly, do not
differ much, and i;/* = 0 control is used below base speed for MTPA in most cases.

* However, the SF-PMSM has a larger synchronous inductance L; = Ly, & L, and thus may
offer good CPSR operation.

* DC hybrid excitation may be added to reduce PM weight and extend the CPSR.

* Also, AINiCo memory magnets (with mag/demag. DC coils) may be added to the stator to
reduce NdFeB weight by at least 40%, though keeping the peak torque below base speed.
AINiCo magnets add to NdFeB magnet flux, but may be demagnetizing for flux weakening
while keeping i; = O for large CPSRs.

* The regular SF-PMSM may be treated almost as a nonsalient pole (surface) PMSMS, but
with its large inductances, influenced by current, due to heavy magnetic saturation.

* The small differential (at AC) magnetic saliency may still be used for signal injection enco-
derless FOC where the popular 12/10 (and so on) configuration apparently fares best.

» Partitioned stator (exterior and interior) configurations have also been tried, where the seg-
mented lamination-made rotor (flux modulator) is placed in between stators. This more com-
plicated topology does not bring more torque density, but placing the PMs on a separate
(interior) stator may allow easier replacement by replacing the entire interior stator. Also,
the demagnetization risk of PMs may be reduced. Finally, a high power factor with such
a PS-SF-PMSM has been reported recently [30]—around 0.96 for 2.7 Nm.

* The circuit model and encoder and encoderless control of SF-PMSMs is similar to that of
small-saliency, strong-emf IPMSMs, or of DC-excited SMs (when SF-PMSM has a DC
excitation assistance). So, FOC, DTFC, and scalar (V/f and I-f) with stabilizing loops
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control, as known for regular AC synchronous motors/generators [25], is feasible for
SF-PMSMSs.

Multiphase fault-tolerant configurations with their reconfigurable control are also applicable
to SF-PMSMs.

Multiphysics optimal design, including electromagnetic, thermal, and mechanical aspects, is
paramount in establishing SF-PMSM practicality.

A hybrid excitation flux-switching PM motor with stator PM placed between the DC coils
has recently been proven capable of producing competitive performance in experiments
[32-33].

Significant R&D effort is anticipated in this field [31], which seems close to industrialization
both at low speeds and high torque and at medium speeds for medium and small torque
applications, where fundamental frequency stays, in general, below 1 kHz.
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'I Flux-Reversal Permanent
Magnet Synchronous
Machines

10.1 INTRODUCTION

As suggested in Chapter 1 [1], the flux-reversal (FR) PMSM may be considered a kind of flux
modulation single-airgap (single-rotor) machine similar to the switched-flux PMSM.

However, at the time of FR-PMSM introduction [2—-6], the main idea was to use it in doubly salient
machine multiple alternate polarity PMs on wider stator poles that host nonoverlapping multiple
phase windings made of 2mk coils (m—number of phases, k—an integer). Only the passive rotor
has the function of magnetic saliency with N, salient poles (Figure 10.1).

The large stator (coil) poles contain 2n, PMs of alternate polarity located as surface PMs
(Figure 10.2a) or as radially placed but tangentially magnetized PMs inside the former (Figure 10.2b).

Considering the PM pole pitch on the stator as 7py, allowing the rotor magnetic anisotropy to have
the same period of 27py;, and providing for 27/3 displacement between adjacent stator large poles
to secure symmetric emfs, the following relationship is valid:

2
2tpmN, = <21’lp - 6K + 6K - §>TPM (10.1)

or
N, = 6K - n, + 2K (10.2)

It may be rightfully agreed that, this way, with same periodicity of 2zpy in the PMs and of rotor
saliency, a synchronous machine is targeted.

The increase of AC nonoverlapping coil span in FR-PMSM to 2,4,6,8 PM poles was intended for
copper loss reduction (in a kind of magnetic gear effect), while torque increases (for given geometry
and AC coil mmf) with the number of PM poles (2n,,) per coil span. But, at the same time, the PM
fringing flux between poles increases with the reduction of the zpys. Eventually, at a certain (large,
though) N,, the two effects neutralize each other.

This fringing effect occurs in all flux-modulation machines when the pole pitch decreases, reduc-
ing torque magnification.

On top of that, with stator PMs, in general, only half the PMs (or half the AC coil span in
SF-PMSMs) are active at any time. Still, the reduction of pole pitch zpp; = 10-12 mm (large N,) leads
to significant torque density. However, the PM weight per Nm has to be used to assess performance.

The price to pay is larger machine inductance in p.u. and thus a lower power factor for competitive
torque density, which will lead to larger KVA ratings in the PWM converter that feeds the machine
in a variable-speed drive. At the same time, the large inductance L, is “good” for flux weakening,
providing for wide CPSR.

But, as at low speeds, the electric machine is more expensive than the PWM converter
(torque defines machine cost), the latter’s KVA overrating might add reasonably to the total cost
of the drive.

301
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FIGURE 10.1 “Metamorphosis” of flux-modulation machines to “flux-reversal” and to “switched-flux” stator
PMSMs. (After D. Li et al., Record of IEEE-ECCE, 2015, pp. 2153-2160. [1])

FIGURE 10.2 Typical three-phase FR-PMSMs: (a) with stator surface PMs (Ny=12, n,=2, N, =28);
and (b) inset radial stator PMs (Ny=12, n, =3, N,=40). (After 1. Boldea, Variable Speed Generators,
book, 2nd edition, CRC Press, Taylor and Francis Group, New York, 2015 (Chapter 11: “Transverse flux and
flux reversal permanent magnet generator systems”, pp. 479-527). [7])

Another embodiment of FR-PMSM with stator-PMs is shown in Figure 10.3a and b, for one-
and three-phase implementation for small power applications. It has Ferrite PMs that are
“planted” in the stator after the AC coils are in place and thus PMs may be easily replaced and
easily detachable. Here, all PMs are active all time, but still only half the stator coil span is active
at any time.
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FIGURE 10.3 Detachable-stator PM FR machine: (a) one-phase; (b) three-phase.

In an effort to better use the PMs (to make them all active all the time) the spoke-shaped PMs
may be placed in the rotor, sandwiched between two magnetically anisotropic stators that are phase
shifted with each other by a PM pole pitch. Now the number of rotor pole pitches is 2N,, but the
number of pole pairs is only N, (Figure 10.4). Both stators may be provided with 2mk AC coils
for more Nm/volume. To simplify the fabrication, only the outer stator bears AC coils on large poles
that comprise 2np X 7py; active spans. Consequently, the interior stator is simpler (Figure 10.4) and
shorter axially, to allow a shorter glass-shaped rotor.
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FIGURE 10.4 Rotor PM dual-stator three-phase FR PMSM (a) radial airgap; (b) axial airgap.

To simplify the fabrication process, an axial airgap version of the rotor-PM three-phase FRM is
shown in Figure 10.4b [9].

Note: It may be argued that the rotor-PM FR-PMSM is similar to the Vernier PMSM with two stators
and spoke-shaped rotor PMs. This is true, but the nonoverlapping three-phase winding in the stator
makes the difference when 2, 4, 6 pole, g = 2 stator/pole/phase overlapping windings are used in the
Vernier PMSM [10]. The nonoverlapping 2mK coil (K=1,2,...) windings may lead to lower
copper losses per torque for same rotor pole pitch zpy and number of rotor pole pairs N, (2N,—
PM poles). Also, the separation of coils leads to longer coil life between eventual repairs that are
much easier to do (only the faulty coil is “extracted” and replaced).

The low power factor is the main problem of all flux modulation machines. Its alleviation through
optimal design and rather high PM airgap flux density (1.4—1.5T) to allow even 1 A/mm? current
density in high-torque machines [10] and thus make L,,/wpp = 0.7—0.8(cos ¢ = 0.85). Finally,
all “F-M” machines have small functional saliency (L, ~ L,) despite the physical double saliency,
because they mainly use the first airgap magnetic permeance harmonic to couple PM and arma-
ture-current mmf waves.

10.2 TECHNICAL THEORY VIA PRELIMINARY DESIGN CASE STUDY

Let us consider a 60-Hz, 128.5-rpm, 200-Nm, three-phase FR-PMSM with surface stator PMs
(Figure 10.5).

10.2.1 SoOLUTION

The operation at 60 Hz for a base speed of 128.5 rpm is good, since a regular off-the-shelf PWM
inverter may be used. But the number of rotor poles N, (pole pairs, in fact) should be large:

60

n — n'Nr;Nr:7%
Ju=n 128.5/60

28 (10.3)

However, for symmetric-phase emfs, Equation 10.2 has to be fulfilled:

N, <n,, + ;) =N, (10.4)
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FIGURE 10.5 Three-phase FR-PMSM with stator surface PMs geometry.

with n, =2 (2n, = 4) and N, = 12 stator large poles (coils); also N, = 28 rotor salient poles + inter
poles (2N, pole spans of zpyy). The magnets (Figure 10.5) are placed on the large stator pole shoes that
make up 2n,, =4 of them along the periphery. The big stator slot opening is 27pp/3.

The relationships between PM radial thickness hpy, airgap g, and 7py; are intricate and require
an optimization calculus, say, for maximum PM flux in the coil. This would lead to an optimal
(hpm + g)/7pMm ratio of less than Y2, as in any variable reluctance structure.

To start the preliminary design, we adopt a shear rotor stress f, = 1.5-3 Nm? for the base
torque T,:

D,
Teb :ﬁ “ T Dr . lslack : ? (105)
D,—rotor diameter, [y, —axial length of stator core. To limit end-coil length, the stack length

lstack 18!

I
Jy =k 5 02— 1.4 (10.6)
D,

_ 3 2T.N, _ 3/ 2-270-12

The stack length [,k =AswD,=1.05-0.182 =0.19 m.
The maximum value of PM flux in a coil with 2n,, PMs in its throw is:

Ppm = lstack . (BgPMiKﬁ‘inge) *TpM - 1y (108)
B, pu ; is the ideal maximum flux density in the airgap:

 hem
hpm + g

Bgpmi = B, (10.9)
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with hpy=2.5mm, g=0.5mm, and, for the PM with B,=121T, kginee =0.4 (fringing
coefficient: only 40% of the ideal PM airgap flux embraces the AC coils), By py ;= 1.008 T, but
By pm = Bg pwm i * kfringe = 0.4 T. This is a strong penalty for being able to reduce the PM pole
pitch zpy; to:

z-D, x-0.130

=10.1-1073 10.1
N 553 0.1-103m (10.10)

™ =

It is to be proven by FEM if kginge is this small, but here a conservative value is assigned. Approx-
imately, the PM flux in the coils will be sinusoidal:

Pem(0,) = gpy sin (V,6,) (10.11)

The derivative of this flux with rotor position 6, is straightforward:

dgpy(6;) .

G0, = Nro cos (N,6)) (10.12)

But we have N,/3 coils per phase (four coils in our case) which, if connected in series, will lead
to the emf per phase peak value E;:

N, n
E = ?Y “Ne - 2mn - gk - 7w - Dy - kfringe : ?p - Bpmi (10.13)

where n.—the number of turns per coil. Note that zD, in Equation 10.13 represents the entire rotor
periphery and thus “hides” the torque magnification N,.
Now the torque 7, with current /; in phase with emf E; (i; =0 in the FOC) is simply:

T, = %Elll V2/(2xn) (10.14)

This way, from Equations 10.13 and 10.14, the number of amperturns per coil (peak
value) is:

2 2
neli2 = n, ST g — 1032 Aturns/coil (peak value) (10.15)
1

Choosing a rated current density j.o, = 3.57 A/ mm? and a slot filling factor kg = 0.5, with two
coils per slot (double side-by-side layer winding), the active slot area is:

2ndy  N/2-1032
Jeon * ktin ©35.10°.0.5

Agor = =831.5-10"%m? (10.16)

Now the slot geometry should be easy to settle, as the big stator slot pitch 7y, = 7D, /Ny =1 -
0.18/12 =10.0471 m. Even with a 30-mm-deep stator slot (hy,), a slot geometry fulfilling Equation
10.16 may be found.

As the slot sizing completion, airgap, and leakage inductance calculations are straightforward, we
will not insist on these aspects here, but proceed with FEM characterization to check the technical
oversimplifying theory put forward here to provide a starting geometry.
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10.3 FINITE-ELEMENT MODEL GEOMETRY

At no load, for the now known geometry, 2D-FEM has been used (ls,c/D, = 1.055!), and the PM
flux per pole and cogging torque have been calculated first (Figure 10.6).

Figure 10.6 shows clearly that the PM flux per stator poles in phases A, B, C are rather symmetric
and sinusoidal and that the cogging torque may be drastically reduced to (1.5%!) for a 1.8—mechanical
degree skewing.

This advantage is paid for by a 7% reduction in EMF (and in torque for given stator current); see
Figure 10.7.

The PM flux derivative (with rotor position) shows a large fundamental and tiny third harmonic
(Figure 10.8).

(a) (b) ———4——Cogging torque (Nm without skewing)
R - - - - - Cogging torque (Nm, skewing 0.9 mech. deg.)
—%¥—— PM flux per pole in phase A —o — Cogging torque (Nm, skewing 1.2 mech. deg.)
= — B - - PM flux per pole in phase B 30 ——a—— Cogging torque (Nm, skewing 1.8 mech. deg.)
[~ ----+---Cogging torque (Nm, skewing 2.1 mech. deg.)

----&--- PM flux per pole in phase C
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g
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FIGURE 10.6 PM flux per stator pole versus rotor position, (a); and cogging torque (without and with rotor
skewing), (b). (After . Boldea, Variable Speed Generators, book, 2nd edition, CRC Press, Taylor and Francis
Group, New York, 2015 (Chapter 11: “Transverse flux and flux reversal permanent magnet generator systems”,
pp- 479-527). [7])
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coil reduction, (b).
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FIGURE 10.8 dgpy/d0, per stator pole, (a); and its fundamental and third harmonic, (b).

It may thus be fairly claimed that the machine shows a sinusoidal emf and consequently may be
supplied with three-phase sinusoidal currents, here in phase with their emfs, not to total flux per-pole
derivatives that are not only different (in amplitude from emf), but, as expected, are shifted with
respect to the PM flux derivatives with rotor position.

As visible in Figure 10.9a and b, the phase currents (though in phase with emfs) are not in phase
with total flux derivatives, and the corresponding angle is, in fact, the ideal power factor angle ¢;
(machine losses will reduce it a few percent in motoring).

The total emf:

_dy, N

E —
"Tdo, 3

27n (peak value)

Now the peak voltage equation during steady state V, is:

Coll mmf (peak value): A

2 2
Vy (E,max /N2 + Ry, cos (p,») + R (sing,)?, (rms)

—a— i, (AY)
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FIGURE 10.9 Phase currents mmfs (a) and total flux/stator pole derivatives with rotor position (b).
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From here we may calculate the number of turns per coil with given V4 (phase voltage [rms]) and
stator phase resistance voltage R/, as:

lcoil . jcon Ns

Riw=po—7—"73" ngl,
ctn
=2.1-10%.0.458-3.5-107%-4.n, = 0.1346 - n. (10.19)
leoit & 2+ (Iyack + 2 - npp7em) = 0.458 m (10.20)

E, hax can also be expressed as E; n.x = K, - n. and thus the number of turns/coil n. comes simply
from Equation 10.18. In practical designs, a notable voltage reserve has to be left to allow for
“chopping” the sinusoidal current properly at rated (base) speed (frequency).

Further, back to FEM, we may calculate directly, from the total flux per stator pole derivatives
(Figure 10.9b), the instantaneous torque 7:

dy',(0,) .
N, (p:T-nc-lA(Br)Jr
T,=3.-2 t
3|, dec@)
do

dyiy(©0,)

40 ne - ig(0,)

(10.21)
ne - lC(er)

The results for full torque versus rotor position, for sinusoidal currents in phase with their emfs,
depicted in Figure 10.10a—d, lead to remarks such as:
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FIGURE 10.10 Torque versus position, (a); average torque and torque ripple, (b); average torque coefficient
reduction versus coil mmf (peak value), (c); cogging torque, (d). (After I. Boldea et al., Proc. IEE, EPA-146,
no. 2, 1999, pp. 139-146 [4]; L. Boldea et al., Elec. Mach. Power Syst. Journal, vol. 27, 1999, pp. 848-863
[5]; L. Boldea et al., IEEE Trans., vol. IA-38, no. 6, 2002, pp. 1544-1557. [6])
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* A torque of 200 Nm may be obtained for 1032 Aturn/coil/peak value; for 1500 Aturns,
270 Nm is obtained. This means that the large fringing coefficient Kino. = 0.4 was, after
all, realistic.

* The machine may be overloaded up to 5000 Aturns/coil (peak value) when an average
torque of 680 Nm is still obtained; yes, for a large overcurrent.

* The torque pulsations are small at rated torque (a few percent) but increase steadily
with overload.

* The question arises if the PMs risk demagnetization at peak torque (680 Nm). To verify this,
the radial flux density on the PM surface was calculated in these conditions by FEM
(Figure 10.11).

As expected, only the N/S polarity magnets are demagnetized, but not to endanger their self-
remagnetization. Part of this happy ending is the large flux fringing and part the large total (magnetic)

airgap.

The copper losses. It is important to calculate the copper losses pcon:

Iin,
Peon = 3R = 3(R,I) - =
1032
=3.0.1346 -n, - ——==2955W (10.22)
ncﬁ

For 200 Nm, the electromagnetic power and efficiency, with core and mechanical loss lumped up
to 1.5% Pelm, and P,e. = 0.5%Pe, (128.5 rpm only!):

Top - 2nn - (1 — pec)

= Tep - 27n + Peon + Peore + Pmec

20027 -1285/60 - (1 — 0.015)
T 200 - 7(128.5/60)(1 + 0.010) + 295.5
~2690(1 — 0.005)
~2690(1 + 0.01) + 295.5

= 0.9046 (10.23)

05 -1}
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e e
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[

Flux density of PM (Tesla) (coil mmf 5000 At)

15 S l
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Position (mech. deg.) (rotor position at 0 mech. deg.)

FIGURE 10.11 Flux density on the PM surface for peak torque conditions.
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The efficiency looks satisfactory, but the power factor is in the vicinity of 0.7 only.
The rated torque/volume is:

Ten _ 200
(7 - Dgs/4) * Ltack N T (0272/4) .0.19

= 18.394 Nm/1 (10.24)

with D,—stator outer diameter.
It reaches 60 Nm/1 for the peak of 680 Nm. While the performance may be considered acceptable,
the large fringing PM flux, the torque density, efficiency, and Nm/kg of PM (cost) are notable.

10.4 COMPARISON BETWEEN FLUX-REVERSAL PERMANENT MAGNET
SYNCHRONOUS MACHINES AND SURFACE PERMANENT MAGNET
SYNCHRONOUS MOTOR

Reference 11 unfolds a complete comparison between a 6/14 FRM with 2n,, = 4 PM/stator pole and
a 24-slot/28-rotor pole SPMSM with D, = 160 mm, D,; = 270 mm, stack length [,x = 150 mm
(close to our design in the previous section), airgap g = 0.5 mm, PM height Apy = 2.5 mm. Both
motors that are compared operate at the same frequency for the same speed, so core losses should
be also comparable. The average torque (for the same coil mmf) was 114 Nm for FR-PMSM and
only 73 Nm for the SPMSM.

But phase self and mutual inductances have been found to be five times larger in FR-PMSMs.
They hardly vary with rotor position (almost no saliency: L, ~ L,)—Figure 10.12 [11].

So the power factor was only 0.73 for FR-PMSM but 0.94 for the SPMSM. However, the
efficiency, from the tests run (for FR-PMSM with series capacitor compensators of the machine
large reactance [@,L,] in generating on a resistive load) have proved about the same efficiency, but
the generator power was extended by 50%.

Finally, the torque-speed envelope was checked for the same inverter max. voltage, with 6/14
FR-PMSM exceeding spectacularly the 24/28 SPMSM (Figure 10.13).

Wide CPSR applications seem to favor FR-PMSM.

10.5 THREE PHASE FLUX-REVERSAL PERMANENT MAGNET SYNCHRONOUS
MACHINES WITH ROTOR PERMANENT MAGNETS

As alluded to earlier in this chapter (Figure 10.5), in order to increase the axial flux in the airgap,
PM flux concentration (through spoke-shaped rotor magnets) with all the magnets active all the
time is required. The PMs are placed on the rotor, which is sandwiched between two stators with their
stator saliency phase shifted by a rotor PM pole pitch. The inner stator is not wound to simplify
fabrication. The two twin stators are, however, both active in an axial airgap configuration.

To grasp the nature of this machine and acquire a feeling of the magnitudes, let us perform again a
preliminary design followed by key FEM validation checks [12].

Let us now consider the configuration in Figure 10.14, which now has two airgaps and double
saliency in both. Again, the stator’s saliency period is 27py;, While the large stator slot opening is
27ppm/3, scaled for diameter.

There are six large stator poles (six AC coils, two per phase), which carry four smaller salient poles
(and three interpoles) 2np,, = 4. So the number of rotor PM poles is 2p,,, =46 =(7-6 4 (2/3) - 6)
and, at 50 Hz, the speed n,, is:

_h
Dpr/2

e = 50/231ps = 130.43 rpm (10.25)
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FIGURE 10.14 Three-phase FR-PMSM with dual stator and PM rotor (radial airgap).

A much higher rotor sheer stress f;=06 N/cm2 for a T,;, = 150 Nm motor with [y, = 70 mm
and stator outer diameter D, <300 mm, with j.,, <6 A/ mm” and a line voltage of 380V,
efficiency above 90%, and a power factor above 70% are expected.

Using the same technical theory as in section 10.2, we obtain in sequence:

27,
D, ~ |——%  —176mm (10.26)
ﬁ . lstack

zD, =m- 180
Dpr T 46

oM = = 12.02mm (10.27)

The airgap is considered here as g = 0.7 mm, and the rotor stack length is 73 mm (in contrast
to [yack = 70 mm in the stator) to avoid large axial forces on the bearings.
The leakage inductance will reduce this value further.

We chose here NdFeB PMs with B, = 1.2 T and ;.. = 1.05 yg at 20°C. So the ideal radial height
of the PM spokes £, will be:

hy Bpm /B,
TPM B 2Ktﬁnge(1 - (BPMg/Br) . (Zg,urec/.uo)/(hPM))

(10.28)

The rotor core is made of one-piece regular laminations and thus two 0.5-mm-thick iron
bridges are left above each encapsulated magnet whose thickness /py = 4 mm (the pole pitch zpyp
is only 12 mm!). The PM flux fringing coefficient Kjinge = 0.42. It is slightly larger than usual
because all magnets are active, but here a conservative design is targeted.

Now, from Equation 10.29, the PM radial height/length 4, = 1.87pp = 21.6 mm.

The coil amperturns (rms) n.l,:

Topn/2 )
nd, = /2 = 325.8 Aturns/coil (rms) (10.29)
3. @PPMmax * Ppr * (Ns/3)
PPM max = BgPM ~TpM * lstack © 20 1 * Pprs 2 *Ppr = 4 (10.30)

Let us now consider the two coils per phase in parallel and correct the voltage (due to end-coil
inductance) by a factor K., = 0.27:

d Ba \*
ne(E2PM) onn 14 (=28} (1 + Koy) = ViV2 (10.31)
do, Bpm(
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The airgap flux density produced by all li | stator rated current is:

N2 12561070325 4/2

Holt
By, ~
8 2g 2.0.7-1073

=05T (10.32)

This leaves room for a 2.0-p.u. current, but with notable magnetic saturation.
With V; =220V from Equation 10.31, n. = 155 turns/coil. So the coil current I, = n../n.=
325/155 =2.10 A, phase current [, = 4.2 A.

