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Preface

The importance of motor control technology has resurfaced recently, since electri-
fication of various power sources reduces green house gas. Autonomous vehicle
technology opens a new world of unmanned delivery with the expansion of drone
applications. Sooner or later, electric planes and flying cars are popularly used for
passenger transport. The motor application is more accelerated as the battery costs
are reduced.

Control engineers need to understand many motor design issues to meet the
challenging design specifications. From this point of view, various aspects including
motor control, motor design, practical manufacturing, testing, and programming
are considered in this book. This book was written as a textbook for a graduate
level course on AC motor control and electric drive. Not only the motor control,
but also some motor design basics are covered to give a comprehensive view in
the multidisciplinary age. Theoretical integrity in the modeling and control of AC
motors is pursued throughout the book.

In the second edition, many EV projects and teaching experiences at POSTECH
and industrial sites are reflected. The contents become richer by adding more exer-
cises and problems that utilize Excel spreadsheet and MATLAB Simulink.

There is a little barrier for the beginners to understand the principles of the AC
rotating machine, because many physical phenomena are interpreted in the moving
frame. The essential machinery is the ability to understand voltage to current
dynamics in the rotating frame. Firstly, this book is focused on illustrating how
the rotating field is synthesized with the three phase winding. Also, the benefits of
coordinate transformation are stressed in the dynamic modeling of AC motors. For
example, many mathematical tools are utilized to show how the voltage and current
limits affect the torque maximization. Loss minimizing and sensorless controls are
also covered.

In the second part of this book, many issues regarding EV motor design and
fabrication are expressed. In Chapter 11 and 12, a motor design method is suggested
based on the requirements of power, torque, power density, etc. under voltage
and current limits. In addition, experimental procedure and inverter programming
technique are introduced that provide an optimal current control strategy under
varying (battery) voltage conditions. In the last part, the basics of vehicle dynamics
and EV power trains are shown including calculation methods of driving range and
efficiency of the vehicle.

xiii
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This book is intended to bring combined knowledge and problems to the students
who wish to learn the electric power train. So a fusing approach is attempted while
covering control, signal processing, electro-magnetics, power electronics, material
properties, vehicle dynamics, etc. Many control issues that can lead to on-going
research are discussed.

Finally, the authors would like to say a word of thanks to the family who sup-
ported me and encouraged me. Also, many thanks are given to Jongwon Choi,
Yoonjae Kim, Bonkil Koo, Jeonghun Lee, Minhyeok Lee, Taeyeon Lee, Pooreum
Jang, and Heekwang Lee who helped me by providing many solutions, simulation
results, and interesting reflections.
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Chapter 1

Preliminaries for Motor Control

1.1 Basics of Electromagnetics

A vector can be assigned to the tangent space defined at a point. Similarly, another
vector may be assigned to the tangent space of a neighboring point. In this way,
we can assign vectors to all point of the manifold. In mathematics, a vector field
is a mapping rule which assigns a vector to each point in a subspace. Using a local
coordinate system of a manifold, continuity and differentiability of vector fields are
defined. Vector fields are often used to model the speed and direction of a moving
fluid or the magnitude and direction of force, such as magnetic or gravitational force.

1.1.1 Tensors

Tensors are coordinate-free geometric operators that describe linear relations be-
tween vectors, scalars, and other operators. Gradient, divergence, curl, Laplacian
operations are typical differential operators used frequently in electromagnetics.

Table 1.1: Differential operators in electromagnetics.

Operator ‘ Symbol ‘ Operand ‘ Result ‘ Example
Gradient \Y% scalar vector VV =-E
Divergence V. vector scalar V-E= f
Curl V x vector vector VxH=1]
Laplacian Vv? scalar scalar V2V = —p/e

Gradient is an operator acting on a scalar function to give gradients to the x,
y, and z directions.

_of. L af.  of.
vf—a$1x+ay1y+azlz : scalar — vector.

It gives an orthogonal vector at each point to the equi-potential line, f(z,y,c) = ¢,
where c¢ is a constant. A typical example of gradient flow is the electric field:

E=-VV.
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Divergence acts on a vector to give a scalar. It appears as the inner-product oper-
ation between the differential operator and a vector field.