Note: Now the assumption of B,,=1.0T is crucial and should be carefully checked, best by
FEM; supposing it holds, we may calculate the apparent input power S,;:

S, =3Vil, =3-220-4.2 =2772 VA (10.33)
The electromagnetic power P, writes:
Py = Tep - 2nng = 2041 W (10.34)

So:

2 — p, cos @, ~ 0.736 (10.35)
To complete the machine general sizing, we first calculate the outer stator back iron Ay

Prm pole

~ 22.4 mm (10.36)
2. Bys . lstack

hyos =
With a slot filling factor Kg; = 0.5 and rated current density j.o, =3 A/mmz, the slot active
area Ay 1S:

2 CICVl
Aot = —<" — 433 mm? (10.37)
fill *Jcon

The copper wire diameter d,, = 0.9238 mm.
As the sizing of the slot is straightforward with D, given and six large stator poles, we leave it out
here. But, for copper loss computation, the average turn length coil is required:

leoit 7 2 - lgtack + 2(4 + 3)7pMm + TPM
~2-007+14-0.012+0.012=0.32m (10.38)

The coil resistance R

Leoil * Pie + Jeon

Reoil = Peoil L
0.32-155-3-10°
=1.68-1078 71 =1.19Q (10.39)
So the copper losses:
Peopn = 3 - 2 - Reoit -Ifn =3149W (10.40)

(Again, the two coils per phase are connected in parallel.)
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At 50 Hz, the core losses should not be significant, but let us suppose they are 75 W (with about 30
kg of stator core weight); the mechanical losses are taken as 1% Py,. Thus, the rated efficiency is:

Pen - 2041 — 20
My = Pmec —0.9411 (10.41)
Py + Peore + Peopn 2041 + 75 + 87.65
So, from Equation 10.34, the power factor should be:
0.736
cos g, = 8P 20 782 (10.42)

. 0.917

The total motor active weight was calculated at 40 kg, so the torque/weight is 3.75 Nm/kg or 30
Nm/1. This is about twice as much as for the surface-rotor-PM FR machine of about the same spec-
ifications. The added difficulties in its fabrication have, though, to be weighed carefully.

The FEM verifications done for the scope show the results visible in Figure 10.15a—c.

It is confirmed by FEM that:

* The cogging torque is reduced, for 0.5 mechanical degrees skewing, to 2 Nm (1.5% of rated
torque of 150 Nm).

(a) (b)
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FIGURE 10.15 FEM verification for the three-phase FR-PMSM with spoke-rotor-PMs and dual stator:

(a) cogging torque versus skewing angle; (b) torque versus rotor position angle; (c) self and mutual inductance
for one-turn coil.
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* The machine may develop an average torque 7,,~ 150 Nm at 4.2 A/phase (rms) with
155 turns/coil and two coils in parallel per phase.

e [t is seen that, in contrast to surface-stator PM FR-PMSM, the machine saturates rather
heavily. Apparently, overloading is not an asset of this machine.

* With 155 turns/coil, the self-inductance (Figure 10.15c) may be written as:

Laa ~ Lo+ Ly cosB,, (10.43)
with

Ly = 0.06826H, L, = 0.03688H (10.44)

End-coil inductance is not considered here.

¢ The mutual inductance is much smaller than the self-inductances, but it varies more with
rotor position and it has lower-order harmonics. This property may be used for rotor position
estimation in encoderless FOC (DTFC) in variable speed drives.

* The phase voltage drop on the machine inductance is approximately: Vi, = @Lgi, =
27z - 50 - (3/2)0.0684 - 4.2 = 135.0 V (rms); this seems to validate the power factor calcu-
lated analytically.

» The copper losses for 150 Nm (FEM validated) torque are confirmed.

The conclusion is that FEM-based optimal design is needed to extract more power per volume at
good efficiency with airgap flux density B, pp = 1.4-1.5 T and a large airgap (here g ~ 0.7 mm), for
larger outer stator inner diameter and shorter I, (pancake) shape topologies.

A power factor above 0.7-0.8 may be obtained (as for Vernier machines [10]). The axial airgap
twin active stator topology may be of practical interest also. Still, the machine PWM converter initial
cost, plus the capitalized cost of the losses for a most-frequent torque and speed pair, per system func-
tional years (hours in all), has to be included in the optimal design code to see if and where the rotor-
PM dual-stator FR-PMSM drive is feasible.

Note on three (m)-phase FR-PMSM control. Again, as the emf is sinusoidal and the dq inductances
are almost equal to each other, the machine behaves like an SPMSM but is easy to saturate magnet-
ically (with a large synchronous inductance). So FOC, DTFC with and without encoder feedback, or
scalar (V/f or I-F) control with stabilizing loops, typical for synchronous motors, may be applied.

10.6 ONE-PHASE FLUX-REVERSAL PERMANENT MAGNET
SYNCHRONOUS MACHINE

The one-phase PMSM with self-starting facility (by, in general, tapered airgap) may be implemented
in FR configurations with PMs on the stator, both with surface PMs (NdFeB) or with detachable
Ferrite-PMs with flux concentration. Small power (<100 W) applications may profit from this ther-
mally and mechanically rugged motor topology. It may also be used at high speeds with a lower
flux density.

A typical configuration is shown in Figure 10.16.

If the surface PM configuration (Figure 10.16) is characterized by a small maximum PM flux
density (B, pm < 0.4 T, even with high-quality NdFeB sintered magnets), B, pm max 10 the airgap
can reach values above 0.7 T with Ferrite-PMs bellow the active two rotor poles (Figure 10.17 [17]).

By tapering the airgap, it is possible to obtain a stator/rotor geometry that allows for nonzero
(positive) total torque (above a certain current level) for any rotor position. This is to say that safe
self-starting is obtained. For a 35 W, 0.2 A, 290 V¢ (a single-phase inverter is needed), at 1600
rpm motor, such a self-starting torque/position level with trapezoidal bipolar current is shown in
Figure 10.18 (by 2D-FEM) [17].
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FIGURE 10.16 One-phase stator-PM FR-MSMS: with surface PMs.
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FIGURE 10.17 Airgap flux density for maximum PM flux rotor position in one-phase FR-PMSM. (After
Y. Gao et al., IEEE Trans., vol. IA-53, no. 5, 2017, pp. 4232-4241. [17])
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FIGURE 10.18 Electromagnetic cogging and total torque of a 35-W, 1600-rpm, one-phase Ferrite FR-PMSM
with safe starting. (After Y. Gao et al., IEEE Trans., vol. IA-53, no. 5, 2017, pp. 4232-4241. [17])
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FEM-only—based optimization might be run with a penalty function as min(torque) > 0.1 Nm
(in our case) to secure nonhesitant large self-starting torque (yes, in a single direction of motion).

The machine inductance does vary with rotor position (Figure 10.19).

The PM-emf waveform, cogging torque, and inductance dependence on rotor position and current
(due to magnetic saturation) are a clear indication that FEM results (eventually after curve fitting)
should be exported to a phase coordinate circuit model of this motor.

The circuit plus the motion equations may thus be summarized as:

di R 1
— - _Ke(er) / O
ar | _| L) [ i } L | L@ [ v } (10.45)
dO)r Ke(er) @y 1 Tcogg(er) - Tload
0 0 -

dt J J

do, .

di = @y; Tem = Ko(8,) - i; emf = K, (0,)o, (10.46)

where
L(6,) is the phase inductance versus rotor position (6,) and current
Tioac—load torque (Nm)
I—phase current (A)
w,—angular mechanical speed (rad/s)

A typical control system may use a Hall sensor (for position and speed feedback) or it may
be encoderless, but use speed and current closed loops (Figure 10.20).
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FIGURE 10.19 One-phase Ferrite FR-PMSM: phase inductance versus rotor position at rated current (a); and
PM emf versus rotor position, (b). (After Y. Gao etal., IEEE Trans.,vol. 1A-53,n0. 5,2017, pp. 4232-4241. [17])
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FIGURE 10.20 Generic encoder (Hall sensor) one-phase FR-PMSM control system.
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Let us consider here a small compressor load whose torque model and motor data are described
in Tables 10.1 and 10.2. The compressor torque expressions are [8]:

Ve = [COS @, + 77/6) + 1] “Rexc - Spist + Vi

Ngas 1/ngas
P, (E> , ifV.>0 and V. <YV, (&> ’
Vo Py
) ( Pd) 1/ngas
P;, if V.>0 and V. <V,|[—
P
Tgas 1/ngas
PS<@) , ifV.<0 and |V|. > Viax <ﬁ>
V. Py
) Ps 1/ Ngas
Py, if V. <0 and |V.| < Viax| =
(Pd>
TABLE 10.1
Compressor Torque Model
Rexc (Axis eccentricity) 10 x 10> m
Spist (Piston surface) 045 x 107> m?
V,n (Cylinder dead volume) 120x107°m?®
Ngas (Gas constant) 1.1
P, (Discharge pressure) 5.3 bar
P (Suction pressure) 0.3 bar
TABLE 10.2
Motor Control Data
Parameters
R—is the resistance (£2) 37.85
J—is the inertia constant—(kg - m?) 1x107*
Number of poles 4
Switching frequency (kHz) 10
DC link voltage (V) 300
Speed regulator proportional gain 2
Speed regulator integral gain 1x1072
Current regulator proportional gain 1
Current regulator integral gain 1x107*
Sapling frequency (kHz) 100

(10.47)

(10.48)
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FIGURE 10.21 Starting and operation with an average of 0.2-Nm compressor load: (a) small inertia (/=1
107*Kgm?); (b) large inertia (J =3 10~*Kgm?). (After F. J. H. Kalluf et al., Record of ACEMP-OPTIM,
2015, pp. 406-411. [8])

. T
Tisa = sin (0, +) - Roxc - (Pe = Py) - Spia (10.49)

Digital simulation results (for J=1 10"*Kgm? and for J'=3 10~*Kgm?) are shown in
Figure 10.21a and b [8].

It is evident that only with an enlarged inertia is the compressor variable-with-rotor-position-load-
torque handled with a small speed ripple.
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FIGURE 10.22 Electrical efficiency—cost Pareto fronts. (After F. J. H. Kalluf et al., Record of ACEMP-
OPTIM, 2015, pp. 406-411. [8])

Design optimization (efficiency versus percentage costs of a three-phase BLDC PM motor) show
that good performance is expected for up to 100 W in such small motors [9], where cost may be traded
for electrical efficiency with both copper and aluminum windings (Figure 10.22).

Considerable talent is expected to be further devoted to small motor (actuator) drives within
100 (1000) W, with one-phase inverter control, for household, vehicular-auxiliary, info-gadget,
and industrial applications.

10.7 SUMMARY

e Flux-reversal PMSMs use multi-PM pole nonoverlapping AC coils on the stator and
salient pole rotors (N, poles) such that for a three-phase machine: N, = (k, + (1/3))N,;
k,=1, 2, .... In general, each of the N; stator poles has 2, PM of alternate polarity.

* This may be considered a particular case of N, N, combinations that secures symmetric
three-phase emfs in the AC coils; the multiple AC coils are supposed to reduce copper
loss for given torque, machine geometry, and PM pole pitch zpy;. The stator slot openings
between the N poles are (2/37,) wide to secure symmetrical emfs.

* Alternatively, the PMs may be placed inside the stator pole, as, for PM flux concentration,
behind the stator coils, when the stator poles are magnetically nonsalient.

 Finally, the PMs may be planted on a rotor with 2ppy poles (instead of N, salient poles and
interpoles with 27py periodicity) in a spoke shape to allow:

* PM flux concentration
¢ Dual-stator operation when all PMs are active all the time.

e The two stators are shifted by one pole pitch 7pps: the interior stator may be moved by a
servomotor to produce mechanical flux weakening. Axial airgap topologies are also
feasible.

¢ So, in regard to the above, FR-PMSM is somewhat different from SF-PMSM.

* Allowing PM pole pitch of down to 10-12mm for an up to 1-2mm airgap, the
FR-PMSM leads to notable torque magnification as all F-M machines do, and thus has
suitable low and medium speeds when the fundamental frequency remains below 1 kHz
in the KW power range and less for larger power/unit.

* However, as the PM pole pitch decreases, the PM flux fringing increases, reducing the
real torque magnification; finally, the machine inductance ends up larger in p.u. values
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and the power factor remains low (below 0.75) in surface-stator PM FR-machines when
there is an optimum ratio (g + hpy,)/Tpm < 0.5. Still, the machine allows overloading and
in contrast to tooth-wound coil SPMSMs (of the same 7py; and geometry) may produce
up to 50% more torque and power, but at smaller power factor (around 0.7-0.75).

¢ The spoke-PM-rotor dual stator FR-PMSM, with PM flux concentration and at 1.4 T PM
flux density in the airgap, is capable of doubling the torque (power) with respect to the
surface-stator-PM FR-machine of the same geometry, at lower copper losses.

¢ For this configuration, a 21-mm-high, 4-mm-thick magnets, airgap g = 0.7 mm, 7pp; =
1012 mm, for a 70-mm stack length, 180-mm inner diameter of outer stator, the
machine may produce 150 Nm at 22 Nm/1 for an efficiency of 91.7%, power factor
0.80 at 130 rpm, 50 Hz PM magnetization at 2 p.u. load, but has to be checked carefully;
the power factor may be increased by allowing some I; <0 in the control, to the detri-
ment of larger copper losses.

* As FR-PMSMs, though they have physical magnetic saliency, operate without functional
saliency (L; = L), and the emf is almost sinusoidal, FOC, DTFC, or scalar control strat-
egies typical to SPMSMs may be used [14], with the observation that heavy saturation
may occur and has to be accounted for.

¢ FR-PMSMs operate at very low cogging and resultant full torque ripple less than 3%—5%

» Stator-Ferrite PM one-phase PMSMs, with dual-saliency and tapered airgap (for safe
starting), are offering PM flux concentration and all PMs working at all times (yes, on
only half of the stator coil throw, as in SF-PMSMs, etc); 0.75 T max. Ferrite PM flux den-
sity in the airgap was obtained with two stator poles (2n,, = 2) and four rotor salient poles.
PMs have cubicle shape and may be inserted (or extracted) with AC coils in place. By
airgap tapering with geometrical variables changed and FEM calculation, positive-
only total torque is obtained, above a certain trapezoidal-shaped current level, to provide
for self-starting; yes, only in one direction of motion. Preliminary results have shown effi-
ciency above 0.84 for 100 W, 3000 rpm. Small power moderate cost actuators for home
appliances, info gadgets, vehicular auxiliaries, and industrial process motion controllers
below 100 W (1 kW) may profit from this rugged motor of moderate to low initial cost
and good efficiency.

* Asanexample, an inner stator with DC excitation multiphase FR-machine (without PMs)
has been proposed recently for wind power generation [13—-14].

* New stator/rotor slots/pole combinations are investigated for lower torque
pulsations [15].

* Also, transverse flux-reversal motors/generators with SMC cores have recently been pro-
posed at 1.2 kHz fundamental frequency for 3000-rpm drives in the sub and kW range,
for better efficiency but still at a small power factor [16].

* New design methods for FRMs are still being proposed [17].
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'I 'I Vernier PM Machines

11.1 INTRODUCTION

Vernier reluctance machines were apparently introduced in 1960 [1], while their PM versions have
been developed since 1995 [2-4]. Vernier PM machines are characterized by larger torque density
and higher efficiency in low-speed drives. Being a flux-modulation machine (Chapter 1) with an
open-slotted, stator with its slots containing a distributed (¢ > 1) winding with p, pole pair mmf
and 2p, PM-rotor poles, the two conditions for nonzero average torque (and synchronous operation)
are (Chapter 1):

+ pa = Ny — pr; @q = p; - 27n; PR =p,/p, (11.1)

Fundamentally, the first harmonic of the flux modulator (the slotted stator airgap magnetic perme-
ance of N, periods per the entire periphery) “couples” the rotor-PM mmf p, pole pair mmf with the
armature AC winding p,, pole pair mmf. As already demonstrated for switched-flux and flux-reversal
PM machines, numerous stator slot (N,)/rotor poles (2p,) combinations are eligible, but the one in
Equation 11.1 produces large torque density, with p, = 1,2,3 and ¢; = 1,2 (slots per pole per phase).

The topology may vary from the surface PM rotor (Figure 11.1a) [5] to the spoke-shaped PM-rotor
sandwiched between two stators (Figure 11.1b) [6-9], or a combination of stator and rotor PM struc-
ture (Vernier 4 flux-reversal concept)—Figure 11.1c [10].

In an effort to increase the torque PM weight and reduce the end-coil length (and their copper
losses), the consequent PM pole outer rotor with toroidal (Gramme-ring) AC windings on the interior
stator (2p, = 2) was also investigated (Figure 11.2) with partial success.

We rank the success chance of Vernier PM machines as moderate because of the fabrication com-
plexity of the interior Gramme-ring winding stator while, for similar complexity, the spoke-shaped
PM rotor dual stator (Figure 11.1b) produces better torque/volume, torque/PM weight, and effi-
ciency. Since all PMs are active all the time, (2p, = 4, ¢ = 1,2), and the emf is large with two airgaps
(airgap flux density is as high as 1.4—1.45 T), the spoke-shaped PM-rotor dual stator Vernier machine
ends up having a high power factor (above 0.8) with a rather large torque/volume index. It may be
practical to use thicker and deeper Ferrite PMs on such a rotor dual-stator machine to preserve high
torque density [13].

Axial-airgap versions of three-/multiphase Vernier PM machines look more manufacturable, as
the two stators are identical. Also, one-phase Vernier PM machines with tapered airgap (on the stator
part) may be imagined to allow safe self-starting conditions, as for FR-PMSMs (Chapter 10).

As the number of the stator slots Ny > 12, the number of rotor PM pole pairs p, > 10 (with p, = 2),
the frequency for a given speed tends to be rather large. So, if used at n,, = 3000 rpm, the minimum
fundamental frequency of the AC stator current would be f, = n,p, > 50 x 10 =500 Hz.

This already implies costly high-quality thin lamination cores. So, in general, Vernier PM
machines are mostly suitable for low and moderate speeds and high-torque applications (tens of
Nms and more).

As already noted in Chapter 10, on flux-reversal PM machines with spoke-shaped PM-rotors, the
Vernier PM machine counterparts are similar, but the windings use overlapping three-/multiphase
coils (with 2p, = 2,4,6), while FR-PM machines use nonoverlapping AC windings with four equiv-
alent mmf poles.

As Vernier PM machines in variable speed motor/generator drives have not yet reached commer-
cialization, here we will proceed with technical design methodologies with FEM validation [12—14]

325
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FIGURE 11.1 Basic three-phase Vernier PM machine topologies: (a) with surface-PM rotor; (b) with spoke-
shaped PM rotor and stator; and (c) with combined rotor and stator PMs. (After Z. S. Du, T. A. Lipo, Record
of IEEE-ECC, 2015, pp. 6082-6089; S. Niu, S. L. Ho, W. N. Fu, IEEE Trans. on MAG, vol. 50, no. 2, 2014,
pp- 7019904. [7,10])

and case studies and control principles with some test results to offer the reader a feeling of the mag-
nitude of his or her choice of a drive suitable for a specific application.

11.2 PRELIMINARY DESIGN METHODOLOGY THROUGH CASE STUDY

Let us consider a 5000-Nm, 30-rpm, line voltage <380 V(rms) spoke-shaped PM-rotor dual-stator
Vernier PM machine [as in 8]; see Figure 11.1b.
The preliminary design methodology includes quite a few stages, as follows.

11.2.1 TwiN ALTERNATING CURRENT WINDINGS AND THEIR STATOR PHASE SHIFT ANGLE

Let us, for a start, imagine that we have already chosen from Equation 11.1: p,=2 stator
mmf pole pairs, Ny =24 slots (g; =2 = SPP), and thus p, =22 PM pole pairs (44 poles) on
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FIGURE 11.2 Vernier PM machine topologies with: (a) surface-PM outer rotor and regular distributed stator
windings; (b) consequent N-N PM outer rotor and toroidal winding stator; and (c) consequent N-S PM outer
rotor and toroidal winding stator. (After Z. S. Du, T. A. Lipo, Record of IEEE-ECC, 2015, pp. 6082-6089;
S. Niu, S. L. Ho, W. N. Fu, IEEE Trans. on MAG, vol. 50, no. 2, 2014, pp. 7019904. [7,10])

the rotor (PR =p,/p,=22/2=11). Later, this decision’s motivation will be examined (Fig-
ure 11.3) [7].

A single-layer regular symmetric winding (g; = 2 slots/pole/phase) is chosen to yield a funda-
mental winding factor K,,; = 1. The two windings should be connected in series, as their stator cores
are shifted by the geometrical angle «:

pam
ap = (11.2)
DPr+ DPa

The angle « corresponds to the “slot versus tooth” relative position of the two stators and
allows the PMs on the rotor to streamline their flux lines. Theoretically, the emfs in the two wind-
ings should be in phase, but, with rectangular cross-section PMs, the outer and inner airgap per-
meances are not identical. However, this angle is smaller than a.s/2 =7/2mq=7r/(2 x 3 x 2) =
z/12=15 [8].

A 2D-FEM analysis is mandatory for enough precision, but an initial geometry is first required.
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FIGURE 11.3 Optimal stator pole pair (pa) for maximum emf versus Vernier PM machine outer diameter for
PR =5, 7, 11. (After D. Li et al., IEEE Trans. on IA, vol. 51, no. 4, 2015, pp. 2972-2983. [8])

11.2.2 GENERAL STATOR GEOMETRY

Adopting a stack length . = 0.25 m and torque/volume ratio of z.,,, = 66 Nm/liter (at outer stator
diameter Dy,), the latter is:

T, 5000
Do = S ~0.62 m (11.3)

T T
Tevn letack 66 x Z x 0.25 x 103

The ratio between the inner and outer diameter of the outer stator is assigned the value Dj,s/
Dyso =0.77. Tt is, in general, between 0.65 and 0.7 for a four-pole stator winding, but is larger
here, as 40% of the mmf is produced in the interior stator.

Thus

Dios = 0.77 - Dyso = 0.77 - 0.62 ~ 0.470 m (11.4)

11.2.3 PERMANENT MAGNET STATOR SIZING

With magnet radial length Ilpy, thickness (tangentially) 4py, and PM pole pitch 7py, the following
equations are valid on no load:

Bgpmi

p 2g + Hyuhiyy = 0; IpmBy & Bgpmitem (1L.5)
0
Bo = By + ptrouHyns Hyy <0 (11.6)

Then, considering flux fringing through the airgap permeance and the flux-bridges (thickness:
Mirigge) in the rotor lamination that holds the magnets, we may calculate the actual airgap flux density
that really produces emf Bgpy is:

BgPM = BgPMinringeKbridge (11.7)
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Before FEM verification, Ky, may only be guessed by appearance; Kginge = 0.55 is a safe value
for the case in point, while Ky ig0. should modify B,; in fact:

2Bgaithos
Koridge = (1 - T dge) (11.8)
lpm
with By =2 T, hprigge = 0.7-0.8 mm, and lpy = 2040 mm, Kpyigge = 0.85-0.92.
Now, adopting Bgpm = 0.8, Bgpm; (Equation 11.7) is:
0.8
Bopyi = —————~ 1414 T 11.
$PMIT0.55 x 0.95 (11.9)

This value is needed to calculate the rotor PM geometry.

This is a rather high value, which should be available in the rotor, so the rotor core will be
saturated, especially under load; thus, Equations 11.5 and 11.6 are only approximate (4. = o).
With an airgap g = 1.5 mm and the PM thickness &py; = 0.40 - 7ppy = 0.4 - 34.04 = 13.62 mm = 14
mm, B, =03T, u..= 125y, (at high temperatures [100°C]), finally, from Equations 11.5 and
11.6, the magnet radial height Ipy is calculated in the sequence below:

_Bowi 28
Mo hpm

_ 1414 x2 x 1.5
1256 x 107 x 14

B, = B, +ﬂrech
— 1134 1.20 x 1.256 x 1075 x (—0.2412 x 10~%) = 0.665 T (11.10)

H, =

=—0.2412x 107® A/m

BgPMi TPM 1.414 x (34/2)
_ ™ _ ~ 11.11
v ="p = 0.6652 36 mm (LI

11.2.4 PeRMANENT MAGNET FLUX LINKAGE AND SLOT MAGNETOMOTIVE FORCE

The PM flux per one-turn AC coil (per stator coil span) wpy is:

”Di()s
Ppmax = BgPM T (1 = Kyo1)lstack (11.12)

The slot opening ratio Koy = 0.6 — 0.65 = bgy1/(bos1 + bor); bost» bos are the outer stator slot and
tooth spans.
The total (peak) PM flux linkage per phase ypy; is:

Ypm1 = (pPMavkwlszQIHs (11.13)

where g; = slots/pole/phase = 2 (in our case) and ny = n, is the number of turns/slot (or per coil in
the adopted single-layer winding).
The torque expression is simple if the reluctance torque is neglected (as it is small):

3
Ten = zpal//PMlllpeak COS ¥; (11.14)

For simplicity, we consider here y; =0 to compensate for not including the reluctance torque,
which may account for 7-10%.
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From Equations 11.3 and 11.14 with .« from Equation 11.12, the peak total slot mmf 72,/ i8:
2T,

ﬂ'D‘O,
3kw1pPaq1Bgpm 2—”

nslpeak =
(] - kasl)lstackpr

a

2 x 5000

3x1x2x2x18x7xx 7><O.4><0.25><22

=1264.325 Aturns peak (11.15)

Thus, the total electric average loading is:

Ny(nlpear) _ 24 x 1264.375
zDps, 1 x 0477

Appeak = = 20260 Aturns/m (11.16)

Distributing this electric loading between the outer and inner stator is now rather straightforward,
as the outer diameter of inner stator Dj, is:

Dois = Dips — 2(lpm + 2horidge) — 28
=477 —-236+2 x 0.8) —2 x 1.5 = 398.8 mm

Aouter DiOs 477
A Do 3088 19 11.17
Ainner DOis 308.8 ( )

11.2.5 ArMATURE REACTION FLux DensITY B,g AND IDEAL POWER FACTOR
A quick check of armature reaction airgap flux density B,, gives:

B _ HOshpea 1256 x 107 x 6 x 1264
¥ par2g T ax2x221.5%x 107

= 0.5068 T (11.18)

This is a notable value, but in comparison with Bypy = 0.8 T , it leads to a peak flux density in the

stator teeth By = /B§PM + ng = 0.946 T, which is an acceptable value.

However, at 2 p.u. current, the machine core may notably saturate and thus the airgap may be
increased to cope with a strong overload application with high PM demagnetization risks. It is
now feasible to calculate approximately the ideal power factor cos ¢;:

Bpwg

COSs @; o (1119)
\/ngM + ng(l + Kleakage)2
where Kicakage = Licakage/Lgm- A value of Kieaxage = 0.2 is assigned here and thus:
0.8
cos @; X ~ 0.7966 (11.20)

V0.82 +0.5068% x 1.22

11.2.6 RATED CURRENT AND NUMBER OF TurNs/CoiL
Even the number of turns per slot (and per phase W, = p,q 1, = 4n, in both stators) may be computed

by using the expression:

Vi/2
Wen @1/ €os @; X Vy; VS=LJ§F=220\W2 (11.21)
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with @y, = 2znp, = 27(30/60) x 22 = 69.08(rad/s):

_ Vicosg;  220~/20.89
Y = T 69.08

— 4.026 Wb (11.22)

So, from the torque expression (11.14), the peak current per phase is:

2 Ty 2 x 5000
Tipear. = - = 37.625 11.23
e S W 3 X 22 % 3.76 (11.23)

Consequently, the number of turns per “slot pair” ny is:

- nsllpeak . 1264.375
' Lpe | 37.625

= 33.58 ~ 33 turns (11.24)

S0 Iipeak ~ 38A (peak value).
For a phase:

Ws =pa-q1-n, =2-2-33 =132 turns/phase (11.25)

Note: By “slot pair,” we mean inner and outer stator corresponding slots.

11.2.7 Corper Loss AND ELECTROMAGNETIC POWER

The copper loss may be calculated by adopting an average AC coil length [.,;; and a current density
jeon= 1.5 A/mm?*:

7Dios 7%0.477

Leoil A 2siack + ”( )

) =2x025+ =1.675m (11.26)

a

The end coil still amounts to two times more than the active coil length. So, the rated copper losses
Pcon are:

Leou(4ny) Igeak

con = 3 77 N
p Pco <11pea.k> )
\/Z].con

3 x21x107° x 1.675 x 4 x 33 x 38

33 =563.1W (11.27)
V2 x 1.5 x 10°
The electromagnetic power P, is simply:
30
Pey = Ten27n, = 5000 x 2 X 7 X 0= 15700 W = 15.7 kW (11.28)

The ratio of copper losses per electromagnetic power is only pcon/Pen = 563/15700 = 3.586 %.
An efficiency well above 0.92 is expected, as core and mechanical losses should be moderate, too.
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11.2.8 STATOR SLOT AREA AND GEOMETRY

The active slot area of the outer stator slot (with 18 turns in the outer stator slots and 15 turns in the
inner stator slot; 33 turns per “slot pair” as in Equation 11.24) is:

n(Tpea /V/2) x 18/33
AslolO ~ N
JeonKiint

_ (1264.375/4/2)18/33
- 1.5 x 0.45 N

724 mm? (11.29)

For a slot pitch of 740 = 7 Djos/ Ny = 7 x (0.477/24) = 0.062 m and a slot opening of 35 mm, the
outer stator slot will be only at most 24 mm deep (the active part).

Note: We should remember, though, that such a long stack (0.25 m) is not easy to handle in fabrica-
tion, as the rotor, sandwiched between the stators, will be that long, and so will be that of the inner
stator plus the axial length of coils ends. It might be more practical to “plant” the entire winding in the
outer stator slots, which will end up 45 mm + 5 mm = 50 mm deep (the aspect ratio will still be low to
ensure a low slot leakage inductance). In this case, fabrication complexity and the effort of cooling of
windings may be reduced.

11.3 HARD-LEARNED LESSONS FROM FINITE-ELEMENT METHOD ANALYSIS
OF VERNIER PERMANENT MAGNET MACHINES

A few recent pertinent FEM case studies on Vernier PM machines and some with experimental ver-
ifications have led to conclusions like the following:

* The optimal stator pole pair (p,) increases with the outer stator external diameter, but is
smaller if the pole ratio PR = p,/p, increases (Figure 11.3) [8].

* A larger pole ratio PR leads to larger torque, but also may lead to a lower power factor
(Figure 11.4) [8].

e The p,=2 (with g; = 1) (N; = 12 slots with N, = 10 PM rotor pole pairs) seems a practical
compromise between high torque density and good power factor.

* The spoke-PM rotor Vernier machine (12/10/2) with two stators may produce twice
as much torque as the conventional four-pole surface PMSM in the same volume [12],
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FIGURE11.4 Influence of PR = p,/p,on torque, (a); and on power factor, (b) for p, = 1,2,3. (After D. Lietal.,
IEEE Trans. on IA, vol. 51, no. 4, 2015, pp. 2972-2983. [8])
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but the Nm/kg of PM is about the same, and the power factor is smaller (though still
satisfactory); however, the machine topology is notably more complex, increasing the
fabrication cost.

* There is an optimal stator slot opening ratio (0.6—0.65) to maximize torque (Figure 11.5) [8].

. r;“ /gt = re /8 (ratios of radius to respective airgap) is required to fully exploit the dual
stator spoke PM rotor.

* The surface PM-rotor single-stator Vernier machine may produce about the same torque as
the spoke-PM-rotor with dual stators but at a notably smaller power factor [12].

* There is an optimal PM pole ratio (1 — hpn/7pm) = 0.58 — 0.64 [8] for maximum torque,
but even for the PM-like ratio of 0.71, the machine may develop high enough torque at
Bgpm; = 1.5 T (ideal flux density in the airgap).

* Alarge PM airgap ideal flux density Bgpyr; = 1.41 T in the airgap before considering fring-
ing is mandatory for good torque density (66 Nm/liter, here [8]).

» Larger stator slot opening ratios Sy; and Sp, (0.65-0.68) lead to higher power factors.

* High-torque machines (2000 Nm, 30 rpm in [8] and 5000 Nm, 30 rpm in our example)
are designed at 1.2 (1.5) A/mm? current density, which means that more copper is used,
as the useful active PM airgap flux density is not By; = 1.43 T but By Kjinge (fringe factor
Kiringe # 0.55), which is only Bgpy = 0.8 T.

* Longer stator stacks e/ (TDoso/2P4) = 1 may be tempting to further reduce copper weight
(and losses), but then the longer inner stator length, including end-coil axial length, would
pose serious fabrication problems. This only shows that the torque was obtained largely by
increasing the airgap diameter.

* The peak radial forces, which are determined by Bgpn; & 1.41 T, are large and thus noise and
vibration will be important.

* The cogging torque is not so small, especially with thick spoke-shaped Ferrite-magnets
(thick magnets are needed to avoid their demagnetization at 2 + p.u. current). Rectangu-
lar-area magnets influence the flux distortion in the inner airgap differently and thus torque
ripple may be as high as 20%. However, very good performance has been reported (with
notably longer [radially] magnets [/pys longer]) [13].

* The surface single-stator Vernier PM machines [14], even in consequent PM pole stator and
rotor configuration [10], may not match the dual stator spoke-shaped PM rotor Vernier
machine in the torque density, though they make better use of the PMs and may reduce
the machine initial cost via a simplified topology. Power factor is also to be investigated
here.
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FIGURE 11.5 Torque versus slot opening rotors Sy, and Sg, (for Bepm; = 1.43 T). (After D. Li et al., JEEE
Trans. on IA, vol. 51, no. 4, 2015, pp. 2972-2983. [8])
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* The axial-airgap alternative configuration of spoke-shaped PM (even with Ferrites)-rotor
twin-stator Vernier machine might be easier to manufacture.

* The power factor was already raised to a reasonable value as well as efficiency, but the
machine initial cost (fabrication cost included) has to be carefully addressed, as Vernier
PM machines are not otherwise likely to be less expensive (in Nm/USD for a given effi-
ciency and power factor) than multiple-pole SPMSMs with tooth-wound coils for PM
pole pitches above 7py; > 30 mm, even in large torque applications, as already demonstrated
for SF-PMSMs [15]. The same is true for consequent Vernier PM motors [11] in terms of
power factor and efficiency, though at higher torque for the same geometry.

11.4 VERNIER PERMANENT MAGNET MACHINE CONTROL ISSUES

The rather sinusoidal emf (as for flux reversal PM machines; see Chapter 10) and the small dg
(orthogonal) magnetic anisotropy (1 > Lg,/Ly,, > 0.85) allows for dg-modeling for transients and
control. The machine may be treated almost like an SPMSM, with a synchronous inductance L, ~
Ly~ L, easier to saturate [10].

The machine reactance w,L; in p.u. is larger than in SPMSM, so these machines show better flux
weakening capability (wider but not excessive CPSR) and may sustain 2 + p.u. overcurrents with no
demagnetization risk, if properly designed, even with Ferrite-PMs. This is partly due to the rather
large PM flux fringing and the fact that most armature reaction mmf field lines go parallel to the
spoke-shaped PMs in the rotor.

The FOC, DTFC, and scalar (V/f, I-f) control science heritage of AC (SPMSM-like) motor/
generator drives, with stabilizing loops, may be used here. As saliency is small and load dependent,
encoderless control should be carefully pursued to avoid notable errors in the rotor position
observers.

11.5 VERNIER PERMANENT MAGNET MACHINE OPTIMAL DESIGN ISSUES

Analytical preliminary design methodologies such as the one in this chapter have been introduced to
produce a design start-up geometry not very far from the optimal one.

With enough multiframe computer hardware available, FEM-only-based optimal design cases that
integrate dg circuit models with FEM imported parameters for transients and control design, for a
wide speed range and using multiobjective optimization algorithms, are the way to go, though it still
takes tens of parallel computation hours.

For less computation time (10 times less), nonlinear analytical model-based optimization, fol-
lowed by a few FEM runs for the optimal geometry, should be performed to check key performance;
if not met, adequate fudge factors (based on regression principles) are introduced to adjust the ana-
Iytical model in order to speed up optimization algorithm convergence. It is too soon to tell if and
when Vernier PM machine drives will reach international markets, but strong R&D efforts are
still underway.

11.6 COMBINED VERNIER AND FLUX-REVERSAL PERMANENT
MAGNET MACHINES

Reference 10 describes “a novel stator and rotor dual PM Vernier motor.” In fact, it combines, in a
single interior stator and outer rotor, the two flux-modulation principles that animate the Vernier
machine (stator modulator-consequent pole PM rotor) and the flux-reversal (flux-switching) effect
by consequent PMs on the 3k large stator poles that host 3k nonoverlapping coils (Figure 11.6).
The machine may also be built in interior rotor topology.
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FIGURE 11.6 Combined Vernier 4 flux-reversal: (a) with outer rotor; (b) with inner rotor.

The machine fabrication is notably simplified, as it has a single stator and the windings use non-
overlapping coils (as in flux-reversal or FS-PMSMs), allowing shorter frame length for a given airgap
diameter while still showing moderately long end coils.

The two conditions for synchronous operation and nonzero average torque of flux-modulation
machines (Chapter 1) still hold:

Pa = Pm — PPM

(11.30)
DPPM®PM — Pm®@m + (pm _pPM)wa =0
where:

Das ®,—pole pair and mechanical speed of stator winding mmf
Pms ©,—pole pairs and mechanical speed of flux modulator
Ppms> @pm—Ppole pairs and mechanical speed of PM excitation
With o,, (the stator is the flux modulator), a first working frequency @, is:

®q1 = —ppmr®pMr/ (Pm — PPM) = PPMr@PMr/Pa (11.31)

In this machine, however, dual flux modulation is exercised by the consequent pole PM/teeth
structures of the rotor and the stator.

Looking from the rotor side (Vernier principle), we have already obtained Equation 11.31. But,
from the stator side (flux-reversal principle), the p,, pole pair stator consequent pole PMs are
modulated by the p, consequent pole pairs of anisotropic rotor, where w,,, (stator PMs produce a fixed
magnetic field).

A second working frequency o, is obtained:

®q2 = Pir@r | Pir — PPMs) (11.32)

with p,,., = Ppm, Or = @O Ppms = Pms- 1t 18 evident that o, and @, will have the same pole pair
(ppmr — PpMs), and thus the two flux-modulation parts add the emfs and torques.

There are, for example, 27 PMs (and 27 teeth) in the stator and 24 PMs (and 24 teeth) in the rotor.
The nonoverlapping winding forms a six-pole (p, =3) mmf (9/6) typical combination in tooth-
winding coil-PMSMs.

As visible in Equation 11.31, the machine speed wpyy, is low, since p, < ppm, and thus the stator
fundamental frequency is f,, = ppm,# (n-speed in 1ps), with @, ,,, @py as mechanical angular speeds.
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IEEE Trans. on MAG, vol. 50, no. 2, 2014, pp. 7019904. [10])

For an outer rotor outer diameter of 213.4 mm and 50 mm stack length, airgap g = 0.6 mm,
B,=1.1T, 1.5-kW, 250-rpm, 75-V (100-Hz) machine, calculations by 2D-FEM with sinusoidal
pure I, current ideal control show torque results as in Figure 11.7 [10].

The dual-PM (Vernier + FR) machine shows a notably enlarged torque (up to 60 Nm).

Also, the no-load airgap flux density in the airgap with PMs only in the rotor and stator flux-mod-
ulation (Figure 11.8a) (Vernier machine) and the one with PMs only in the stator and rotor flux-mod-
ulation (flux-reversal machine)—Figure 11.8b—are in phase, adding up contributions to torque [10].

As Figure 11.7 shows, the maximum torque with dual PM design is 50% larger than for only sta-
tor-PM-modulation, only 8.2% more than for only rotor-PM-modulation, but 60% larger than for a
conventional surface PM-rotor motor machine. For 60 Nm and an outer stator diameter of 0.21 m
and stack length 0.05 m, a torque density of 34.66 Nm/liter is reported [10].

11.7 SUMMARY

While the results are encouraging, further steps are required to prove the eventual practicality of the
dual PM assessment of Vernier machine:

* PM demagnetization risk at 2.0 p.u. pure i, current.

» Evaluation of efficiency and power factor against machine initial cost.

* Optimal design methodologies integrating time-stepping FEM and circuit model with field-
oriented control [10] for a given torque/speed envelope, and an assigned maximum inverter
voltage vector Vimax = Vi V2.

* To reduce copper losses, fractionary-slot Vernier PM machines have been proposed; while
the torque production is acceptable, the power factor is still low with surface PM rotors [16].

* Directly driven wind generators have been targeted for Vernier PM machines. For 3 kW/
350 rpm/163.3 Hz a Ny =36 slots, p, =38, p,=28, such a machine, with spoke-shaped
Ferrite-rotor, good performance in terms of torque density and losses has been proven,
but at a notably smaller power factor than a conventional tooth-wound PMSG [17].

* Sensorless vector or direct torque control of concentrated (or distributed) winding Vernier
PM machines is very similar to that of standard permanent magnet synchronous generators
(PMSMs) [18].

* Gramme-ring (toroidal) winding dual-rotor axial-airgap Vernier machines for p;, =2 stator
mmf pole pairs (p, = 22, p, = 24 stator slots) have been proposed very recently in order to
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FIGURE 11.8 Airgap flux density at no load: (a) with rotor PMs only and stator FM; (b) with stator PM
only and rotor FM only. (After S. Niu, S. L. Ho, W. N. Fu, IEEE Trans. on MAG, vol. 50, no. 2, 2014,
pp- 7019904. [10])

reduce copper losses [19], but the power factor remains low (less than 0.6), and the effi-
ciency is 0.86 for a 100-Nm, 320-rpm machine at 32 Nm/1 torque density. Also, a spoke-
Ferrite-rotor dual-stator Vernier machine has been claimed very recently to produce 700
Nm at 400 rpm for 96% efficiency (power factor 0.72) at 23 Nm/1 for a 0.355-m stator outer
diameter, without PM demagnetization at 3.0 p.u. load current [20].
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'I Transverse Flux Permanent
Magnet Synchronous Motor
Analysis, Optimal Design,
and Control

12.1 INTRODUCTION

Transverse flux PMSMs were apparently introduced in 1986 [1] in an effort to increase torque density
in low and medium variable-speed motors, by separating the magnetic and electric circuit design and
thus reducing the pole pitch zpy; down to 10-20 mm even in large torque applications.

The initial single-sided topologies [1-3] are shown in Figure 12.1a and b.

The I-shaped cores between U-lamination stator cores allow for all magnets to be active all the
time in a flux line with four airgap crossings. The IPM rotor allows for PM flux concentration,
that is, higher torque density. The I-shaped core advantage is paid for in a larger leakage inductance
of the machine. The main problem is PM flux fringing, while the main advantage is torque magnifi-
cation by increasing the number of poles 2ppy;.

Double-sided stator configurations, especially with IPMs, are favorable in reducing the PM flux
fringing by making all the magnets active all the time and increasing torque/volume (Figure 12.2).

Further, PM flux fringing may be notably reduced by planting additional lateral magnets on the
IPM rotor poles of a single-sided TF-IPMSM (Figure 12.3).

TF-PMSMs operate as synchronous motors with the number of stator U-shaped cores (N,) equal to
the number of rotor PM pole pairs (ppp)- They have a modular structure with each phase being inde-
pendent, and thus notable eddy current losses occur in the magnets and rotor core by the inverse com-
ponent of the stator mmf field. The fundamental frequency f,, = ppy - 7 limits the core losses, while
dividing the pole PMs into a few pieces circumferentially (and/or axially) will reduce PM eddy cur-
rent losses drastically. TF-PMSM was included (Chapter 1) in the category of flux-modulation PM
machines, where the pole pairs of stator mmf p, = 0:

Pa=Ns —ppm = 0 (12.1)

The torque magnification effect with the circular coil (phase) is evident if we only imagine increas-
ing the number of stator U-shaped cores and the number of poles in the rotor for a given machine
general geometry.

The maximum PM flux in the coil remains about the same with increasing ppy, but its polarity
reversal in the coil is performed in a shorter time (angle) and thus a larger emf and torque (for
same coil mmf) are produced.

As the pole pitch zpy; decreases (with increasing ppyp), PM fringing is enlarged such that there is an
optimum in terms of maximum emf (torque) for a given machine geometry and copper loss for a cer-
tain (large) number of rotor poles.

When ppy increases, for a given speed, frequency f;, increases and thus core losses increase.
All these aspects have to be considered carefully in designing TF-PMSMs, as it seems that, again,
g+ hpm/teMm < 1/2, to secure high torque density. TF-PMSMs suffer from the same drawback of a
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FIGURE 12.1 Single sided TF-PMSMs (one phase is shown) (a) with surface PMs; (b) with interior
(spoke) PMs.

lower power factor for higher efficiency (due to coils’ circular shape), mainly because of PM fringing.
In spoke-shaped PM-rotor configurations, the power factor may be kept within reasonable values.

Besides rotor-PM topologies, TF-PMSM was investigated for stator-PM configurations also, with
a variable reluctance passive rotor (Figure 12.4) [4].

Also, the outer rotor configuration [4] may be preferred; see Figure 12.5.

The stator-PM configurations (Figure 12.4) pose fabrication problems. SMC cores are used
because the flux lines are 3D in the variable reluctance rotor.

However, in low-speed applications, when rated frequency is below 50 (60) Hz, a stator-PM con-
figuration with radial-airgap and shifted regular laminations in the stator may be used to make the
machine more manufacturable (Figure 12.6).
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FIGURE 12.2 Double sided TF-IPMSM (one phase is shown).
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FIGURE 12.3 Single sided TF-IPMSM with antifringing additional PMs.

The stator flux barriers filled with PMs also play the role of slits that reduce the eddy currents pro-
duced by magnetic field lines at 90° with respect to laminations (mainly in the yoke zone). Also, the
variable reluctance rotor that experiences axial and radial flux line portions, though made of axial
laminations rolled over one another, has thin slits to reduce the core eddy currents (see view of C
in Figure 12.6). Heavy PM flux concentration with all PMs active at any time is obtained, as in
TF-IPMSMs with dual stators (Figure 12.2). The configuration in Figure 12.6 is suitable for easier
(less costly) fabrication.

It is also possible to use a modular claw-pole SMC stator configuration with an ordinary surface
PM rotor (2, 3 phases [modules] are placed axially), especially for small powers, in order to produce a
compact motor of low and medium speed (less than 3000 rpm, in general [5]); see Figure 12.7.

Reference 5 shows that for 20-tone, force-produced, low-density (5.8 g/cm?) soft magnet compos-
ites, stator core fabrication costs and core losses are reasonable. At 60 W, 3000 rpm, the average core
losses are already 6 W (10%) of rated power, so efficiency is below 90%.

Magnet

Stator pole

Stator pole

Magnet
Winding

Rotor Winding

Rotor pole

FIGURE 12.4 TF-PMSMs with stator PMs: (a) with axial airgap; (b) with radial airgap. (After J. Luo et al.,
Record of IEEE-IAS-2001, Chicago, IL. [4])



342 Reluctance Electric Machines

FIGURE 12.5 The outer rotor TF-PMSM: (a) the inner stator; (b) outer rotor. (After I. Boldea, Variable Speed
Generators, 2nd edition, book, CRC Press, Taylor and Francis, New York, 2015 (Chapter 11). [2])

Efforts to reduce cogging torque in TF-PMSMs refer to increasing the number of phases, which are
anyway shifted by 2z/m radians (in the stator or rotor) or by skewing PM placement on the rotor
or stator.

Using herringbone teeth [6] on a double C-hoop stator [7] may also lead to torque ripple reduction
for 7%—8% of average torque reduction, though [8-10].

In yet another design (Figure 12.8, after [8]), the IPM rotor with axially straight spoke-shaped
magnets interacts with stator U-shaped cores that are skewed by one pole pitch.

The stator may be made of rectangular distinct axial laminations packs for stator slot walls (teeth)
and yokes. Still, the stator and rotor need to be encapsulated in nonmagnetic frames, in contrast with
the stator-PM TF-IPMSM in Figure 12.6. One important aspect of TF-PMSM is that it is made of
m (m > 2) axially placed (and shifted) single-phase modules. So, even if a multiphase TF-PMSM
has a total small torque ripple (5% or s0), each phase-part (module) of the machine experiences higher
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FIGURE 12.6 Stator-PM TF PMSM with regular stator laminations.
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SMC
stator

FIGURE 12.7 Claw-pole-SMC-stator TF-SMPSM (one phase is shown): (a) molded SMC claw pole stator
(half of it); (b) 3D view.

torque ripple. So, the noise and vibration aspects are to be given special attention. In what follows, we
will treat in more detail:

* A preliminary nonlinear analytical design methodology (to produce a start-up geometry for
eventual more involved MEC modeling)

* Magnetic-equivalent circuit modeling

* MEC-based optimal design methodology via a case study

e 2D and 3D FEM characterization

* TF-PMSM control issues

() (b)

FIGURE 12.8 Twisted-stator cores straight-IPM-rotor TF-PMSM (a) 3D-view—one phase; (b) 3D mesh for
FEM analysis. (After E. Schmidth, IEEE Trans., Vol. MAG-47, no. 5, 2011, pp. 982-985. [8])
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12.2 PRELIMINARY NONLINEAR ANALYTICAL DESIGN METHODOLOGY
EXAMPLE 12.1

Let us consider a set of specifications of a TF-PMSM:

Ten = 5000 Nm
n,=75rpm, f,=50Hz
V. =380V (rms)—line voltage (star connection of the 3 phases)

Solution

First, a suitable configuration has to be chosen. Let us consider a surface PM outer rotor with U- and
I-shaped cores in the inner stator, which is made of three modules (axially), one for each phase
(Figure 12.9).

The I-shaped cores help in making all PMs active at all times and thus reducing the PM fringing
flux to keep the PM airgap flux density high.

12.2.1 StATOR GEOMETRY

With Ay, = Liaek/Dis = 0.1 and the rotor shear stress f,, =4 N/ cm?, the outer stator diameter D is:

3 Ten D is

D;; = m’ Ton =7 - Dys - fre 7 =32 lack (12.2)

Three modules (phases) have been considered, and [, is the axial length of one leg of the
U-shaped stator.
So:

3 5000
D= J— 220 s 12.3
5T V3. 2.01-4-10° o (12.3)

Thus, the U-shaped leg axial length [, = Ay - Dig=0.1-0.51 =0.051 m.
With a pole pitch zpp; = 0.020 m, the number of rotor poles 2p,, is:

D -0.51 .
2pm = s _ T = 80; ppm = 40 pole pairs (12.4)
TPM 0.02
view of A I-shaped stator cores
L s
wl T

¢>>

U-shaped stator cores

FIGURE 12.9 Surface-PM outer-rotor TF machine with U- and I-shaped stator cores.



Transverse Flux Permanent Magnet Synchronous Motor Analysis 345

So the frequency is indeed:
75
Lﬁzme:40&T:sz (12.5)

We already know from FR-PMSMs (Chapter 10) that hpy + g < 7pMm/2. So, if we choose
g=1.5mm (airgap), hpyy=6 mm would be a good choice.

With medium-quality PMs, B, = 1.13 T, . = 1.07 ug (still sintered NdFeB). Consequently, the
ideal PM airgap flux density B, pv ; is:
hpM - 6

13.———=0904T (12.6)

B,pmi = B, = 1.
§PM hom + g 6+1.5

Now, assuming that PMs span bpy/7py = 0.9 of the pole pitch and the U (and 1) stator cores
cover b,,/tpm = 0.8 of the pole pitch, with PM flux fringing coefficient Kjinge = 0.25 (surface
PMs with I-shaped additional cores) and neglecting magnetic saturation, the maximum PM flux/PM
pOIC PPM max is:

bpm + by 1
PPMmax — Bg PMi * D) . lstack 1+ kfn’nge
1.7-0.02 1
=0.904 - ————=.0.051 - —— =6.27-107* 12.
0.90 > 0.05 135 6.27-107" Wb (12.7)

As with other F-M PM machines, the PM flux in the coil (phase) switches polarity from + n.. - ppy -
Prm max(= Ypm max) 10 — 71¢ - PpM * PPM max OVEr ONE PM POle pitCh angle:

QTPM = 27[/2ppM (128)
We may suppose at this stage that the PM flux linkage ypwm(6,) in a coil (phase) varies as:

WpMa(0r) = WpM max - SN (PPMO;) (12.9)

12.2.2 CoiL PeaAk MAGNETOMOTIVE FORCE

A third-space harmonic may be added for a flatter variation of Wp ,,.x With rotor position 6,, if needed.
Now, with three phases and phase currents in phase with their emfs (pure i, control), the torque T, is:

3 wem(0r)
T, = Elspeak d er
— Elspeak - PPM * WP max (12.10)
= E nclspeakp%M(meax
Consequently, the coil peak mmf n./gpcqx is:
I 2 Ten (12.11)
Nolgpeak = =——— .
speck 3 p 12>M PP max
2 5000

= 37 627 107 = 3322 Aturns/coil
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The active stator slot area is thus:

ne speak/\/_

Aslot —
]con kﬁll

(12.12)

A slot fill factor kg, = 0.6 may be assigned, as there is only one circular coil in slot. Also, we
consider jo, = 3 A/mm? and thus (from Equation 12.13) Ag i

3322/4/2
Agora = 3—5“6/— ~ 1309 mm’ (12.13)

The torque per machine cylinder volume is thus 54 Nm/liter (Figure 12.10).
The I-shaped core radial height L.; = l,ck/2 = 0.0250 m. Finally, leaving A, =5 mm distance
between the I cores and the coil, the total slot radial weight A, is:

hg = hgq + hsi + he; (12.14)

The slot aspect ratio w,/hg, has to remain small to yield a small slot leakage inductance to
compensate for the large leakage flux inductance corresponding to tangential armature coil field
lines between the U- and I-shaped cores (the distance between them is only (1 — (bgu1i/Tem))TeM =
0.2 - 7ppg = 4 mm).

Fixing the 40 U- and I-shaped cores via nonmagnetic nonconducting material pieces to the
machine frame is an art in itself, as there are strong attraction (normal) forces between the PMs
and the latter.

With slot axial width, W, = 0.8, = 40 mm, the total stator slot depth i, Equation 12.14 is:

Agota 1309
hy, =%+hs,~+hci =0 T5+255=63mm (12.15)

Note: The twice-deeper-than-necessary slot height, to leave room for I-shaped cores and thus make
all PMs active all times and the machine look like it has four airgaps for the PM field, but mainly with

Outer rotor solid back iron

rotor PM /

I 71— I-shaped core

h,; =25 mm :h s, ,'/,*’
5mm]| isiaf] peilittad it [
__U-shaped core
h,, =33 mm —
40 mm
B BT

hys =30 mm l

i 142 mm |
®510 mm ®334 mm

FIGURE 12.10 Stator U and I cores and stator slot (one phase is shown).



Transverse Flux Permanent Magnet Synchronous Motor Analysis 347

only two airgaps for the armature field, should pay off and finally provide a small enough synchro-
nous inductance that allows for a moderate power factor. Also, keeping the airgap diameter the same,
an inner stator—outer rotor configuration could have been adopted to further lower the machine
volume.

12.2.3 CorprEr LOSSES

The copper losses (with sinusoidal current) are:

2 1 ak
R, Ispe . coil ¢ * Ispe

Pcon = = 0
2 i
1/(ﬁ ]con) (12.16)
3
:5.2.1~10’8-1.4~3322-\/§~3~106:620W
with
leoit = 7(Djs — hy) = 71(0.51 — 0.063) = 1.4 m (12.17)
But the electromagnetic power P,,, is:
75
P,=T, -2 -7 n,=5000- 271'@ =39.250 kW (12.18)

Consequently, the copper losses represent only about 1.5% of electromagnetic power, which
should secure high efficiency (97%) at 75 rpm, as mechanical and core losses (at 50 Hz) may not
together surpass 1.5% P.,,.

The power factor remains the main issue. A simple way to calculate it is to determine an approx-
imate value of the number of turns n. per coil (phase). For that, we have to notice that the inter-U- and
I-shaped core leakage inductance, as the distance between the I and U cores is only 4 mm, while the
magnetic airgap g,, = g + hpy = 7.5 mm.

So, the synchronous inductance includes three types of flux lines representing it (straight through
two airgaps), wondering through four airgaps and the space between the U- and I-shaped cores
(tangentially).

So, the armature reaction flux density inductance with the most part as leakage, will be approxi-
mately:

Ly = Lygs + Lo + Lm2gm A Lgiyi - L.5 (1219)

(hci : lstack/z) .

Ly ~ ponpew - 15
s ~ Holl. PPM 20u
0.025 - 0.051
=1.256-107%.40- . nz (12.20)
2-4.107"
~ 6-0.05 - 10°n2(H)
As known, the ideal power factor is:

cos ; = VP max (12.21)

\/l//% max + (LS iPeak)z

Wpmax = NeDPMPpmax = Ne - 40 -6.27 - 107* = n,. - 25.08 - 1073 (12.22)
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But
Lilpeax = 6.005-107° - . - 3.322 = 19.99 - 107> - n, (12.23)

Consequently

25.08
cos @; X =0.782 (12.24)

V/25.08% + 19.99?

The losses in the machine may drive this value up to cos ¢ = 0.8.

Note: Let us remember that about 2/3 of the armature flux will flow in the stator and thus will not
contribute to the PM demagnetization. Thus, the presence of I-cores may become practical. A rather
conservative design was approached here to serve as a solid start-up for eventual optimal design
attempts.

The voltage equation in steady state (with pure I, control) is:

25.08-103n, - 3.14
Vomax = lggsm;x. T = 0 782n = 220v3 (12.25)

So n.=30.8 turns/coil = 30 turns/coil.
The rated phase RMS current is then I, = ((nclspeax)/ \/Enc) = (3322/ V2 - 30) = 78.53A.
As a verification:

Pen Pmec
A 12.26
7] COS @; A ( )

with 77,, = 0.965 (1.5% for core and mechanical loss has to be fulfilled). On the other hand, the appar-
ent input power (motoring) is:
— 3 VS max

V2

So, from Equation 12.26, cos ¢; is

S, -1, =3-220-78.53 = 51829 VA = 51.289 kVA (12.27)

~39.520(1 — 0.005)

COSPi = "0965 - 51.829

=0.782 (12.28)

QED.

12.3 MAGNETIC EQUIVALENT CIRCUIT METHOD MODELING

Let us consider now the case of an axial-airgap TF-IPMSG for wind energy conversion, with the
specifications:

* P,=3MW, generated electric power

* f.,=50Hz, rated output energy

* n,=11rpm, rated speed

* M, min = 9 rpm, minimum active speed
* M, max = 13 rpm, maximum rated speed
* Viine =4.2 kW, nominal line voltage

12.3.1 PRELIMINARY GEOMETRY

The investigated topology (Figure 12.11) has spoke-shaped PMs and dual stator, dual coil, and dual-
rotor active sectors per phase.
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FIGURE 12.11 Axial airgap TF-IPMSM (G).

Making use of a preliminary analytical design methodology—as described in the previous
section—a start-up geometry is provided:

e Core outer external diameter D,, = 4900 mm

» Radial height of stator leg along one airgap: wy, = 95 mm
¢ Coil slot width w, = wgo = 40 mm

* Coil height (axial) H. =51 mm

* Axial stator yoke H, = 60 mm

* PM axial length lpy; = 65 mm

* Airgap g=3mm

To reduce core weight, the stator and rotor poles represent only 60% of the pole pitch 7p . =
26.87 mm.

* The average PM thickness hpn max = 13 mm, with six stator modules, four of them back to
back, in a three-phase machine, the generator total length /,, = 0.88 m
e Interior stator diameter D;; = 4440 mm

Additional geometrical initial data is needed for MEC modeling [11].

12.3.2 MAGNETIC EQUIVALENT Circuit ToPOLOGY

MEC modeling is based on flux tubes whose permeance is characterized by uniform flux density dis-
tribution. Their magnetic permeance G,, (reluctance R,,) is:

AD [ W, 1
m = = 12.2
G 0 (Aturns) Ry, (12.29)
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FIGURE 12.12 The generic flux tube.

where A® is the magnetic flux between two chosen flux lines, where 0 represents the mmf:
0= jﬁ~E(Atums) (12.30)
For a magnetostatic problem, the flux is:
l
AD=(A —Ay)-L; 9%¢>—S (12.31)
7

with A, A, as vector potential values and [ the radial length of U cores (Figure 12.12).
The MEC refers in our case to one pole pair along axis d, to calculate the maximum PM flux
density linkage in the coil correctly (Figure 12.13).

12.3.3 MAGNETIC EQUIVALENT CIRCUIT SOLVING

MEC contains 16 nodes, which means 15 algebraic equations. The node magnetic potentials will be
computed using Thevenin’s theorem.

Part of magnetic reluctances is constant, but part of them is influenced by magnetic satura-
tion and thus intensive computation is required. An algorithm to solve the magnetic circuit
model is, in fact, needed. The unknowns are the flux densities (and fluxes) in the magnetic
tubes.

The problem is with the iron flux tubes, which experience magnetic saturation. The computation
process starts with assigned values of flux densities in the iron flux tubes. With these values, iron
magnetic initial permeabilities are calculated (the iron magnetic curve is given as a table for inter-
polation through spline approximation). Then all magnetic permeances are calculated. With known
mmfs (PMs are represented by mmfs), the MEC is solved and now flux densities are calculated.
For those in iron, new permeabilities are found. For the speed-up computation convergence, an
under-relaxation coefficient K, = 0.2 was adopted to define the permeabilities for the new compu-
tation cycle:

Hnew = O'Sﬂold + O'2ﬂcurrent (12.32)

The iterative process continues until sufficient error-limit-based convergence in fluxes is
obtained. With known fluxes, ®p ..« and W¥p ..« are calculated (for zero currents), but calculations
with nonzero currents may also be performed (as F,,; refer to stator mmfs); see Figure 12.13.
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FIGURE 12.13 MEC for one pole pair.

Core no-load losses by magnetic equivalent circuit

351

Only hysteresis and eddy currents losses are considered, approximately, but in all stator and rotor

core zones of interest, with flux densities in teeth and yokes calculated by MEC:

B 2 1.5
__ [ Dstat tooth f;t
PFe0,tooth = G * Mieeth @ “ Pw1.5,60 | * Kfabrication teeth
2 1.5
Bstat yoke ﬁl
PFe0,yoke = 15 * Myoke @ *Pwl5,60 | * Kiabrication yoke

DFe0s =2M(PFe0,t00th + pFeO,yoke)

similarly, in the rotors (on rotors, each with two active sections).

(12.33)

For the case in point (Wlth Pwi.5,60= 3.82 W/ng Kiabrication teeth = 1.7, Ktavrication yoke — 1.3),
the total stator and rotor iron losses in the entire three-phase machine were calculated as: pg.o; =

21.82 kW and pjeo, = 27.98 kKW.
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The no-load PM flux (for one turn coil) in all poles of a phase: ¥, o = @, - ppm = 0.4955 Wb.
With an assumed electrical efficiency of i, = 0.97, the electromagnetic torque T, is:

P, 3-10°

T = = =2.686-10°N 12.34

n27n, 0.9 -2 - 2(11/60) m (12.34)
But the electromagnetic torque is also:
m

Tow = S Pemc W10 - nelpeak nKred (12.35)

As W, is calculated at no load, it may be reduced on-load due to magnetic saturation and changed
thus by the presence of, say, pure /, stator currents.

A positive stator current in axis d, I, , and then a negative one, I;_, are introduced in the MEC in
axis d to simulate the ¢ axis current influence on magnetic saturation. Then an average of the two is
used:

(s, + s, )/2 = W)y, (12.36)

At start, K.q in Equation 12.35 will be assigned a value, and then it is iteratively calculated by
comparing (‘F;);, with ¥y, until sufficient convergence is met.
The reduction factor K4 calculated for (0.25, 0.5, 1, 1.25, 1.5, 1.7, 2)I,,.. Was thus found to be:

Kiea = [0.9857, 0.9874, 0.9058, 0.8444, 0.7786, 0.7097, 0.6412, 0.5783] (12.37)

Results in Equation 12.37 show that above 50% load, the neglect of K4 turns into substantial
errors, because in this IPM structure, magnetic saturation is important.
The output power P, is then:

Pou = Y10 peaklspeak * Kied - 01 —my - Rsl(lspeak)2 — PFeload (12.38)
w, = 2xf, '

The problem is that only the core losses under no load have been calculated so far. But the MEC
allows, again, with + 1, mimicking influence on core losses under load. Pg.j,,q may be consequently
calculated simultaneously with Kieq. Ispeak corresponds here to one turn/coil. The number of turns/
coil has not been calculated yet here. The rated peak mmf in a phase is I, = 9118 Aturns/coil
(Figure 12.14). There are two coils per phase.

The g-axis magnetization coil inductance is calculated as explained earlier.

Ly + Ly
Lmq = % = Linta (1239)

Lyay = Wsiar — ¥Ya0)/livs Lpa— = Ps1a- — Ys10)/1a—; (12.40)

For one turn coil (L,,g)rated = 6.25 - 1073H, while the slot leakage inductance Ly = 0.247 - 107°H.

The coil inductances for one turn versus its mmf are shown in Figure 12.15.

Again, magnetic saturation may not be neglected. The rated copper losses have been already cal-
culated, as they do not depend on the number of turns/coil, but on coil mmf: p.,, = 86.151 kW.
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FIGURE 12.14 Coil peak mmf (two coils per phase) versus output power for the 3-MW, 11-rpm AA-TF-
IPMSG.
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FIGURE 12.15 One-turn coil inductances versus its peak mmf (pure i, control).

So the rated reduction coefficient K..q Equation 12.37 is:

P" +m RS Ivzn eal
[Dolsinpeak _ () 704 (12.41)
miw1¥s10 'Islnpeak

redn ™
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12.3.4 Turns pPer ColL n.

Approximately, considering only the copper losses, the number of coil turns is simply (the two coils
are in parallel):

2V,
ne = V2 (12.42)
\/(wllPsIOKred 2+ (01 LyinIsipeax)*
From Equation 12.42, n. ~ 15 turns/coil.
The copper wire cross-section Ay 1S:
s’ hs
Awire = Kiint - it = 68 mm’ (12.43)

Stranded wire is needed.
The voltage V,, will be corrected to 2448 V (due to the rounding of n. to 15 turns/coil).

Now the phase voltage and current output power can be calculated (Figure 12.16). Also,
Ry =Ry -n? =0.077 Q, Ly, = Ly, - n? = 0.0159 H.

12.3.5 RATED LoAD Core Losses, EFFICIENCY, AND POWER FACTOR

A factor K, r, is introduced here to multiply no-load core losses for load conditions:

Lo\’
Kpre = K24, + (T 10) = 1.8467 (12.44)

Consequently, the core losses become Pp,, = 91.98 KW. So the rated electrical efficiency 7,, is
(with zero mechanical losses):

P,
Ry = ————— =0.944 (12.45)
Pn +pcon +pFen

But then the rated power factor cos ¢,, yields:

P
cos @, = ———— = 0.4752 (12.46)
2’/nl Venlfn coil
(a) 2800 (b) 600
S 2600 3 57070 ) SRS SRS RSN S SO SR i
) 9]
= =
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wv) vy
: :
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> 3}
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1600 0
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FIGURE 12.16 Phase voltage (a); and coil current (b) versus output power for pure I, control (two coils in
parallel per phase).
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FIGURE 12.17 Power factor and efficiency versus output power.

The variation of power factor with output active power is shown in Figure 12.17.

Note: It is evident that the rated power factor is inadmissibly small. So a last attempt to save the sit-
uation would be optimal design in the hope of increasing performance. This was done as
explained below.

By optimal design (to follow), electrical efficiency was thus increased to 0.9669, while the power
factor was increased to 0.665. It has to be remembered that though this leads to notably larger KVA
ratings in the inverter, the latter in this low-speed, super-high-torque application is less expensive than
the electric machine (not so in regular or high-speed machines). Also, the greatest part of machine
inductance is stator leakage, which does not demagnetize the magnets.

12.4 OPTIMAL DESIGN VIA A CASE STUDY

Let us develop an optimal electromagnetic design methodology and apply it to the case study in the
previous section.
Such a methodology implies quite a few stages:

* Specifications

* The electric machine model

* Variables vector with its range

» The optimization algorithm (a modified Hooke—Jeeves algorithm is used here)
» The global objective cost function(s)

* The computer code

12.4.1 THe Hooke-Jeeves DIRECT SEARCH OPTIMIZATION ALGORITHM

The main goal of an optimization algorithm is to calculate the chosen objective function f(X) and find
its global minimum, where X the variable vector is varied in a given domain.

A point in the pattern search is considered a new point (X) if £(X) is smaller than in the previous
point. At each step, points around the current one are polled through an a priori number of iterations.
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The poll stops when a point with a smaller £(X) is found. This point is called successful and becomes
the new current point at next iteration, while the current mesh size (for search) is increased. If the
search fails, the poll is called unsuccessful and the current point stays the same for the next iteration,
while the mesh size is decreased.

The Hooke—Jeeves algorithm may be summarized as:

* Phase a: Define a starting point X%V in the feasible region and start with a large step size
(the entire algorithm is to be run from 15-25 random initial starting points to increase the
probability of finding a global optimum).

* Phase b: Exploratory moves in all coordinates (of x) are made to find the current base
point X%

* Phase c: A pattern move X
point is performed:

*+1 along a direction from the previous X*~" to current X

XED — x® 4 q(x® — x*=D) with acceleration a < 1 (12.47)

e Phase d: The base point is set to XD = x®
* Phase e: Tests [computation of the objective function are made to check if improvements in
f(x) took place].
o If X%V yields a smaller f(x), then a new pattern move is performed by jumping at
phase c.
o If X**V is not better (f(X) is not smaller), the algorithm goes to phase f.
* Phase f: A check is made to see if the search step size should be reduced.
 If the step size cannot be reduced further (its lower limit was fixed a priori), the algorithm
is stopped and X® becomes the optimal vector of variables.
 If the search step size may be further reduced, it will be reduced and the algorithm returns
to Phase b.

Feasible initial and range values for the variables vector are required to run the Hooke—
Jeeves algorithm.

12.4.2 THe OpTiIMAL DESIGN ALGORITHM

The electric generator (it could be a motor) designed in our case is modeled by MEC, and the opti-
mization algorithm stages are presented here, for the sake of simplicity, in a few steps [11].

e Step I: Choose the constants and variables vector X to optimize:
X = [ZPPM, Dexta Wets We, Hm Hvy7 lPM, lm_m lm_rh lm_rZ] (1248)

where:

2ppm (-)—rotor pole number

D, (mm) outer machine core diameter (it is a three-phase axial airgap TF-IPMSG with two
circular coils per phase)

w, (mm)—stator slot width

H_. (mm)—stator slot weight

Hy,, (mm)—stator U core yoke thickness

Ipp (mm)—axial length (spoke-shaped PM rotor with dual active zone: two airgap zones)
l,n_s ()—ratio between stator pole width and average pole pitch 7pp

l,n_~1 ()—ratio between airgap rotor pole width and average pole pitch zpy at airgap 1
l,n_» ()—ratio between airgap rotor pole width and average pole pitch zpy at airgap 2
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* Step 2: The minimum and maximum values of variables are selected:
In our case:

Xmin = [44, 4900, 10, 5, 5, 20, 5, 0.2, 0.2, 0.2]"

- (12.49)
Xmin = [800, 6500, 250, 250, 250, 250, 0.9, 0.9, 0.9]"
Geometrical and technological constraints are defined as:
0 =050)=<0 (12.50)

» Step 3: The objective scalar function represents the total cost (initial machine + converter +
capitalized loss cost plus penalty cost). Its detailed content will be given later in his section,
while here only a general description of f(X) is given:

F&) =fX) +£,X)
fi(X) — initial cost + losses cost (12.51)
f»(X) — penalty cost

with

ptq

fy =" h(&iX) (12.52)
i=1

and

0, ifl<i<p and gX)=0
fi=10, ifi>p+1 and g(X)<0 (12.53)
monotonic positive

* Step 4: The initial variable vector with its initial (dX,) and final (dX;,) steps of variation:

X, = [546, 4900 mm, 95 mm, 40 mm, 51 mm, 60 mm, 60 mm, 65 mm, 0.6, 0.5, 0.6]
dX, = [44, 100, 10, 5, 5, 10, 5, 0.1, 0.1, 0.1] (12.54)
dXmin = [2,1,0.1,0.1, 0.1, 0.1, 0.1, 0.01, 0.01, 0.01]

» Step 5: Based on the MEC, all geometrical dimensions and performance are calculated,
based on which the objective function f; is evaluated. The objective function includes three
big terms:

JX) = Ci(X) + Co(X) + Cp(X) (12.55)

with:
C;—initial machine and PWM converter cost in USD
C,—machine and converter energy loss for a given number of years, x hours of most
frequent duty cycle of the machine
C,—penalty function related to, in general:

a. Stator and rotor temperature limitation, based on a simplified thermal model and
equivalent heat transmission coefficient oy, = (14 — 100)W/ m? /C
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b. Demagnetization avoidance in most critical operation points
The penalty function components (Equation 12.52) should all be zero in the optimal

design Xfinar.

» Step 6: A first search along each variable in |)_(

, with initial step dX, up and down, in search

of a set of points called a mesh around the current point, which is the point computed at the
previous computation step. The objective function and its gradient |h| are calculated.

|h| = [afaf-- af} (12.56)

0x1 0x,, - 0x;,

The partial derivatives in Equation 12.56 are done numerically, by using a three-point

evaluation:

of

o

fkd_fo, it foe = fo = fi (1)
Xk
Jo—fx .
S iffe<fo<fi (12.57)
& ;f_k7 iffoe <fo=>fi 3
Xk
0, if for > fo>fi 4)

S 1s the evaluation of fin X;, obtained from X, by moving along the k direction with dXj,
respectively, —dX for f_,. Point X, is on the slope for cases 1 and 2 in Equation 12.57,
but is worse in case 3, with a better point in case 4.

We should mention that in cases 3 and 4 (in Equation 12.57), the derivative is not strictly
valid mathematically, but they proved good enough to decide between leaving the worst

point or staying near a good point.

The step along gradient A is also calculated:

Al =

(/’l]il'xl ’ hzil’xz L hnc_ixn> (12.58)
W[ Tl ||

» Step 7: The variable vector is changed with step {E| until the objective function decreases.
That is, point P; is reached in the two-variable vector example in Figure 12.18.

» Step 8: The search movement in step 5 is then repeated to find a new gradient direction and
then the gradient movement is repeated (step 6) until the search movement is not able to find
better points around the current point. This situation corresponds regularly to V_l| = 0, point

P; in Figure 12.18.

» Step 9: The variable variation step is reduced by ratio r < 1 and the previous steps are done
again until the minimum step is reached and the gradient norm vanishes. Then the algorithm
is run again from 20 to 30 random starting variable vectors to find rapidly the global opti-

mum with better probability.

Sample results from the MATLAB optimal design code developed for this application are given
as optimum design output file and machine characteristics. A total of 73 computation steps per run
have been necessary, for 57 minutes of computation time on a contemporary desktop computer

(Table 12.1).

The power factor was improved notably (from 0.47 to 0.665); the electrical efficiency increased by
2% (to 0.967), but the outer diameter increased from 4900 to 6500 mm, while the total active weight
was reduced to 9345 Kg (from 9910 Kg). Also, the total cost function was reduced by optimal design
from 639,100 USD to 466,600 USD (initial cost of machine, energy loss, and inverter cost are
included). The prices of copper, laminations, PMs, energy loss, frame cost influence, inverter cost,
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Legend : P,

Following the gradient
@ Track points
© Worse points
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o Worse points

FIGURE 12.18 Search and gradient pattern movement for a two-variable vector in the Hooke-Jeeves
algorithm.

hours per years, and number of years in operation were: 10 USD/kg, 5 USD/kg, 50 USD/kg, 0.1
USD/KWh, 7 USD/kg (at active materials weight), 25 USD/KVA of PWM converter, 1500 equiv-
alent hours per year, and 10 years.

The penalty functions for stator and rotor over-temperature and PM demagnetization have used
dimensionless coefficients applied to initial machine materials cost C.: 1, 1.2, 2.0.

Complete comparison tables with MEC assessment design and optimal MEC-based design are
offered in Tables 12.2 through 12.4 [11].

12.4.3 FINAL REMARKS ON OPTIMAL DESIGN

e Itis based on MEC nonlinear model so key FEM validation is still applicable (as proposed in
the next section).

» It uses a single composite objective function that includes initial costs (of the machine and
PWM converter [per KVA, thus including the extra cost for a lower power factor in the
machine]).

* Penalty functions have to be zero in the optimal solution, as proof of the temperature limi-
tation and PM nondemagnetization in the critical operation point (2 p.u. I, current, for
example).

* The optimal design machine geometry, weights, initial costs, efficiency, and power factor
depend heavily on the objective function (see [12], where the inverter cost (per KVA) is
not included), but the objective function was first the global cost and then maximum
efficiency.

* The less than 10 tons of machine active weight here for 3 MW, 11 rpm is dramatically less
than the 16.8 tons for 3 MW, 16 rpm [13] with a regular SPMSG with three slots/pole
distributed AC windings at a smaller outer diameter, similar efficiency but at above 0.9
power factor!

* Asexpected, the power factor may be increased further in the optimal design code by simply
artificially increasing the price/KVA in the PWM converter. However, in low-speed drives,
the electric machine is more expensive than the PWM inverter and thus the objective global
function should be carefully chosen, depending on application.

* GA, PSO, ant-colony, and bee-colony optimization algorithms have been used against the
Hooke-Jeeves algorithm only to see that the final (optimal) solutions are similar but at less
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TABLE 12.1

Optimum Design Output File

Parameter

Value

Electrical Rated Parameters

Ven
I

S

Liin
Pgipmo
Pipmn
R,

lisn
Peun
Pfe()
Preos
PfeOr
Pren
Presn
Prem
Etan
Cosphin
Optimization Variables
poles
Dex
WY[

Rotor Pole Dimensions
Wip ext

W,

W3

Wip ine

Stator Pole Dimensions
Wi

Wi

Wi

Wisa

T'n2

[

2491.857
301.7328
57.93333
6827.434
7.19402

6.515624
0.066177
0.016944
36149.74
41917.96
22555.56
19362.41
66502.24
35784.22
30718.59
0.966915
0.665004

632

6500
80.57489
96.97418
37.57053
66.20056
39.07571
0.431178
0.391324
0.433279
38.57053
13.3784
18.88575
13.44359

13
13
11.3
11.3

51.24243
50.90232
46.46093
46.11009
0.4

47.87571

Description

[V] Phase rated voltage, rms value
[A] coil rated current, rms value
[Hz] rated frequency

[A] coil rated mmf, peak value

[n] PMs flux no load, peak value
[Wb] PMs flux at rated load
[Ohm] Phase resistance

[H] Phase ¢ axis rated inductance
[W] Rated copper loss

[W] No load total iron losses

[W] No load total stator iron losses
[W] No load total rotor iron losses
[W] total iron losses

[W] total stator iron losses

[W] total rotor iron losses

[—] Rated efficiency

[—] Rated power factor

[—] number of poles per primitive machine

[mm] core outer diameter

[mm] radial height of stator along one airgap

[mm] coil width

[mm] coil height

[mm] axial stator yoke length

[mm] permanent magnet axial length

ratio between stator pole width and average pole pitch
ratio between rotor pole body width and average pole pitch
ratio between airgap rotor pole width and average pole pitch
[mm] axial stator tooth length

[mm)] stator pole width

[mm] PM width

[mm] rotor pole width

[mm] (upper) outer rotor teeth tangential length
[mm] lower outer rotor teeth tangential length
[mm)] upper inner rotor teeth tangential length
[mm] (lower) inner rotor teeth tangential length

[mm)] stator slot upper outer tangential length
[mm] stator slot lower outer tangential length
[mm)] stator slot upper inner tangential length
[mm)] stator slot lower inner tangential length
[mm] part of rotor length

[mm] rotor axial length

(Continued)
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TABL

E 12.1 (Continued)

Optimum Design Output File

Parameter Value
Sp 16

s 19609.43
G 113.8554
Weights

My teeth 204.961
MMy yoke 563.4766
Mgt iron 768.4376
My 318.9994
my 1087.437
M,y 462.0967
My 578.7335
m, 1040.83
m; 9345.147
Ta pint 1736.201
M 1913.997
My 5694.949
Costs

cu_c 19139.97
lam_c 28474.75
PM_c 86810.03
i.cost 1344247
pmw_c 65416.03
inverter_c 12781.28
energy_c 153977.5
temp.cost 0
demag.cost 0

t_cost 466599.511234
i_trace 73

tl 57

Description

[—] turns per coil
[mm] average length of one turn

[mm?] wire cross-section

[kg] stator teeth mass
[kg] stator yoke mass
[kg] one stator iron mass
[kg] one coil copper mass
[kg] one stator mass
[kg] rotor iron mass

[kg] PM mass per rotor
[kg] one rotor total mass
[kg] generator total mass
[kg] total PM mass

[kg] total copper mass
[kg] total iron mass

[USD] copper cost

[USD] lamination cost

[USD] PM cost

[USD] initial active material cost
[USD] passive material cost

[USD] inverter cost

[USD] energy cost

[USD] over-temperature penalty cost
[USD] PM demagnetization penalty cost
[USD] total cost

optimization steps

[min] optimization time

Source: D.F. Andonie, “Axial airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, University

Politehnica Timisoara, 2008 (in English), supervisor I. Boldea. [11]

than 50% of total computation time (even with 20 random initial starts with the H-J
algorithm): 57 x 20 = 1140 minutes (in our case here) on a single desktop computer.

Computationally efficient FEM optimal design methodologies are more precise and have
been introduced recently, but in general, they still need tens of computation hours on multi-

frame computation hardware [14].

12.5 FINITE-ELEMENT MODEL CHARACTERIZATION OF TRANSVERSE FLUX
PERMANENT MAGNET SYNCHRONOUS MOTORS

Ideally, 3D-FEM should be used to analyze flux distribution, emfs, cogging torque, and total torque
[8] (Figure 12.19). Ly, Ly, inductances, core loss, and, finally, performance may all be calculated by
3D-FEM.
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TABLE 12.2

Geometry and Weight/3 MW, 11 rpm AA-TF-IPMSG

Mechanical Parameters Analytical Model Value Optimized Value
External diameter: D, 4900 [mm)] 6500 [mm)]
Internal diameter: D; 4440 [mm)] 5984 [mm)]
Number of poles: 2P 546 632
Generator axial length: [, 880.44 [mm] 754.7 [mm]
Height of stator (and PM) along one airgap: Wi, 95 [mm] 80.5 [mm]
Stator coil width: W, 40 [mm] 97 [mm]
Stator coil height: H,. 51 [mm] 37.5

Width of PM: w,,, 13 [mm] 18.9
Length of PM: L,,,, 65 [mm] 39 [mm]
Width of stator pole: W, 16 [mm] 13.4

Width of rotor pole: W,,, 16 [mm] 13.4 [mm]
Number of turns per coil: N 15 16

Total copper mass: My, 801.8 1913

Total iron mass: mipe 7083.8 5694

Total PM mass: m1,,, 648 578.7

Total generator mass: n, 9910.5 9345

Source: D.F. Andonie, “Axial airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, University
Politehnica Timisoara, 2008 (in English), supervisor 1. Boldea. [11]

TABLE 12.3

Electrical Parameters/3 MW, 11 rpm AA-TF-IPMSG

Electrical Parameters Analytical Model Value Optimized Analytical Value
Phase rated voltage: V,, 2448 [V] 2491 [V]

Coil rated rms current: /5, 430 [A] 302 [A]

Rated frequency: f, 50 [Hz] 58 [Hz]

Rated coil mmf, peak: Iy, 9118 [AmpTurns] 6287 [AmpTurns]
Phase resistance: Ry 77.72 [m Q] 66.17 [m Q]
Phase ¢ axis rated inductance: Ly, 15.93 [mH] 17 [mH]

Total copper losses: Py 86151 [W] 36150 [W]

Total iron losses: Pge, 91981 [W] 66502 [W]

Rated efficiency: 7, 0.944 0.967

Rated factor: cos ¢, 0.475 0.665

It has been inferred that 2D-FEM may not be used because of the 3D shape of the PM (and stator
mmf) flux lines. However, since TF-PMSMs have many poles, a sector of the machine with at least 10
poles may be made into a corresponding linear motor where the stator cores add additional fictitious
parts. 2D-FEM, may be used then, within limited computation time to calculate flux distribution, say,
in axis d and g on no load (Figure 12.20a—d) for the optimally designed machine in section 12.4.

The PM flux linkage in a one-turn coil W, was also calculated to be Wy = D, - ppy = 0.4955
(Wb), which is very close to the MEC calculated value (Figure 12.21)—0.75 Wb.

The cogging torque was also calculated (Figure 12.22).
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TABLE 12.4

Costs (3 MW, 11 rpm AA-TF-IPSMG)

Cost Parameters Analytical Model Value Optimized Analytical Value
Total copper cost: cu_c 8018 [USD] 19140 [USD]

Total iron laminations cost: lam_c 35419 [USD] 28474 [USD]

Total active material cost: i- cost 144684 [USD] 134424 [USD]

Total passive material cost: pmw_c 69373 [USD] 65416 [USD]

Inverter cost: inverter_c 157842.6 [USD] 112781 [USD]
Energy cost: energy_c 267197 [USD] 153977 [USD]

Total generator costs: t_cost 639100 [USD] 466600 [USD]

Source: D.F. Andonie, “Axial airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, University
Politehnica Timisoara, 2008 (in English), supervisor 1. Boldea. [11]
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FIGURE 12.19 Cogging torque of each phase and of three-phase (a); and total torque (30, 60, 90, 120, 150 A),
(b) waveforms for a 400 rpm, 400 Nm TF-IPMSM with single stator and rotor. (After E. Schmidth, /[EEE Trans.,
vol. MAG-47, no. 5, 2011, pp. 982-985. [8])

The total cogging torque was calculated at about 1.35% of this 2.68 - 107® Nm three-phase
machine, which is quite acceptable.

12.5.1 Six-MW, 12 rpm (m = 6 pHASE) CASE STUDY BY THREE-DIMENSIONAL
FINITE-ELEMENT MODEL

The 3D-FEM was used to directly investigate a six-phase 6-MW, 12-rpm wind generator with a radial
airgap in an interior-stator-outer-rotor configuration. The outer rotor uses U-shaped cores with radi-
ally placed, axially magnetized 1.3 T NdFeB magnets (Figure 12.23). From the analytical design, the
main geometry was obtained, with the stator-outer (airgap) diameter, D,;, = 9m and j.,, =6 A/ mm?,
efficiency 0.96, power factor 0.843, lpps = 150 mm (radially), ipy; = 30 mm (axially), lg.c (per stator
U-shaped leg) = 81 mm, stator slot area: 50-50 mm?, airgap g = 5 mm, rotor pole pitch zpp; = 56 mm,
pole pairs p, = 250 pole pairs.

The element chosen to be studied by 3D-FEM corresponds to a period (27py); see Figure 12.24a
with the mesh in Figure 12.24b.
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FIGURE 12.20 Flux lines and airgap flux distribution in axis d, (a), (b); and in axis ¢, (c), (d): 3 MW, 11 rpm,
AA-TF-IPMSG. (After D. F. Andonie, “Axial airgap flux concentrated TF-PMSG for direct drive wind
turbines”. Licence Thesis, University Politehnica Timisoara, 2008 (in English), supervisor I. Boldea. [11])

6.00E-01

4.00E-01

2.00E-01 \\ //v
0.00E+00 T T T T T T
0 10 \ 20 30 40 / 50 60 70
—2.00E-01 \ /
—4.00E-01

—6.00E-01

No load flux (Wb)

Rotor displacement (mm)

FIGURE 12.21 2D-FEM no-load flux linkage of a one-turn coil: 3 MW, 11 rpm, AA-TF-IPMSG. (After
D. F. Andonie, “Axial airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, Uni-
versity Politehnica Timisoara, 2008 (in English), supervisor 1. Boldea. [11])
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FIGURE 12.22 2D FEM cogging torque of the considered sector (primitive machine), calculated from the lin-
ear version cogging force, neglecting end-effect: 3 MW, 11 rpm, AA-TF-IPMSG. (After D. F. Andonie, “Axial
airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, University Politehnica
Timisoara, 2008 (in English), supervisor 1. Boldea. [11])

Subsequently, to increase torque, additional PMs are placed in the lateral faces of rotor poles in
order to reduce PM flux fringing of main IPMs (Figure 12.25) between rotor poles [12].

The torque/phase increases notably with the additional magnet thickness (Figure 12.26).

With six phases, the torque ripple is small (Figure 12.27), and with 5-mm-thick additional mag-
nets, the machine produces the required average torque of around 5 - 10~® Nm. Similar results are
reported in [12].

Errors of three electrical (3/250 mechanical) degrees in properly shifting one module (by 120°
electrical) already produces an increase in torque pulsations to 4%—5%.

FIGURE 12.23 Radial airgap TF-PMSM(G) with outer IPM rotor.
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FIGURE 12.24 3D model (one period), (a); and its 3D mesh, (b).

12.6 CONTROL ISSUES

As Figure 12.21 shows, the PM flux linkage in a coil (phase) of a TF-PMSM is sinusoidal (or may be
made so, by carefully carving the stator and rotor saliencies).

Also, with negative iy, L, is constant with increasing current, larger than L,,,, and much larger
than L, . At rated current (mmf) L,,; > L,,, and thus there is the same positive saliency, which
for negative i; leads to negative (moderate, though) reluctance torque. As this reluctance torque
would reduce the total torque, it may be suitable to control the machine with pure 7 and zero
(@ = 0), unless flux weakening is required, when lagging power factor control may be in place.
So, il = 0 control is used unless the control-designed reference voltage V is larger than V; .«
(of the inverter) when, through a PI loop, a negative i is prescribed; an almost-unity power factor
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FIGURE 12.25 Adding additional magnets on rotor pole sides to reduce flux fringing of main IPMs.
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FIGURE 12.26 Torque/phase versus rotor position without and with 3- and 5-mm-thick additional magnets.
condition may add a Af; for precision:

i:; control with i; =0 for V! < Vypax

i = —PIV¥ — Vimax)  for V¥ > Vg
and
Ay = —=PI(¢* — @) for VI > Vimax

(12.59)
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FIGURE 12.27 Torque versus rotor position, with 2, 3, 6 modules (phases) and 5 mm thick additional PMs.

The field-oriented control, direct torque (or power) and flux control or scalar (V/f or I-f)
control with stabilizing loops may be applied for controlling TF-PMSM(G)s with sinusoidal
currents.

P(6,) is the Park transformation, and PI + SM means PI 4+ sliding mode (robust) controller. The
power factor angle @; has to be estimated and used above a certain speed (frequency) and thus
may be calculated online as:

V¥, — Vi,
H =tan |1 4° 12.60
¢, = tan (Vjid Vs, ( )

Equation 12.60 stems from the ratio of reactive to active input powers and should work properly
with little filtering above a few Hertz.
For generator control, the speed loop may be replaced by a power loop:

—(PL+SM) of (P* — P) =it <0 (12.61)

Where P* is the reference active power and P is the actual machine active power; the rest of the
control scheme in Figure 12.28 holds.

The speed of the prime mover that rotates the generator is controlled by the prime mover and
influenced by generator-delivered power (braking the rotor). It is also feasible to have the optimal
prime mover reference power (say, determined by wind speed), which leads to a certain reference
speed w} when, this way, the speed reference is obtained. Again, the FOC system in Figure 12.28
holds.

The unity power factor operation may be limited (in the speed/torque envelope) and may be elim-
inated outside it to avoid instabilities in control.
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FIGURE 12.28 Generic FOC of TF-PMSM(G).

For autonomous generators, with DC-controlled voltage output, the DC voltage error V;, — Ve
dictates the reference current iy

i* = —(PM + S of (V}j, = Vae) <0 (12.62)

The speed loop will be eliminated.

Note: L;> L, in some TF-IPMSMs, mainly due to magnetic saturation, may not be the case for
TF-SPMSMs when L; = L, but the control in Figure 12.28 may still hold, though the rotor position
and speed estimator should be adapted to the SPMSM if the drive is encoderless.

Note: With individual phases (separated coils), higher voltage is feasible in TF-PMSMs, also while
fault tolerance is high, especially in multiphase (m > 3 phases) topologies.

12.7 SUMMARY

* Transverse-flux PMSMs were apparently introduced in 1986 [1] in order to increase torque
density in low-speed high-torque electric motor drives.

* TF-PMSMs have a modular structure with 1(k) circular shape stator-coils per phase. The
U-shaped stator cores embrace the coil, forming a flux modulator with the same periodicity
as the PMs on the rotor (2ppyy). Phases (modules) are separated. Moreover, the magnetic
circuit and electric circuit design are decoupled. Small pole pitch, down to 10-12 mm in
high-torque (tens, hundreds of Nm) machines, is feasible, with large mmf in the coils,
producing high torque density.

* Moreover, as the pole pitch goes down, the PM flux fringing goes up and thus counteracts
the torque magnification effect by increasing the number of pole pairs for a given stator cir-
cular coil diameter.

* Moreover, the available space to house large coil mmfs despite a small pole pitch leads inev-
itably to a lower power factor in the machine.

* However, the circular stator multipole coils lead to the lowest torque/copper losses ever,
especially in interior stator—outer rotor radial-airgap topologies.
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* To further increase torque density, spoke-shaped PM dual stator configurations have been
proposed; here all PMs are active all the time, so the emf per given machine configuration
is increased notably.

* The spoke-shaped PMs may be placed on the stator but also embedded in the U-core walls
and back iron. When the rotor is passive and magnetically anisotropic with ppy, salient poles
and ppy, interpoles, saliency periodicity is again 27py, equal to that of the stator.

* Finally, the stator coils may be placed in claw-pole-shaped soft magnetic composite one-
piece cores, with a regular surface PM rotor, suitable for low-power compact motor drives.

* The increased number of poles that leads to torque magnification (TF-PMSM may be
viewed as a flux-modulation machine with the stator winding mmf pole pair p, =0, and
thus the PR = ppy/p, = oo!), implicitly means higher fundamental frequency for a given
machine speed, that is, larger core losses. The drastically lower copper losses (due to the
“blessing” of circular coils) will overcompensate for the larger iron losses in good designs.

* A preliminary design case study for 5000 Nm at 75 rpm produced a machine with outer-rotor
radial airgap at 55 Nm/liter, 97% efficiency, and 0.78 power factor, which is encouraging.

e MEC nonlinear modeling of a TF-PMSM accounting for the 3D flux tubes was presented
in detail with results on a 3-MW, 11-rpm wind generator case study: the important role
of magnetic saturation was proven in an axial-airgap dual core and coil per phase stator
and dual active area spoke-shaped-PM rotor per phase topology. But the power factor
was too small (0.47) for an efficiency of %94.4%.

* Optimal design based on MEC and the Hooke—Jeeves algorithm was presented in detail for
same case study as above, improving performance across the board (power factor rise from
0.47 to 0.67, efficiency from 0.944 to 0.967, weight and overall cost were also reduced); the
still-low power factor resulted in a higher KVA in the converter cost, which was also con-
sidered in the objective function together with the main initial machine cost, energy loss
costs over machine operation life (hours), and penalty functions.

* Penalty functions in the optimal design composite function referred to stator and rotor
over-temperature limitation (by simplified thermal model, but real machine losses) and
PM demagnetization avoidance at 2 p.u. pure i, current.

* 3D-FEM is typically required to fully characterize TF-PMSMs, but 2D versions with a more
than 10-poles sector translated into linear motor counter parts that add fictitious cores to
close typical axial flux lines have been used with good results, saving time on orders
of magnitudes.

* A pure 3D-FEM investigation on a given geometry for a 6-MW, 12-rpm, 50-Hz wind gen-
erator with a radial airgap single-sided stator and rotor and an outer IPM rotor is discussed
in detail. Additional magnets on the core sides of the IPM rotor lead to an increase of 30%
in torque, thus meeting the 5 - 10~° Nm torque range in a 9-m airgap diameter, total length
0.5 m, 97% efficiency, about 0.84 power factor, 5 mm airgap, 50 - 50 mm? slot, 0.5 m*> PM
volume design.

*  With almost sinusoidal PM flux linkage variation in the circular coils, the TF-PMSM control
may use the entire FOC, DTFC, scalar (V/f and I-f) control with stabilizing loop heritage
of PMSM drives. Some TF-PMSMs resemble surface PMs and other IPM topologies
(where Ly, > or < L) depending on configuration and level of magnetic saturation. FEM
computation of Lg,, L, under load is suggested in TF-PMSMs.

* A generic FOC of TF-PMSMs is presented where i; = 0 control is switched to i; < 0 when
the reference voltage surpasses the maximum inverter voltage V; yax.

* The same FOC scheme (Figure 12.28) may be easily adapted to:

* DC grid constant voltage generating by replacing the speed regulator by an active power
regulator to yield the reference current i;;

* DC output autonomous generator operation, when the speed regulator is replaced by a DC
voltage regulator that yields, again, the reference current i;
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TF-PMSM still has a way to go before reaching the international markets niche, but the
R&D efforts so far [15] and in the near future may provide for such an outcome; the lowest
copper losses (due to circular AC coils) seem too good of an asset not to exploit in industry.

REFERENCES

1.

2.

3.

H. Weh, H. May, Achievable force densities for PM excited machines in new configurations, Record of
ICEM-1986, no. 3, pp. 1107-1111.

L. Boldea, Variable Speed Generators, 2nd edition, book, CRC Press, Taylor and Francis, New York,
2015 (Chapter 11).

G. Henneberger, 1. A. Viorel, Variable Reluctance Electrical Machines, Shaker Verlag, Aachen, 2001
(Chapter 6).

. J. Luo, S. Huang, S. Chen, T. A. Lipo, Design and experiments of a novel circumferential current PM

machine (AFCC) with radial airgap, Record of IEEE-IAS-2001, Chicago, IL.

. Y. Guo,J. Zhu, D. G. Dorrell, Design and analysis of a claw pole PM motor with molded shift magnetic

composite core, IEEE Trans., vol. MAG—45, no. 10, 2009, pp. 4582-4585.

. H. Ahn, G. Jang, J., Chang, Sh. Chung, D. Kang, Reduction of the torque ripple and magnetic force of

a rotary two-phase TF machine using herringbone teeth, /EEE Trans., vol. MAG—44, no. 11, 2008,
pp. 4066—4069.

. Z.Jia, H. Lin, Sh. Fang, Y. Huang, Cogging torque optimization of novel TF PM generator with double

C-hoop stator, IEEE Trans., vol. Mag—51, no. 11, 2015, pp. 8028104.

. E. Schmidth, Finite element analysis of a novel design of a three phase TF machine with external rotor,

IEEE Trans., vol. MAG-47, no. 5, 2011, pp. 982-985.

. E. Schmidt, 3D-FEM analysis of cogging torque of a TF machine, IEEE Trans., vol. MAG—41, no. 5,

2005, pp. 1836-1839.

. R. Blissenbach, Investigation of PM transverse flux machines for high torque electric drives, PhD thesis,

RWTH Achen, Germany, 2002 (in German).

. D. F. Andonie, Axial airgap flux concentrated TF-PMSG for direct drive wind turbines. Licence thesis,

University Politehnica Timisoara, 2008 (in English), supervisor 1. Boldea.

. L. Strete, L. Tutelea, I. Boldea, C. Matrtis, 1. A. Viorel, Optimal design of a rotary transverse flux motor

(TFM) with PMs on the rotor, Record of ICEM 2010, Rome, Italy (IEEEXplore).

. H. Polinder, F. F. A. van der Pijl, G. D. De Vilder, P. J. Tavner, Comparison of direct drive and geared

generator concepts for wind turbines, Record of IEEE-IEMDC-2005, pp. 543-550 (IEEEXplore).

. A.Fatemi, D. M. Ionel, N. A. O. Demerdash, T. W. Nehl, Fast multiobjective CMODE type optimization

of electric machines for multicore desktop computers, IEEE-ECCE-2015, pp. 5593-5600 (IEEEXplore).

. S. Jordan, N. J. Baker, Design and build of a mass-critical air cooled transverse flux machines for aero-

space, Record of ICEM-2016, pp. 1455-1460.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

13 Magnetic-Geared Dual-Rotor

Reluctance Electric Machines
Topologies, Analysis, Performance

13.1 INTRODUCTION

Magnetic-geared dual-rotor reluctance machines are also flux-modulation machines. Their two
rotors provide for a magnetic-gear effect that may increase the torque/volume in low-speed high-
torque applications, but at the inevitable cost of notable additional PM weight/Nm, though at accept-
able efficiency.

But the elimination of mechanical transmission by using a magnetic gear capable of more than
100 Nmy/liter is considered encouraging in pursuing the development of compact low-speed high-
torque pseudodirect drives with MG-REMs. A typical high torque density (100 Nrm/liter) magnetic
gear is shown in Figure 13.1 [1].

The MG has here an inner high-speed PM rotor with p,py pole pairs (pnpm =4), an outer
low-speed PM rotor with pjpy pole pairs (pipv = 22), and in between them there is a stationary
flux modulator made of ng_,; (ng_p, = 26) laminated segmented poles and interpoles.

The principle of F—M machines holds here also:

nppM = NF—M — NipM (13.1)

Other pole pair combinations are feasible.
The rotor speed relationship of ' — M machines holds here also:

, i
PN Q= —— @ (13.2)

Qo = DM
7 prem — MM 5.5

Typical resultant radial airgap flux densities in the airgap adjacent to high-speed and, respectively,
low-speed rotors (Figure 13.2a and b) [1] show the flux-modulation effect of the flux-modulator mag-
netic permeance first-space harmonic.

The torques versus rotor position for the two rotors (Figure 13.3) emphasize the gear ratio
G = Teoiow/Te_nigh = Qn/S=35.5 [1].

With 1.2 T (e = 1.05 np) NdFeB magnets, a 100 Nm/liter torque density is demonstrated [1].
There are eddy and hysteresis losses in the cores (especially in the flux modulator) and in the
PMs, which, however, amount in general to less than 20-25% of total losses. This means that both
the torque density and the efficiency of mechanical gears may be hoped for from magnetic gears.
MG is fail-safe in the sense that it trips in case of large over-torque.

It is to be seen how many such accidental stops the MG may survive, especially if it is
performance/price competitive. If a PMSM stator with windings is added to drive the high-speed
rotor of MG, the MG-PMSM with dual rotors is obtained. The MG-PMSM may be built with the
PMSM on the inside [2-3] or outside [4] (Figure 13.4a and b).

The tooth-coil high-speed SPMSM is placed on the inner side of the assembly in Figure 13.4a and
on the outside in Figure 13.4b. Also, while in Figure 13.4a, the flux modulator is stationary and the
two rotors are provided with PMs, in Figure 13.4b, only the high-speed rotor has PMs, and the flux
modulator represents the low-speed rotor.
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FIGURE 13.1 Magnetic gear cross-section.
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FIGURE 13.2 Resultant airgap flux density in the MG: (a) close to high-speed rotor (four pole pairs); (b) close
to low-speed rotor (22 pole pairs). (After K. Atallah, D. Howe, IEEE Trans., vol. MAG-37, no. 4, 2001,
pp. 2844-2846. [1])
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FIGURE 13.4 Magnetic geared REM: (a) with inner high-speed motor; (b) with outer motor.

The two conditions of flux modulation are met here, too:

prem = |Ppm — Pr—y|; stationary flux modulator :
Qr_y =0

Pipm - Qpm Pr_mQr_m

Fig.13.4a: ~ Pem—Pr-y Pr_y— Ppm’
prem =25 Ppm = 17; proy =19

high-speed PM rotor pole pairs pypm is
Qppm =

the same as that of stator winding mmf

P, =Pr_y—Pom; Po =4, Pom =17; Pr_y =21

Ppy - Qpm Pr_yQr_m

Q, =

a B ; Qpm # 0; Qp_y #0
Fig.13.4b: Pom— Proy Pom—Proy’ M M

Q, — speed of stator mmf wave
, angular frequency of stator currents.

(13.3)

(13.4)
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From the equilibrium of powers, say, for the topology in Figure 13.4b, the torque relationships are
obtained:

Pr_yTsaior P
% Tom = —%T (13.5)

Tr-m=—

For both cases, the MG part reduces speed but increases torque of the low-speed PM rotor
(Figure 13.4a) and, respectively, the low-speed flux modulator (made of Pr_,, salient magnetic seg-
mented poles; see Figure 13.4b).

As in the inner stator configuration (Figure 13.4a), the number of pole pairs p,py of the adjacent
high-speed rotor is the same as that of the stator mmf (p, = pypm); the electric motor part represents
simply a 6/8 tooth-coil SPMSM, which is known to have not only good efficiency but also a reason-
able power factor. For a small-speed drive, the MG-REM, which represents a pseudodirect drive, this
advantage is paramount and may offset the additional mechanical complexity and the larger
initial costs.

Not so with the outer stator configuration (Figure 13.4b), which implies a distributed winding, in
general, and behaves like a Vernier PM machine with a moving flux modulator. Here, the power fac-
tor [5] is an issue, and its solution would be similar to that applied to Vernier PM machines (a dual
stator). It should also be noted that the torques on the low- and high-speed rotor are not independent
(Equation 13.5). So, in general, only the low-speed shaft may be available (unless the application
allows for the fixed ratio between the two torques).

To obtain independent torque control of the two rotors, one more electric (stator) part is required.
Radial and, respectively, axial airgap topologies for such an electric continuously variable transmis-
sion (ECVT) are illustrated in Figure 13.5a and b [5-6].

The pole pair relationships are, in principle, the same as above:

(Pgi)interior = Pipm — Popm; stationary flux modulator :
stator

Fig.13.5a: —Pipm X Qipm + Popm - Qopm + (Pai) - L4i = 05 (13.6)
Pai) - Qui = @y
PoPM = (pao)outer stator mmf; synchronous machine

(Pul)primary = (PFfM)

winding

- (P PMs)secondary PM

rim
primary rotor

ferromagnetic

segmented

Fig.13.5b: (13.7)

rotor
PpnisQpms + Par - Q = Pr_yQrp_y

(Pg2)secondary = Ppms; synchronous machine.
winding

It may be inferred that the dual-rotor dual-stator MG-REM includes a Vernier PM machine and
a synchronous machine, while independent stators are fed through their inverters. This way, four-
quadrant operation is feasible in a brushless configuration. Both machines (stators) may be motoring
or generating, one motoring and the other generating, or one may be idle.

The key to four-quadrant operation is the four-quadrant circulation of electric power in each stator
independently. The MG effect is manifest, in the sense that the secondary rotor speed is, in general,
lower than the primary rotor speed and thus the mechanical transmission is replaced by this
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FIGURE 13.5 Dual-rotor, dual-electric part MG-REM: (a) with radial airgap. (After S. Niu et al,
IEEE Trans., vol. MAG—49, no. 7, 2013, pp. 3909-3912; Y. Liu et al., IEEE Trans., vol. MAG-50, no. 11,
2014. [5,6]) (Continued)

e (electrical) continuously variable transmission (e-CVT). The jury is still out on whether e-CVT is
globally (initial and ownership costs) better than a mechanically variable transmission (MVT) and a
single electric motor drive. In an effort to further reduce the volume of such a four-quadrant but
hybrid-electric CVT, an axial airgap two-rotor, single—stator and inverter PMSM was also introduced
(Figures 13.6 and 13.7) [7].

The principle here is relying on two stator mmfs, one for 2p; poles (f;) and the other for 2p,( f>)
poles, produced by a dedicated two-frequency PWM inverter that drives the two rotors indepen-
dently. The Ny =12 slots Gramme ring coils (for example), with 2p; = 10 and 2p, = 14, provide
above 0.945 winding factors for both mmf space harmonics. Independent four-quadrant speed control
of the two rotors simultaneously has been proven by digital simulations [7] but not yet in experiments.
The drastic hardware simplification in Figures 13.6 and 13.7 comes at a price: both frequencies (and
their currents) that run the two rotors produce copper losses in the entire unique stator winding,
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FIGURE 13.5 (Continued) Dual-rotor, dual-electric part MG-REM: (b) with axial airgap. (After S. Niu
et al., IEEE Trans., vol. MAG-49, no. 7, 2013, pp. 3909-3912; Y. Liu et al., I[EEE Trans., vol. MAG-50,
no. 11, 2014. [5,6])

though only one axial face interacts with one rotor; also, the inverter has to handle all kVA power in a
dedicated, say, dual, FOC. It is feasible to build two coil rows (two windings) on the same stator core
(Figure 13.7) and add a power switch to disconnect the temporarily idle winding (if both need not be
active all the time).

It is also possible to apply other principles for a single-stator dual-rotor machine such as using [PM
or variable reluctance rotors (with 2p; # 2p, poles) in an axial airgap kind of dual-rotor BLDC-MRM
(Chapter 7).

If the two rotors need to handle notably different powers, a radial airgap configuration of single
toroidally (or radially) wound stator dual PM rotor may be applied [8].
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FIGURE 13.6 Single-stator single-inverter dual-rotor hybrid CVT with axial airgap, Gramme-ring coils and,
say, 12 stator slots, 2p; = 10 poles, and 2p, = 14 poles rotors. (After I. Boldea et al., Record of IEEE-ESARS,
2012, Bologna, Italy. [7])

Here, also, magnetic anisotropy may be used to improve the ratio performance/costs.

Yet another, rather complex, topology of single electric part dual-rotor magnetic-geared REM was
recently proposed for a pseudodirect drive for wind turbine generators [9]; see Figure 13.8.

The topology includes:

* An outer stator core with p, = 13 pole pairs/section (there are 20 sections).

* Hallbach PMs on stator (four per stator pole pair).

* The low-speed flux modulator pole pieces rotor per section:

P F—M — 15
» High-speed interior PM rotor with P,py; = 2 per section. As expected:
Pwpm = Pr_y — P, (13.8)

* The high-speed PM rotor runs free, as expected, while the low-speed (flux modulator) shaft
is coupled to the wind turbine shaft.

* The magnetic gear ratio G = Pr_p/Prpm=15/2=17.5/1.

* The 7.5/1 magnetic gear ratio renders the pseudodirect drive here to the class of one-stage
mechanical-geared (multibrid) wind generators, which are known to be competitive because
they strike a good compromise between reducing the mechanical gear stages (complexity
and volume) while not increasing the machine volume and cost too much. Unfortunately,
for the 10-MW, 9.65-rpm (10-MNm) case, the thorough optimal design example in [9]
ends up with a minimum of 45 tons of active weight at an electrical efficiency of 98.5%,
but for 13.5 tons of NdFeB sintered PMs (B, = 1.25 T). This is twice as much as the value
calculated for the same specifications with a three-slot/pole surface direct-drive PMSG at 65
tons of active weight [10].
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Rotor 1

Stator

Surface permanent magnets

FIGURE 13.7 Single-stator dual-rotor hybrid-electric CVT (the dual stator windings with independent inverter
configuration) (a) cross-section; (b) exploded view.

¢ There are PMs both on the stator and rotor and thus the flux reversal and Vernier principles
are combined in the configuration of Figure 13.8 [9]; the excessive PM weight may prove an
insurmountable demerit in the case in point.

* As in all flux-modulation machines, the power factor—which defines the PWM inverter
kVA, costs, and losses—has to be checked; in all probability, it will not be large for the
design in [9], but refinements in design might increase the power factor to acceptable values
(0.75-0.8).

* For a 6-MW 11.3-rpm TF-PMSG, optimal design has produced an electrical efficiency of
0.967, power factor 0.67 for 16.8 tons of active weight with only 1.7 tons of NdFeB sintered
magnets (Chapter 12). Extrapolating to 10 MW, the active weight of TF-PMSG, at the same
power factor but, perhaps, at above 0.97 electrical efficiency, will be only 27 tons, from
which 5 tons represent the NdFeB sintered PMs, in a notably less complicated (for
fabrication) topology.

* This is not to say that the dual-rotor MG-REM in [9] is not to be pursued; it may also be
practical in vehicular propulsion, and when the cost factor is not paramount, the configura-
tion may be improved further.

From the above introductory remarks, we should grasp the wide spectrum of torque and speed
range applications of dual-rotor MG-REMs. From all of the competing topologies, two will be inves-
tigated here in some detail:
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FIGURE 13.8 Dual-rotor MG-REM with additional (stator) PMs (a) integration with a wind turbine; (b) 40°
periodic symmetry cross-section. (After A. Penzkofer, K. Atallah, IEEE Trans., vol. MAG-51, no. 12, 2015,
pp- 8700814. [9])

torque density

* Dual-rotor interior-stator MG-REMs for EVs and generators for good power factor and

* Axial-airgap dual-rotor dual (electric part) MG-REMs for HEVs (for good torque density
and four-quadrant independent rotor control)

13.2 DUAL-ROTOR INTERIOR STATOR MAGNETIC-GEARED RELUCTANCE
ELECTRIC MACHINES

MG-REM (Figure 13.9) [3].

Let us present again for convenience the cross-section of a high-power-factor dual-rotor interior stator

With high-speed PM rotor p.pv = p, = 2 pole pairs, flux-modulator pole count (pair) pg_», = 19,

and lower-speed PM rotor pole pair p.py = 17, the gear ratio G = p.pm/p. = 19/2 =9.5.
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Physical specifications of MDPMG prototype

Specification Dimension
Outer rotor PM pole-pair number, P, 17
Stationary pole yoke number, P, 19
Inner rotor PM pole-pair number, P,; 2
Axial length 100.0 mm
Outside radius of outer PM rotor 150.0 mm
Inside radius of outer PM rotor 129.0 mm
Outside radius of stationary pole yokes 127.5 mm
Inside radius of stationary pole yokes 113.5 mm
Outside radius of inner PM rotor 112.0 mm
Inside radius of inner PM rotor 99.0 mm
Outside radius of stator 97.5 mm
Inside radius of stator 60.0 mm

FIGURE 13.9 Dual-rotor interior stator MG-REM. (After C-T. Liu, H.-Y. Chung, C.-C. Hwang, IEEE Trans.,
vol. MAG-50, no. 1, 2014, p. 4001004. [3]): (a) cross-section; (b) sample prototype data.

At 1800 rpm speed of the interior four-pole SPMSM components, the low-speed (load) PM rotor
runs only at 1800/9.5 =~ 189.5 rpm.

Surface PMs have been adopted in both high-speed and the low-speed rotors to secure small
machine inductance, good for a higher power factor and for low voltage regulation in generating.

Dividing the magnets in pieces, tangentially and axially, is advised to reduce PM eddy
current losses.

The four PM poles on the high-speed rotor (adjacent to the inner six-slot stator) should cover only
0.7-0.75 of the pole pitch span zpy;, as the cogging torque may be drastically reduced this way. There
will thus be space between PM magnets on the high-speed glass-shaped rotor where a nonconducting
(siluminium or stainless steel) ladderlike shape rotor frame may be adopted without excessive addi-
tional eddy currents in the latter. The PM segments have parallel—easier to inflict—magnetization,
that is, lower PM costs. The stationary flux modulator and outer PM rotor construction are not an easy
task, either.

Though an analytical field model may be adopted for this kind of complex topologies [9], it is
felt here that direct 3D (2D)-FEM modeling is more practical, even for optimal design. Making use
of 3D-FEM (Figure 13.10 [3]), the PM magnetic flux linkage versus electric cycle shows some space
harmonics, but its THD is less than 5%.

The static torque (at zero speed) with DC stator currents (I, = —21I, = —21.) has produced torque
on the high- and low-speed rotors (Figure 13.11) [3].

The pull-out torques are 170.5 Nm and 170.5/9.5 ~ 18 Nm, respectively, for the low- and high-
speed PM rotors.
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FIGURE 13.10 PM flux linkage in the four-pole inner stator phase versus electric cycle (two cycles per

revolution: p, =2). (After C-T. Liu, H.-Y. Chung, C.-C. Hwang, IEEE Trans., vol. MAG-50, no. 1, 2014,
p. 4001004. [3])

With a high (0.65) slot filling factor, for the six coils that make the two-layer tooth-wound inner
stator windings, the number of turns per phase (two coils/phase) may be calculated after setting the
coil mmf that produces the desired pull-out torque (by FEM, after a preliminary standard design pro-
duces a start-up machine geometry).

The design of the 6/4 SPMSM is standard in calculating the number of turns per phase from the
phasor diagram.

An assumed motor pure iq control would correspond to MTPA conditions due to small saliency
L;=L,= L, but for an autonomous generator, the machine has to produce at a certain AC output
voltage, load power factor, and active power. For pure resistive load, the phasor diagram of the
machine as generator is rather straightforward, as in Figure 13.12:

Vi — Ry = \/ E}? — (01 Lgis)*; rms values (13.9)
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FIGURE 13.11 Torques on the outer (low-speed) and inner (high-speed) PM rotors. (After C-T. Liu, H.-Y.
Chung, C.-C. Hwang, IEEE Trans., vol. MAG-50, no. 1, 2014, p. 4001004. [3])
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FIGURE 13.12 The phasor diagram of MG-REM as generator on resistive load.
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FIGURE 13.13  Generator power versus voltage for W1 = 138, 123, 110 turns/phase and given machine geom-
etry. (After C-T. Liu, H.-Y. Chung, C.-C. Hwang, IEEE Trans., vol. MAG-50, no. 1, 2014, p. 4001004. [3])

For already-known ®py;; (PM flux per pole pitch of the 2p, pole motor):

Ei = (Ppmi)max Wikw, @1 /v/2 (13.10)

Ly =k W} Wils; = known (13.11)

W,—turns per phase; ky—fundamental winding factor.

The machine inductance for W; = 1 may be calculated analytically or extracted from FEM cal-
culations, while Wl is already known from analytical (or FEM) design as computed for the
given full torque and power angle 8y. Some iterations are needed here, as the presence of I,
produces only losses, but its presence is imposed by the unity power factor (resistive) load
considered here.

In [3], W, =138, 123, 110 turns/phase were tried, with power/voltage generator curves as in
Figure 13.13 [3].

It is evident that a smaller number of turns (W; = 110) produces less voltage regulation:—(4—7)% at
2.5kW. There is a compromise here, as a too-large number of turns per phase tends to produce a
larger (inadmissible) voltage. Here, 220 V is the targeted phase voltage (RMS). Also, a rated power
angle around 8y = r/4 is to be selected for the scope.

The acceptable voltage regulation (at unity power factor) (Figure 13.14) [3] is a clear consequence
of a reasonably low machine inductance (in p.u.).

It goes without saying that some kind of voltage closed-loop control is required, even if the speed
is constant, because the autonomous load power factor varies when a + 5% voltage regulation is
imposed across the board.

Solutions to this closed-loop control range, from switched AC capacitors to parallel power filters
for AC output, may be appropriate.

—+— 1600 rpm - 1800 rpm  —&— 1900 rpm
240 ;——
D 208 V £ 5%
2200 8— R
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200

——— T

180 —4
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Output power (kW)

Output voltage (V)

FIGURE 13.14 Voltage versus power at three different speeds. (After C-T. Liu, H.-Y. Chung, C.-C. Hwang,
IEEE Trans., vol. MAG-50, no. 1, 2014, p. 4001004. [3])
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A PWM active rectifier is required for controlled DC output voltage. For the case in point, a loss
breakdown was performed and at 1800 rpm for the high-speed rotor (and 189 rpm for the low-speed
rotor), for 2522 W output power (in resistive load), the line current was 4.88 A at 220 V /phase with
71 W of iron losses, 87.25 W of copper losses, but 295 W of lower-speed rotor mechanical losses and
285 W for high-speed rotor mechanical losses. A total efficiency of around 80% was obtained. The
very large mechanical losses by the two rotors should be drastically reduced to make the
solution practical.

For EV propulsion, a design, refined in a few stages, with full-size experiments at 60 kW
(gear ratio G=9/1) (Figure 13.15) [2, 11], has been performed.

The high-speed (inner) PM rotor has eight PM poles on both sides (p, = pypm = 4), initially
with surface magnets in titanium shells, but later as IPMs (Figure 13.16) [2]. The fixed F — M
(outer cylinder) has 64 salient poles (pr_p = 64), while the outer IPM rotor has 60 pole pairs [2]:
Pepm = 60 = pr_prpa.

The fixed flux modulator with a segmented cylinder was finally made of one-piece laminations
with salient poles and dummy slots for reducing the core losses and providing a more mechanically
rugged lower core loss (Figures 13.16 and 13.17) [2].

Interior PMs on the outer low-speed rotor have been adopted to increase outer airgap flux density
(and torque) by PM flux concentration.

()

High-speed
gear magnets

Segmented
cylinder

FIGURE 13.15 Dual rotor interior-stator MG-REM for EVs: (a) twin motor on EV axle; (b) cross-view.
(After T. V. Frandsen, P. O. Rasmussen, K. K. Jensen, Record of IEEE-ECCE, 2012, pp. 3332-3339. [2])
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High-speed rotor
MIPMG v.2.

High-speed rotor
MIPMG v.1.

FIGURE 13.16 Old (12-pole) and new (8-pole) high-speed PM rotor. (After T. V. Frandsen, P. O. Rasmussen,
K. K. Jensen, Record of IEEE-ECCE, 2012, pp. 3332-3339. [2])

A calculated efficiency of 95% at 248 Nm and n,=8000rpm (n,, =8000/9 rpm) was
reported in an 8.6-liter active volume [2]. Maximum torque of 600 Nm was needed and produced
to accelerate the EV to 100 km/h in 15 seconds, while a maximum stall torque of 857 Nm was
measured.

The torques versus time and speed conditions for urban driving have all been met at a record
(so far) 100 Nm/liter of active volume (64 Nm/liter per total volume).

Steel sheet
MIPMG v.2. Steel sheet

FIGURE 13.17 OIld and improved segmented-cylinder (flux modulator). (After T. V. Frandsen, P. O.
Rasmussen, K. K. Jensen, Record of IEEE-ECCE, 2012, pp. 3332-3339. [2])
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FIGURE 13.18 Maeasured efficiency versus torque and automobile speed. (After T. V. Frandsen et al., [EEE
Trans., vol. IA-51, no. 2, 2015, pp.1516-1525. [11])

Measured efficiency with torque and speed (Figure 13.18) is satisfactory but smaller than cal-
culated values by (3—4%) [11]. This is a sign that more effort on loss control and reduction is
required; also, the large PM weight, cost and PM demagnetization risks have to be addressed
further.

13.3 BRUSHLESS DUAL-ROTOR DUAL-ELECTRIC PART MAGNETIC-GEARED
RELUCTANCE ELECTRIC MACHINES

As already discussed briefly in “Introduction,” the brushless axial-airgap dual-rotor dual-electric part
MG-REM [6] (Figure 13.5b) is “copied” here for convenience (Figure 13.19).

As evident in Figure 13.18, there is only one spoke-shaped magnet rotor of ppys = 14 pole pairs
that interacts with both the PM secondary stator winding of the same p,, = ppyy = 14 pole pairs and

Primary rotor of

Secondary X Primary Primary
stator PI:/.[S ferromagnetic segments i 4 g stator
Secondary d

winding

Secondary Steel poles
rotor

FIGURE 13.19 Dual-rotor dual-electric-part MG-REM with axial airgap. (After Y. Liu et al., I[EEE Trans.,
vol. MAG-50, no. 11, 2014. [6])
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FIGURE 13.20 Emfs (under no load) in the primary (a); and secondary (b), windings, with primary (F — M)
rotor at stall and the secondary (PM) rotor at 428.6 rpm. (After Y. Liu et al., IEEE Trans., vol. MAG-50, no. 11,
2014. [6])

the primary rotor (flux modulator), which has 24 salient poles (pole pairs: pr_,, = 24). The latter inter-
acts with the primary winding pole pairs p,; = 10 (p,1 = pr_ar—ppms = 24—14 = 10). The speed syn-
chronism relationship is given in Equation 13.7. With 24 slots in the two stators, the two fractionary
windings with 10 and 14 pole pairs may be built for g; =24 /60 and g, =24 /84 slots/pole/phase.
Such g <1 windings mean shorter end coils and thus lower copper losses and shorter frame
(machine) radial height. The principle of this complex machine is illustrated in a test where the
primary rotor (F—M) speed Qp_,, =0 and the second rotor is rotating under no load; the emfs in
the two windings should have the same frequency. Equation 13.7 yields: f,; = f.» = ppms - lpms =
14 x 428.6/60 = 100 Hz (Figure 13.20 [6]) for 428.6 rpm in the low-speed rotor and zero speed
for the flux modulator.

It should be noted that the secondary (PM) rotor interacts with both stators and with the flux-mod-
ulator (primary) rotor using the same magnets. Consequently, there are PM flux lines in three direc-
tions and thus a soft magnetic composite should be sandwiched between the spoke-shaped magnets of
the second rotor.

It is also recognized that up to 30% of the PM flux of the secondary rotor is leaking at the low radial
end (toward the shaft), but, still, the PM airgap flux density is large enough (with more PM weight) to
secure a competitive torque density. For the same case of f,; = f,,, = 100 Hz, secondary rotor speed of
npvs = 428.6 rpm, and flux modulator ny_,, = 0, the torques and core losses of the two shafts, for
Jjeore = 8 A/mm? (pure i sinusoidal current), in comparison with a similar machine with radial airgap
and single stator with dual windings, are shown in Figure 13.21a and b [6].

It is evident that for about the same machine volume, PM volume, and copper and core losses (167
W and 29 W, respectively), the torque is substantially larger for the axial-airgap dual-stator electric-
part dual-rotor MG-REM. By adding an additional stator winding with ppy; pole pairs to the magnet-
ically geared dual-rotor mechanical port device [13, 14], a single stator winding and inverter with dual
PM rotor (with p; and p, pole pairs) and tooth-wound coil winding can also provide independent
torque control for each rotor.

Experimental results are needed to prove the practicality of such a complex machine for HEV pro-
pulsion, while optimal design with limited temperatures and demagnetization avoidance are also
worth pursuing. Optimal control of dual-rotor dual electric-part MG-REM is still to be developed.
The full load torque density would be 30 Nm/liter active volume at an electrical efficiency of about
90% at only 428.6 rpm, for 45 Nm (2 kW) on a secondary machine (the first machine is not activated
in this example). With both stators active, a total torque density of about 45 Nm/liter (active volume)
may be available with an outer secondary stator radius of 120 mm. Also, the PM volume was only
0.254 liters (about 1.80 kg of sintered NdFeB magnets with B, = 1.1T).
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FIGURE 13.21 Full load torques of primary and secondary rotors of axial-airgap versus radial airgap (with
single stator) dual-rotor dual electric part MG-REM: (a) full torque of primary rotor; (b) full torque of secondary
rotor; (c) core losses for the primary stator; (d) core losses for the secondary stator, at j.,, = 8 A/ mm?, ng_y =0,

npvs = 428.6 rpm. (After Y. Liu et al., I[EEE Trans., vol. MAG-50, no. 11, 2014. [6])

13.4 SUMMARY

Dual-rotor single (and dual) electric part magnetically geared reluctance electric machines
fall into the general category of flux-modulation reluctance machines.
Dual-rotor single-wound-stator single electric parts, in general, with single field-oriented
control do not provide independent rotor control (motoring and generating). So they are suit-
able for applications that do not need dual mechanical ports. One rotor may be free but will
experience torque and participate in magnetic gear torque magnification [2, 3-4, 12].
Torque densities up to 90 Nm/liter for efficiency above 0.92 at 600 rpm have been reported
for such machines at 30 kW [2, 11].
Independent control of the two rotors, with a single stator winding and inverter, has been
introduced in an axial airgap configuration where a 12-slot central stator with Gramme-
ring windings “serves” two rotors, one of 10 poles and the other of 14 poles, while the single
inverter uses dual-frequency FOC [7].
A dual-rotor single outer electric port, with PMs both on the stator surface and the inner
(free) high-speed PM rotor, with the flux modulator at the low-speed (working) rotor, has
been thoroughly investigated for a pseudodirect-drive, 9.655-rpm, 10-MNm (10-MW)
wind generator [9].

Calculations [9] claim an electric efficiency of 98.5% for 45 tons of active weight from
which 13.5 tons are of sintered NdFeB magnets. That is, 60% more PMs than in a regular
three-slot/pole SPMSG (at above 0.9 power factor). A TF-PMSG (Chapter 12) is credited
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with 0.967 efficiency and 0.67 power factor and 27 tons (active weight) with 5 tons of mag-
nets. Power factor is not expected to be large in the dual-rotor single-electric-part MG-REM
proposition, but it is yet to be calculated.

As known, low power factor increases losses in the machine and its PWM converter, but also
increases the cost of the inverter (which depends on machine kVA). However, in low-speed
applications, the initial cost of the machine (MG-REM included) ends up larger than the ini-
tial cost of the PWM converter; this is why optimal design codes should include the inverter
cost per kVA and the PWM converter losses cost when the global cost of the apparatus is
considered in the composite objective function. This rationale is also true for low voltage
(say, below 50 Vdc PWM converter applications).

Dual-rotor dual-electric port MG-REMSs may act as electric continuously variable transmis-
sions and thus eliminate the mechanical transmission in vehicular applications (gear ratio,
though, below 10/1). Optimal independent control of the two rotors through two stator
windings and their inverters [15] is still being investigated, but theoretical investigation
showed competitive torque densities (50 Nm/liter) for efficiencies above 90% starting
from load speeds of 400 rpm or so.

Also, two PMSMs, one with dual-rotor and two-inverter control, have been proposed very
recently as a brushless e-CVT for HEVs [16].

REFERENCES

1.

2.

3.

10.

11.

13.

14.

15.

K. Atallah, D. Howe, A novel high performance gear, IEEE Trans., vol. MAG-37, no. 4, 2001,
pp. 2844-2846.

T. V. Frandsen, P. O. Rasmussen, K. K. Jensen, Improved motor integrated permanent magnet gear for
traction applications, Record of IEEE-ECCE, 2012, pp. 3332-3339.

C-T. Liu, H.-Y. Chung, C.-C. Hwang, Design assessments of a magnetic-geared double-rotor permanent
magnet generator, [EEE Trans., vol. MAG-50, no. 1, 2014, p. 4001004.

. J. Bai, P. Zheng, L. Cheng, S. Zhang, J. Liu, Z. Liu, A new magnetic-field-modulated brushless double-

rotor machine, /IEEE Trans., vol. MAG-51, no. 11, 2015, p. 8112104.

. S.Niu, S. L. Ho, W. N. Fu, A novel double-stator double-rotor brushless electrical continuously variable

transmission system, /EEE Trans., vol. MAG—49, no. 7, 2013, pp. 3909-3912.

. Y. Liu, Sh. Niu, S. L. Ho, W. N. Fu, A new hybrid-excited electric continuous variable transmission sys-

tem, /[EEE Trans., vol. MAG-50, no. 11, 2014, pp. 810404.

. 1. Boldea, L. N. Tutelea, S. I. Deaconu, F. Marignetti, Dual rotor single-stator axial airgap PMSM motor/

generator drive for HEVs: A review of comprehensive modeling and performance characterization,
Record of IEEE-ESARS, 2012, Bologna, Italy.

. Y. H. Yeh, M. F. Hsieh, D. G. Dorrell, Different arrangements dual-rotor, dual-output radial-flux motors,

IEEE Trans., vol. IA—48, no. 2, 2012, pp. 612-622.

. A. Penzkofer, K. Atallah, Analytical modeling and optimization of pseudo-direct drive PM machines for

large wind turbines, IEEE Trans., vol. MAG-51, no. 12, 2015, pp. 8700814.

H. Polinder, D. Bang, R. P. J. O. M. van Rooij, A. S. McDonald, M. A. Mueller, 10 MW wind turbine
direct drive generator design with pitch or active speed stall control, Record of IEEE—IEMDC, 2007,
pp- 1390-1395 (IEEEXplore).

T. V. Frandsen, L. Mathe, N. . Berg, R. K. Holm, T. N. Matzen, P. O. Rasmussen, K. K. Jensen, Motor
integrated PM gear in a battery electrical vehicle, IEEE Trans., vol. IA-51, no. 2, 2015, pp.1516-1525.

. M. Fukuoka, K. Nakamura, H. Kato, O. Ichinokura, A novel flux-modulated dual-axis motor for HEVs,

IEEE Trans., vol. MAG-50, no. 11, 2014, pp. 8202804.

D.Li, R. Qu, X. Ren, Y. Gao, Brushless dual-electrical part dual mechanical part machines based on flux-
modulation principles, 2016 IEEE Energy Conversion Congress and Exposition (ECCE), pp. 1-8.

Y. Wang, S. Niu, W. Fu, Electrical continuously variable transmission system based on doubly fed flux-
bidirectional modulation, /EEE Trans., vol. IE-64, no. 4, 2017, pp. 2722-2731.

M. Bouheraoua, J. Wang, K. Atallah, Rotor position estimation of a pseudo direct drive PM machine
using extended Kalman filter, IEEE Trans., vol. IA-53, no. 2, 2017, pp. 1088-1095.

. L. Sun, M. Cheng, H. Wen, L. Song, Motion control and performance evaluation of a magnetic—geared

dual—rotor motor hybrid power train, IEEE Trans., vol. IE-64, no. 3, 2017, pp. 1863-1872.



14 Direct Current + Alternating
Current Stator Doubly Salient

Electric Machines
Analysis, Design, and Performance

14.1 INTRODUCTION

Switched reluctance machines [1] are typically double salient and have one- or multiphase armature
windings (on the stator) that are connected in sequence and triggered by the measured (or estimated)
rotor position (Figure 14.1).

The torque of an SRM, magnetic saturation and phase interaction neglected, is simply:

IS, dL
T,==) ii— (14.1)
¢ 2; de,

So the current polarity is not important in torque production. Based on this observation, multiphase
DC-DC converters in parallel (one for each phase, in principle) have been applied to control the
current pulses.

The simplicity (ruggedness) of the SRM with tooth-wound coils is staggering, which explains the
enormous interest in it since its revival in the 1970s (S.A. Nasar apparently coined the acronym
SRM) [1]. However, it was soon recognized that:

* Good torque density comes with higher peak flux density in the airgap (1.4—1.5 T) with only
one or two phases active at any time; thus, peak radial forces, noise, and vibration are high.

* In an effort to reduce the radial flux density (normal force) but encourage tangential (torque)
force on the rotor, a segmented glass-shaped rotor was sandwiched between two stators with
diametrical coils and corresponding outer and inner phases in series in a two-airgap struc-
ture. Though with much longer end coils, notably more torque is obtained for the same
geometry, copper, and current density than with tooth-wound coils. But the topology is
more complicated [2] and thus not easy to fabricate.

* On top of that, the ratio of active power/kVA (RMS and peak) is notably lower [1] than with
4- to 8-pole IMs, SMs, or PMSMs; this means larger peak and RMS kVA in the converter,
which, for unipolar current, is different from the off-the-shelf PWM inverters with sinusoi-
dal or trapezoidal current control.

* While the carefully designed regular SRM was recently proven capable of 45 Nm/I, for 400
Nm, efficiency above 0.92 from 2000 rpm, the peak kVA in the converter is still large for the
new standards in HEV and EV applications [3]. IMs and IPMSM [4] for the same applica-
tion proved to be pretty equivalent in Wh/km in standard urban driving of HEV (EV) with
the IM efficiency lower at low speed but better at high speeds (flux weakening) at peak tor-
que densities of 45 Nm/liter and above 60 (70) Nm/liter (active volume), respectively.
These solutions use DC-DC boosting converters plus off-the-shelf IGBT 500 Vdc PWM
inverters. SRM R&D will continue. The incipient commercialization decades ago slowed

391
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FIGURE 14.1 Switched reluctance motors: (a) with single stator and tooth wound coils; (b) with dual stator
and segmented glass-shaped rotor in between. (After M. Abassian, M. Moallem, B. Fahimi, /IEEE Trans on,
vol. EC-25, No. 3, 2010, pp. 589-597. [2])

down, but it may revive in niche applications. To further reduce losses and increase the kW/

kVA ratio in SRMs, the doubly salient cores of the latter have been used to:

* Add DC excitation coils on the stator.

¢ Now make use of AC (armature torque) coils in same slots as the DC coils; or the DC
coils are placed in an inner stator with a salient-pole rotor in between.

e The DC excitation and AC armature coils may be tooth- or multitooth-wound
(Figure 13.2a and b) [5-7] in the search for higher torque density, lower torque ripple,
better power factor, and lower core losses.

¢ Such machines behave like flux-modulation machines but, alternatively, as DC-excited
(cageless) rotor synchronous machines.

e Itis to be borne in mind that DC coil flux in the AC coils reverses polarity in two-tooth-
wound coil configurations (Figure 14.2b), but it varies (in general) from a maximum to
minimum positive value for single tooth-wound coil topologies. The situation is, how-
ever, rather similar to the first case where only half the AC coil span is active, while in
the second case, the single slot pitch AC coil span is active. So there is a kind of “homo-
polar” effect with stator DC excitation in the sense that only about half of it is useful.

But the airgap is kept small for good magnetic coupling and flux modulation through
the two saliencies (of rotor and of stator). This means, however, a large machine
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FIGURE 14.2 DC + AC stator doubly salient machines (DC + AC DSM): (a) with tooth-wound DC and
AC coils; (b) with two-tooth-wound DC and stator coils. (After E. Sulaiman, T. Kosaka, N. Matsui, Record
of EPE—2011, Birmingham, U.K. [7])
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inductance, which may be useful in motoring for wide CPSR but detrimental in generat-
ing due to large voltage regulation.

¢ Inboth cases, when high torque density is targeted, the machine saturates. The power fac-
tor, considering sinusoidal emfs and (L, = L, ~ L), becomes low (0.6) due to the inher-
ently large synchronous inductance L in p.u. A typical such configuration (DC-stator-
excited, AC SRM), stemming directly from SRM (Figure 14.3) has been introduced
recently as a constant DC output voltage autonomous generator with diode rectifier by
using DC excitation current-only control [8,9]. 3.2 kW, 62 Vdc, at 3600 rpm, for 11.2
kg total weight (shaft and frame included), however at 79% efficiency (0.21 kW diode
rectifier loss included), was reported in full-scale experiments [9].

* Despite these demerits, the machine simplicity and ruggedness appeal for quite a few
applications from low-speed high-torque ones to moderate speed (even up to 6-10
krpm in HEV or EVs). Balancing the lower ownership costs of the electric machine
with larger kVA inverter costs is key in a design suitable to a certain application, often
with notable CPSR.

In this case, however, the phases carry bipolar currents. However, the output emf voltages are far
from sinusoids unless geometry changes are made. So, its usage as a motor or AC output autonomous
generator is still in question.

Note: The literature uses different names for all these “DC + AC stator doubly salient machines,”
each with some justification. The name adopted here is deemed to expose the principle and topology
quickly and differentiate from “brushless doubly fed reluctance machines” that have DC + AC dis-
tributed windings in the stator but only one (rotor) saliency (Chapter 8). The treatment of these “flux-
switching,” “flux reversal,” “variable-flux” doubly salient, or “flux modulation” magnetless machines
in a dedicated chapter is justified here by the need to go into detail (usually where the devil is) and
expose their full capabilities. This rugged (brushless) PM-less breed of electric machinery for variable
speed drives in motoring and/or generating seems to hold real industrial potential, at least for niche
applications [9].

Armature
winding

Stator

FIGURE 14.3 DC + AC stator SRM.
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In what follows, we will treat the following issues in some detail:

* Two-slot-span coil stator DC + AC winding doubly salient machines.

* One tooth-wound stator DC 4+ AC winding doubly salient machines (with single and dual
stator).

* The DC 4+ AC winding SRM with bipolar AC currents. The main common ground of all
electric machines treated here is the use of sinusoidal current control (FOC) by off-the-shelf
PWM inverters.

14.2 TWO-SLOT-SPAN COIL STATOR DIRECT CURRENT + ALTERNATING
CURRENT WINDING DOUBLY SALIENT MACHINES

Two-slot-span stator coils, DC and AC, may be used also in FS-PMSMs with hybrid excitation and
thus are considered here first (Figure 14.2b). Although there are many stator and rotor slot (pole) com-
binations N; and N,, only those that correspond to the condition:

N, =N/2+j;j=1,2 (14.2)

are investigated here, with j the number of layers in the AC coil winding. The case of 24 stator slots
(12 slots for the DC coils and 12 for the AC coils) and N, = 10 rotor poles, j = 2 is considered here
in detail.

A thorough characterization of such a DC + AC double salient machine (DC + AC DSM) requires
the investigation of:

* A simplified analytical theory to produce a start-up machine geometry

* DC caoil field distribution and their flux and emf in the AC coil waveforms for different
values of DC current (magnetic saturation has to be allowed for)

* AC caoil field distribution, flux waveforms in the coils (phases), and inductances—self and
mutual—versus rotor position (magnetic saturation has to be considered)

» Torque waveform for given DC and AC coil mmfs (pure i, control)

* Core loss under no load and under load in the stator and rotor at various torques and speeds

* Normal force on the stator rim distribution

The above targets could be met with enough precision (considering the correct airgap permeance
variation and magnetic saturation) only by 2(3)D-FEM using the frozen permeability method when
calculating DC-produced emfs in the AC coils with stator currents in place (under load). As known,
such a method is still computation time intensive. Analytical field methods such as polar coordinates
with Fourier harmonic solutions of scalar magnetic potential with airgap permeance function for infi-
nite core permeability have been recently derived:

* With semicircular flux lines in the slots for DC field distribution
* With scalar magnetic potential Fourier series solution [10] for the stator (and then rotor) slot-
ting regions for the AC coil (armature) field distribution [11]

Despite their neglect of magnetic saturation, the analytical methods in [10,11] pertinently describe
the phenomena, at least at small enough currents (loads), to serve in pre-optimal design. In optimal
design codes, either nonlinear MEC or 2(3)FEM machine modeling should be performed anyway.

14.2.1 No-Loap Direct CURRENT FiELD DISTRIBUTION

Figure 14.4 illustrates the position of DC coils and their flux line direction reversal in the AC coil (of
phase A), with their almost sinusoidal flux linkage in the AC coil.
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FIGURE 14.4 DC + AC DSM: DC coils, (a); their flux lines for two rotor positions, (b); their flux linkage in
the phase A versus rotor position, (c). (After B. Gaussens et al., I[EEE Trans., vol. MAG—48, no. 9, 2012,

pp. 2505-2517. [10])

The trapezoidal shape of DC mmf shows space harmonics F;.(v), but so does the airgap function

(v, 6,) [10]:

g, 6,) =go + g(v) + g,(v, 6,)

(14.3)

With quarter-circular flux lines in the stator slots, the stator contribution to airgap permeance

variation g,(v) is:

sin (v/2) sin(B,(65/2) = (v/2))
sin (8,0,/4) cos((v/2) — (8,0,/4))

0<v<p0,

i

gs(v) =
0
Using Fourier series decomposition, g,(v) becomes: 5,60, < v < 6

g,(v) = ag) —+ Z afP cos (nNyv) + bg) sin (nNv)
n=1
Similarly, for the rotor slotting [10]:

&wﬁg=QP+Z}$kmmmw—@»+zyﬁkmMM@—a»

n=1 n=1

(14.4)

(14.5)

(14.6)
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Finally, the DC mmf F,.(v, 8,) becomes:

[=4] Ns
Fu(v, 0,) = k.(v, 6,) + Z by Sin(n4v> (14.7)

n=1,3,5

The term k.(v, 6,) accounts for the fact that some magnetic permeance A,(v, 8,) = 1/g(v, 0,)
harmonics will have an order equal those of F,.(y, 6,), so that an offset is introduced (based on
the condition div B = 0), [10]:

2z
f ch(V)Ag(V’ gr)
kv, 0) = S5 A0, 6) =
[ Ag(v, 6,)dv
0

1
g, 6,)

(14.8)

In the above equations, v reflects the position along the stator bore; 8,—rotor to stator position,
6,—stator slot pitch, f—stator slot opening ratio.
The no-load airgap flux density Bgo(v, 6,) is thus simply:

By (v, 0,) = Fyc(v, 0,) - Ag(v, 0) (14.9)

To obtain the DC field current—produced flux linkage in an AC one-turn coil, ¢,.;, we need to sim-
ply do an integration:

56,
Dis

Pse1 = TZstack j BgO(V9 0,)dv (14.10)

052

For single-layer windings and:
(0s/2)(5—(B/2))
Dis

Pyl = TIstack j BgO(V, er)dV (141 l)

(0s/2)A+(5/2))

for dual-layer windings.

A summation of such AC coil flux linkages per each phase is then required considering their posi-
tion along the stator periphery (v angle) for single- and multilayer multiphase AC windings [10].

Comparisons of such calculations with FEM are offered in Figure 14.5 for the phase flux linkage
and emf in a 24-slot/10-pole machine [10].

There are notable second and sixth harmonics in the emf and thus geometry optimization of slot
shaping or rotor skewing may be necessary to produce a more sinusoidal emf.

The extension of the study above in [10] for the 24/11, 24/13, 24/14 machines revealed that the
24/11, 24 /13 machines exhibit uncompensated normal forces (f, = B;O /24o(in (N/m?))), which will
produce noise and vibration.

The interaction between Fy.(v, 6,) and Bg(v, 8,) produces cogging torque Tog,:

2
OF 4(v, 0,)
Teoge = lstack j ‘BTBgo(v, 0,)dv (14.12)

0
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FIGURE 14.5 Flux linkage (for one-turn coils), (a); and emf, (b); in the coils A; and A, of phase A for a single-
layer AC winding (24/10 slot/pole three-phase machine) for ;. = 1200 Aturns. (After B. Gaussens et al., I[EEE
Trans., vol. MAG-48, no. 9, 2012, pp. 2505-2517. [10])

The cogging torque turns out to be smaller for the 24/11, 24/13 machines. All in all, the 24/10
machine should in general be produced, because it has no uncompensated radial forces and its lower
frequency for a given speed (f; = N, - n); that is, probably, lower core losses.

14.2.2 ARMATURE FIELD AND INDUCTANCES: ANALYTICAL MODELING

A similar analytical field method was developed in [11] to calculate the field distribution and self and
mutual inductances of AC phases. This time, the scalar magnetic potential equations have been solved
in polar coordinates in the airgap and stator slots, respectively, and the rotor slot zone where the
Laplace equation holds.

AVY =0 Region 1 (airgap)
. ) (14.13)
AV =0 Region 2 (slot area)
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The scalar magnetic potential, V, is considered unity on rotor bore and zero on stator edges. Also:

PVo1 vV 1 PV
- 4.4 .0V = -0 14.14
oty e T e =0 Ve n=p0-00) (14.14)

Using Fourier series decomposition and solving separately for stator and rotor slotting, with:

19V aV
, = ———; H. = ——; r —radius (14.15)
v ov or

And, by normalizing the field H, on the rotor bore to the field H,(D,,/2, 6,/2), the equivalent
airgap magnetic permeance variation produced by the stator slotting is obtained, A,(v). Similarly,
the rotor slotting contribution A,4(v, 8,) is calculated. Finally, the total p.u. airgap permeance is:
Ag(v, 0,) is:

Asg(VA (v, 0,)

A0, 6,) =
<00 = R )+ A, 0,)

(14.16)

The AC phase mmfs are also decomposed in space harmonics. This depends heavily on the coil
connection in phases, to obtain symmetric emfs.
But, essentially [11]:

F,(v, 0,) = Fo(v) + ke(v, 6,) (14.17)

where

2
f F,(v) - Ag(v, 0,)dv

Ke(v, 0,) =2 (14.18)
f Ae(v, 0,)dv
0
So, the armature flux density B,.(y, 6,) is:
Bagq(v, 0,) = ﬂOFg(Vs 0,) - Ag (14.19)

The flux linkages in the various coils of the same or different phases are calculated to get the self
and mutual phase inductances. Sample results on p.u. airgap permeance variation for a 24-stator slot
structure A, (v) are shown in Figure 14.6 for 8, = 0.2, 0.5, 0.8 (slot opening ratio) in comparison with
2D-FEM, only to show very good matching [11] for thin and wide slot openings.

The self and mutual phase inductances versus rotor position for the 24 /10 machine, for single- and
double-layer 2-slot-pitch-span coils, are shown in Figure 14.7 [11].

It is evident that only for double-layer winding is the variation of self and mutual inductances with
rotor position symmetrically periodic, so that they may serve as a basis for rotor position estimation in
encoderless variable-speed drive applications. But magnetic saturation (not considered here) may
alter the situation notably.

Also, the variation of self and mutual inductance with rotor position is not large, so the machine
has small functional dq saliency (L;/L, =~ 1) and may switch from L,/L, > 1 for low flux (flux weak-
ening) operation to Ly/L, <1 for heavy loading.
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FIGURE 14.6 Relative (p.u.) stator airgap permeance function versus stator angle v for three stator slot open-
ing ratios f: (a) B, = 0.2; (b) B, = 0.5; (¢) By = 0.8. (After B. Gaussens et al., IEEE Trans., vol. MAG—49, no. 1,
2013, pp. 628-641. [11])

14.2.3 PrAcTicAL DEsIGN OF A 24 /10 DiRecT CURRENT + ALTERNATING CURRENT DOUBLE
SALIENT MACHINE FOR HYBRID ELECTRIC VEHICLES

This time, a tentative geometry for given specifications was obtained by comparison with an existing
IPMSM for Lexus RX 400h (Table 14.1) and by an analytical technical theory [7].
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FIGURE 14.7 Self and mutual inductances of single- (a); and double-layer windings, (b), of the 24/10
machine. (After B. Gaussens et al., I[EEE Trans., vol. MAG—-49, no. 1, 2013, pp. 628-641. [11])

It should be noticed that:

* Both motors develop the same power at the same DC voltage but at different speeds (12,400
rpm for IPMSM and 20,000 rpm for the AC + DC DSM), so a higher reduction ratio
mechanical transmission is required (4/1 instead of 3.478/1).

¢ The torque of the DC + AC DSM is 210 Nm, while it is 333 Nm for the [IPMSM.

¢ The two machines have the same overall active size (volume).

¢ The power density is the same, but the torque density is 33% less for the DC + AC DSM.

A geometrical pre-optimization study with FEM verification finally yielded a machine geometry
capable of producing the required torque and power, but for a power factor of only 0.64 (j, =j, =
21 A/mm?).

The emf/phase and the full torque pulsations with pure I, are shown in Figure 14.8 [7].

The torque and power factor dependence on the two current densities is given in Figure 14.9 [7].

The torque/speed envelope and the efficiency calculated in eight key operation points (1-8) are
shown in Figure 14.10 [7].

The efficiency is acceptable but, again, the power factor is rather low (0.64 at full torque) and thus
the converter kVA and its losses are larger. No experimental confirmation is available so far.
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TABLE 14.1

FEFSSM Design Restrictions and Specifications for HEV Applications

Items IPMSM RX400h FEFSSM
Max. DC-bus voltage inverter (V) 650 650
Max. inverter current (A, ) Conf. 250
Max. current density in armature winding. J,(Ayps/mm?>) Conf. 21
Max. current density in excitation winding. J,(A/ mm?) NA 21
Stator outer diameter (mm) 264 264
Motor stack length (mm) 70 70
Shaft radius (mm) 30 30

Air gap length (mm) 0.8 0.8
Permanent magnet weight (kg) 1.1 0.0
Maximum speed (r/min) 12,400 20,000
Maximum torque (Nm) 333 >210
Reduction gear ratio 2478 4
Max. axle torque via reduction gear (Nm) 825 >840
Max. power (kW) 123 >123
Power density (kW /kg) 35 >3.5

Source: E. Sulaiman, T. Kosaka, N. Matsui, Record of EPE—2011, Birmingham, U.K. [7]

(a) 400 grmmeeey o=y (0) 20sp gy sy
| 1 1 | P 1 1 i 1 1
300 i ===, = 21A/mm?| 215 | B B i i i
= 200- =), =15A/mm*L WM CTIACTIA
= N, | ===/, =10A/mm?| % ERURT St 17 2 11 dnds 1F s 17 s 17 20 1
E 1004 | ——) =5A/Mm? | & V V V V i \
= o 205 Foo M W . N W
=] 0 4 2 T ' 1
g 7 2 20 W A S . .
B 100 ¢ B S 4= FEA o e SRR
< i i == Analytical i i i
g —200 - ¥ j 195 S e s st U
) i o i i i i i i
s o S SN C Y W S N
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FIGURE 14.8 Emf at 3000 rpm for four field current densities (a) and torque versus rotor position (jr =21
A/mm2) (b). (After E. Sulaiman, T. Kosaka, N. Matsui, Record of EPE—2011, Birmingham, U.K. [7])

The efficiency of this machine is better in the flux weakening zone (point 2) than for full flux full
torque (point 1), but also high at low torque and low speeds. This machine is thus better than the
IPMSM at low torque and high speeds. But, again, this is at 66% of torque/volume.

14.3 12/10 DIRECT CURRENT -+ ALTERNATING CURRENT DOUBLE SALIENT
MACHINE WITH TOOTH-WOUND DIRECT CURRENT AND
ALTERNATING CURRENT COILS ON STATOR

Using the 12/10 slot/pole combination has been shown to be a practical solution for high torque
tooth-wound coils PMSMs when considering energy conversion, noise, and vibration.

This is one more reason to use it for DC stator-excited DSM. It has been proposed both with a
single stator and with dual stators (Figure 14.11) [12].
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FIGURE 14.9 Torque (a); and power factor (b), versus current densities in the DC (j.) and AC (j.) windings for
pure i, control. (After E. Sulaiman, T. Kosaka, N. Matsui, Record of EPE—2011, Birmingham, U.K. [7])
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FIGURE 14.10 Torque and power/speed envelopes, (a); efficiency (and losses) in eight key operation
points, (b). (After E. Sulaiman, T. Kosaka, N. Matsui, Record of EPE—201 1, Birmingham, U.K. [7])

As the partitioned stator configuration (Figure 14.11b) did not, in the end, produce notably better
performance (at least in torque density [12]) and is by far more complex, we do not treat it here but
suggest that on outer rotor, inner stator, and single stator such a machine be tried, to better use the
volume closer to the shaft; also, the airgap diameter may be larger, for more torque density.

The DC plus AC stator-excited DSM ultimately acts as a nonsalient pole-synchronous motor with
stator DC multipolar excitation and concentrated stator AC winding. But let us show in Figure 14.12 a
precursor of it that was called a “flux-bridge” or “transfer-field” machine in 1977 [14-15].

Note: In a thorough comparative study of such DC plus AC DSMs [16], it was confirmed the
two-slot-pitch span coil DC + AC coil topology produces superior torque density, but the single
tooth-wound DC + AC coil configuration is still more manufacturable, and this is one more reason
to investigate it here.

14.3.1 12/10 TootH-WoUND DIRecT CURRENT + ALTERNATING CURRENT CoiLs DousBLE
SALIENT MACHINE PRACTICAL INVESTIGATION

References 6, 12, 13, and 16 offer a plethora of studies for various combinations of stator slots/rotor

poles (12/5,2/7, 12/8, 6/4, 6/5, 6/7, etc.) and their average torque, torque pulsations, and emfs,

with experimental results. Here, we review the 12/10 configuration in [5] as it refers to 55 kW
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(@)
Field winding

FIGURE 14.11 Tooth-wound 12/10 (DC + AC) DSM, (a) with single stator (it holds both DC and AC coils);
(b) with dual (partitioned) stator: one for AC and one for DC coils (to increase torque/volume). (After Z. Q. Zhu,
Z. Wu, X. Liu, IEEE Trans., vol. EG=31, no. 1, 2016, pp. 78-92. [12])

Pole axis

Rotor axis g
A — Armature (stationary)
B — Rotor segments

C - Field yoke (stationary)

FIGURE 14.12 The flux-bridge machine. (After L. A. Agu, an international Quarterly, vol. 1, no. 2, 1977,
pp. 185-194. [14])
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FIGURE 14.13 12/10 tooth-wound DC + AC coils DSM for 55 kW peak at 2800 rpm. (After T. Raminosoa
et al., IEEFE Trans., vol. IA-52, no. 3, 2016, pp. 2129-2137. [5])

peak power for 18 seconds at 2800 rpm, with continuous 30 kW from 2800 to 14,000 rpm machine,
destined to HEV traction; see Figure 14.13 [5].

After a preliminary design where DC excitation flux density in the airgap (stator teeth)—Bgomax—
is fixed around 1.4—1.5 T for a designated small airgap gq, the DC coil mmf wrir can be computed:

B g0 max

(WFiF)d.c. coil ' gO(l + kscl) (1420)

Ho

The coefficient kg, is an equivalent magnetic saturation factor recalculated later for peak torque
conditions. For an assigned efficiency of 92%, an electromagnetic torque 7,, (for 30 kW at 2800
rpm) is:

P,, 30 x 10°

T - =
“ T n2x-m,  0.92-2x-(2800/60)

— 111 Nm (14.21)

For continuous rated low-speed torque (111 Nm) a torque/volume of tyc= 13 Nm/liter is
assigned and, with a core length [, = 90 mm, the outer stator diameter D, is calculated:

Ton 111
Dy = = - =0.348 m (14.22)
(7/4) lgack - e\ (/4) x 0.09 x 9 x 10

This torque density (calculated at stator core total volume) for continuous operation is not very
large, but the DC + AC copper losses need a strong cooling system and thus, as initial cost is not
large (no PMs), the design is relaxed on purpose.

As known, at no load, the AC coil turns close to the airgap experience (as in PMSMs) proximity
copper losses which, to be reduced, imply a recess (open space) toward the stator slot tap of a few mm,
as the maximum fundamental frequency should go up to 2.3 kHz for the max. speed of 14,000 rpm.
At least 20 kHz switching frequency in the PWM inverter would be required to produce a quasi-
sinusoidal current of 2.35 kHz.

To keep the machine size reasonably small, for peak power (55 kW at 2800 rpm or 200 Nm), the
saturation level is high (kgy.x = 1, for a 1-mm airgap), and thus (from Equation 14.20):

1.5
1.256 x 107°

(WFiF)d.c. coil peak ~ (14.23)

At
% 1.0 x 1073(1 + 1) = 2388.5 ( ums)

d.c. coil

With ippea = 20 A, there will be 119 turns/DC coil.
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The ippeax = 20 A was chosen based on the available DC voltage that supplies the DC-DC con-
verter that controls the field current, with about 2.5 kW allocated for peak-torque DC copper losses.
The B,y = 1.5 T does not correspond to very high saturation on no load, but the armature reaction
field contributes heavily to it for peak torque: with armature airgap flux density B,, = 0.7xBgo=1.0T,

the peak tooth flux density would be large: Bieeih peak = Bf,o + ng =+v1.524+1.0>= 1.8 T. Also,

we have to consider the fact that the fundamental frequency will be large, even with 0.2-mm-thick
laminations. Already, f; =466 Hz at 2800 rpm and thus core losses have to be limited.

It has to be noted that the DC coil flux in the AC coils—both with same single tooth span—is
homopolar and thus varies from maximum to minimum, which leads to a no-load fundamental airgap
flux density (B,o;) AC of:

~o B
(Bgm)a.C.N 2(1 + kfringe)

; (14.24)

With kginge = 0.75, (Bgot)a.e. = 1.5/(2- (1 4+0.75)) =0.652 T

This explains the not-so-large torque/volume; not to mention the very large radial forces (referred
to as the maximum airgap flux density value).

A tentative peak AC coil mmf value W,.I,. may now be calculated (neglecting the small reluctance
torque contribution):

3
(Tek)peak ~ E ((z/ﬂ)BgOI “ Tstot - kw - lstack)4(Wa.c.Ia.c.) - N, (1425)

With N,—rotor poles, ky—fundamental (for N, = 10 pole pairs) winding factor of a two-layer
AC winding with three phases in 12 slots:

32
205 =5+ 0.652-0.0622 x 0.933 x 0.09 x 4 x 10 x Wacfoc) (14.26)
T
With
aD;;  wD, 7-0.348 x 0.684
= =— kyy=—=0.0622 14.27
Tslot N, N, 12 m ( )

k,; = 0.684 is the adopted split stator diameter ratio. The 62.2-mm stator slot pitch allows for enough
room for the stator slot, with a balanced ratio of stator tooth/slot pitch of 0.466 (14°/30° stator pole
ratio).

Finally, from Equation 14.26, the peak value of AC coil mmf (W, . I, .) for the peak torque 7, =
205 Nm is:

Waclae. = 1575.2 Aturns/peak value

With this very preliminary data on machine design, a thorough 2(3)D-FEM inquiry is to be per-
formed to mitigate quite a few compromises, such as high average torque and small torque ripple by
optimizing the rotor pole ratio. The results in Figure 14.14 [5S]—for a machine similar to the one dis-
cussed above—are self explanatory in this respect: the best compromise between average and ripple
torque is obtained with 14° stator pole and 11.5° rotor pole spans.

The 205 Nm peak torque with small torque ripple is confirmed by 3D-FEM, where a small i,
(for positive reluctance torque, corresponding to tan7.6° = I,/1,) was adopted (Figure 14.15) [5].
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FIGURE 14.14 Average torque (a); and torque ripple variation with rotor pole angles for a few values of stator
pole angles, (b). (After T. Raminosoa et al., IEEE Trans., vol. IA-52, no. 3, 2016, pp. 2129-2137. [5])

Finally, by using 2D-FEM, the machine was fully characterized by adding info to the circuit model
to calculate, for continuous operation, the torque-speed envelope, the voltage (phase, RMS), phase
current (RMS), power, and efficiency (Figure 14.16a and b [5]).

250

0 05 1 15 2 25

Time (ms)

FIGURE 14.15 Torque versus time variation at 2800 rpm obtained for (/;)peax = 252 A (RMS) and ip =20 A.
(After T. Raminosoa et al., I[EEE Trans., vol. IA-52, no. 3, 2016, pp. 2129-2137. [5])
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FIGURE 14.16 Machine continuous operation performance versus speed, (a); and measured efficiency
map, (b). (After T. Raminosoa et al., [EEE Trans., vol. IA-52, no. 3, 2016, pp. 2129-2137. [5])

The results in Figure 14.16 warrant remarks such as:

* A notable reserve in voltage for continuous operation torque is allowed for, to provide
enough (full) voltage for peak torque at base speed (2800 rpm).

* The DC field current decreases mildly from 2800 to 14,000 rpm, while the AC current
decreases notably with speed.

* The only 89% efficiency at 2800 rpm and 30 kW (111 Nm) is mainly due to the large copper
loss in the 12 DC coils.

* Though a stator water jacket is provided to cool the stator, the DC coils (placed closer to
stator yoke) are better cooled than the AC coils.

* The 83-89% efficiency in the high speed (frequency)—flux weakening—is not enough
to compete with the IPMSM for traction, though even the latter is a bit worse than the
copper cage IM in the flux weakening zone. The two-slot-pitch DC + AC coil DSM
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(in section 14.2), in calculations, has shown better results, but experiments are needed to
prove its claimed superiority.

e All in all, it seems that still further strong improvements are necessary to make the tooth-
wound DC + AC DSM fully competitive at 50-60 Nm/liter, 60 kW, efficiency above
94% at 3000 rpm, with IPMSM. But, still, we have to consider the reduced initial costs
due to the elimination of PMs. Perhaps adopting the partitioned stator to house the DC coils
in the inner stator will be a way to reduce the DC losses and thus, by adding more copper,
increase efficiency across the board. An outer-rotor single-inner-stator configuration may
also provide more torque/volume at good efficiency.

14.4 THE DIRECT CURRENT + ALTERNATING CURRENT STATOR SWITCHED
RELUCTANCE MACHINE

The DC + AC stator SRM (Figure 14.3) proposed recently for a DC output voltage generator, with
DC field control and a diode rectifier [9], has produced interesting results, though the large synchro-
nous inductance inflicts high voltage regulation to be compensated by the field current increasing with
load. Also, the machine, by adequate design, may be used as a low-speed high-torque motor or gen-
erator, but perhaps in a transverse flux configuration, to reduce DC and AC copper weight and losses
when sinusoidal current field-oriented control may be applied for an off-the-shelf PWM inverter
drive. Both opportunities above will be presented here in some detail.

14.4.1 Direct CURRENT OuTPUT GENERATOR

A three-phase 12/8 SRM with four DC coils and 12 AC coils (Figure 14.17) may be a simple solution
to DC output autonomous generators, operating at constant (or slightly variable) speed (stator
PM-assisted SRMs/Gs have also been proposed, but have not reached industrialization yet).

Four or more phases are also feasible, but then the fundamental frequency for given machine volume
and output power should be larger and so will be the core losses. The machine inductance now varies
with rotor position and thus a reluctance torque component is present. The emfs are not sinusoidal;
thus, finally, the currents contain even harmonics as well as AC phase voltages (Figure 14.17) [9].

The performance illustrated in Figure 14.18 shows that the machine voltage regulation is large, and
constant DC voltage at 3600 rpm and 3 kW can be maintained only around 60 V, at an efficiency of
79% (diode rectifier and DC copper losses included).

With design refinements to make the currents and voltages symmetric and torque pulsation reduc-
tion, mitigating for an optimum airgap, this simple and rugged generator may become practical for
autonomous applications. Auxiliary generators on the ground—such as small wind generators with
battery DC-backed output—or on board vehicles may benefit this technology soon.

14.4.2 TrANSVERSE-FLUX DIRECT CURRENT + ALTERNATING CURRENT SWITCHED RELUCTANCE
MoTOR/GENERATOR

As the DC copper losses seem to be the main problem in DC + AC DSMs (section 14.3.1), the use
of transverse flux topologies might help in reducing them drastically to allow, eventually, a larger
airgap and thus a lower machine inductance (better power factor and lower voltage regulation)
(Figure 14.19). It retains the homopolar character of DC (no load) flux linkage in the AC coils.

The DC field coils do not interact notably with the AC coils in the regular configuration
(Figure 14.18a), but they do interact 100% in the transverse flux topology. In a multiphase modular,
transverse-flux topology (Figure 14.18b), if all DC coils are connected in series, the voltage induced
by the AC coils in the DC circuit is ideally zero. Thus a drastic reduction of kV A requirements of the
DC circuit—to the losses level in the DC coils—is obtained.
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FIGURE 14.17 Three phase DC + AC SRM (G) with DC field distribution with maximum flux in phase B
(in the middle), (a); and electric scheme, (b). (After L. Yu, Z. Chen, Y. Yan, IEEE Trans., vol. IE-61, no. 12,
2014, pp. 6655-6663. [9])

Still, each DC coil will experience induced voltage, and it may be used to estimate rotor position in
an encoderless PWM inverter drive.

The investigation of the two configurations in Figure 14.19 for a 6-MW 12-rpm direct-drive wind
generator, first analytically, then by FEM, have eliminated the regular configuration (Figure 14.19a),
as the total generator losses ended up at 1500 kW. For the DC + AC TF-SRM, an equivalent linear
sector was investigated by 2D-FEM with results in airgap flux distribution as in Figure 14.20 [17].
An airgap of 4 mm was allowed for a stator bore diameter D;; =9 m.

The large airgap and rather large number (N, = N, = 375) of poles (same in the stator and rotor)
yield a fundamental frequency of 75 Hz at 12 rpm, which leads to a not-so-large variation of AC coil
flux with position (Figure 14.20c). Still, the machine is proved capable in a six-phase configuration at
D;;=9m, 89 tons, of producing more than the required 6.4-MNm average torque, with perhaps
acceptable torque ripple (Figure 14.21) for 428 kW total generator losses (efficiency 0.93).

This super-high-torque example should be indicative of the strong potential of DC + AC TF-
SRMs, mainly based on the “blessing of circular coils” and torque magnification in TF machines
(Chapter 12), in addition to lower DC and AC copper losses per Nm for given machine volume.

The sinusoidal current control (FOC) in six phases here could be approached by two off-the-shelf
50% rating PWM inverters, while the AC voltage induced in any of the DC coils (in series) can serve
as a basis for encoderless FOC. Finally, due to the homopolar DC current flux in the AC coils and
small airgap, the power factor should not be expected to be above 0.7-0.75 for high torque densities.

14.5 SUMMARY

e DC + AC doubly salient machines may be considered DC + AC stator coil flux-switching,
flux reversal, flux modulation, or synchronous PM-less electric machines: the acronym here
aims to expose the principle and topology in the fewest words.
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FIGURE 14.18 Three- and four-phase DC + AC FRGenerator with diode rectifier output: (a) emf of phase A;
(b) phase A self-inductance; (c) three-phase currents; (d) output (DC) voltage versus current for I[r=17 A.
(After L. Yu, Z. Chen, Y. Yan, IEEE Trans., vol. IE-61, no. 12, 2014, pp. 6655-6663. [9])

* Also, DC + AC DSMs may be considered to stem from SRMs by adding stator DC coils and
running them with AC sinusoidal currents to make use of off-the-shelf PWM inverters for
variable speed drives.

* Equal—one stator slot pitch or two stator slot pitch—DC and AC coils may be used, and
they will be treated in detail with the aim to increase torque density for moderate efficiency.

* Different stator slot pitch span DC coils + tooth-wound AC coils in the stator on regular
SRMs may also be used for scope and are treated in some detail in this chapter.

* Transverse-flux DC 4+ AC doubly salient multiphase modular topologies have been proven
by an extreme torque (6.4-MNm) 12-rpm example to drastically reduce copper losses with
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FIGURE 14.19 Three-phase DC 4+ AC RSMs: (a) with regular configuration; (b) with transverse flux (DC
coils in series). (After C. R. Bratiloveanu, D. T. C. Anghelus, 1. Boldea, Record of OPTIM, 2012, pp. 535-543,
IEEEXplore. [17])
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FIGURE 14.21 DC + AC TF-SRM total six-phase torque versus rotor position for sinusoidal symmetric AC
currents and 6-MW, 12-rpm, with 428 kW total machine losses. (After C. R. Bratiloveanu, D. T. C. Anghelus,

I. Boldea, Record of OPTIM, 2012, pp. 535-543, IEEEXplore. [17])
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respect to the regular SRM topology. This configuration may also be associated with trans-
verse-flux (circular coil) SRMs.

Though the DC stator excitation helps in torque production, it is limited by the fact that, basi-
cally, only half of the DC flux that the machine is capable of is used in producing emf (tor-
que) by the AC coils.

But the rugged, simple, less-costly magnetless machine with passive (salient) rotor is very
tempting in cost-sensitive variable speed drives.

A particularly suitable application is represented by autonomous DC-controlled output, a
generator with diode power rectifier and only DC excitation (low power) PWM DC-DC
converter voltage control.

Still, the large inductance of the machine in p.u. leads to inevitably lower than desired power
factor in motoring and, respectively, large voltage regulation in generating.

Aggressive future R&D is still needed to make this electric machine breed available in high
performance, cost competitive, variable-speed drives, especially at moderate and low speeds.
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