A
o 0 0 £ 0A 0A 0A
v [ax’ oy’ 82] ly Ox Oy 0z vector seatat

The divergence of a vector A at a point z can be interpreted as the net outgoing
flux per volume of an infinitesimally small polyhedron or sphere that encloses x. If
more flux flows out of the volume, the divergence of A is positive about the point
z. On the other hand, if the net flux flows into the volume, the divergence of A is
negative. If the divergence is equal to zero at a point, it means that the point is not
a source or sink. Physically, a magnet monopole does not exist. Thus, 57 - B = 0.
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a b

Figure 1.3: Riemann integral and fundamental theorem of calculus.

Exercise 1.1  Consider a function f : [0, 1] — [0, 1]:

(1.4)

1, x= rational number,
flz) = .
0, otherwise.

Check whether f is Riemann integrable or not.

Solution. It is not Riemann integrable, since U’(n) = 1 whereas L%(n) = 0 for all
feasible partitions. Note that there is a rational number between any two different
numbers. |

As we all know, the integration is not taken by using the Reimann sums. Instead,
we use the anti-derivative and evaluate at the boundary. Such an evaluation is based
on the fundamental theorem of calculus:

Theorem (Fundamental theorem of calculus): Let f and F' be real-valued functions
defined on a closed interval [a, b] such that

d
%F(x) = f(x), YV € [a, b].

If f is Riemann integrable on [a, b] then

b
/ f(z)dx = F(b) — F(a).

Note that F is called anti-derivative of f. The integral is defined as the limit of
the Riemann sum. However, the fundamental theorem of calculus gives us the rela-
tion between integration and differentiation. It states that the integral is simply an
evaluation of anti-derivative of the original function at the boundary of an interval.
Note that the boundary of the interval, [a, b] is a and b, and that the evaluation
of F' at the boundary is denoted by 0,,F = F(b) — F(a). For example, when we

2

1
evaluate fol xzdx, we do %-| = 1/2 using the anti-derivative. Now, consider a scalar
0

function, ¢ : R? — R defined on the real plane: It is desired to integrate g over a

closed region, S € R?:
//g(w,y)dwdy
S
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Note that d€ is a tangent vector to 95 and that (1.7) is expressed equivalently

OF, OF, OF, OF, OF,
//{< z)“ (afw)dxd”(a—x‘ay)dxdy}

ol oty oL,
= f{nGe e nGe g s e

oS

as

Exercise 1.2  Using the Stokes’ theorem, derive the Green’s theorem.

Solution. Let G = G (x,y)i, + G2(x,y)i,. Then,

VXG:%‘T’/&_ ox oy

oy 15_(86‘2 8G1>
G, Gy 0

Note that dS = dydzi, + dvdzi, + dxdyi.. Thus,

L (0Gy  0G

On the other hand, it follows from the right hand side of (1.8) that

%G-dﬂz%{Glda:—i—ngy}. [ |
a8 aS

1.1.3 Ampere’s Law

Current flow is always accompanied by magnetic field, and the Ampere’s law states
the relation between currents and magnetic fields. Neglecting the displacement
current, the Ampere’s law in the free space is

VxB= /,L()J, (19)

where B is the magnetic flux density in tesla (T), po = 47 x 10~7 (Henries/m) is the
permeability of free space, and J is the current density in ampere per square meter,
A/mQ. Applying the double integral to both sides of (1.9) over a closed region, S

we obtain
/ (VXB)-dS:,uO//J-dS. (1.10)
S S

Then by the Stokes’ theorem, the left hand side of (1.10) is equal to

//(VxB)-dS:%B-dE. (1.11)
S

as
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Further, the integral of the right hand side of (1.10)

/S/J-dS:[ (1.12)

yields the current flowing transversally to .S. Therefore, the integral form of the
Ampere’s law is equal to

7{B - de = pl. (1.13)
oS
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(rcos@, rsinf) for 0 < 0 < 2m. Therefore,

2T
//(V x B), dxdy = / Byr(sin? 0 + cos® 0)df = 2w By
0

/z/‘“

Finally, it follows that

pol
By = —. 1.15
o7 2nr ( )
Exercise 1.3 Consider the toroidal core of permeability u > pg shown in

Fig. 1.6. Current I flows through the N-turn coil wound on the core. Determine
the magnetic flux.

M-turn
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MN-turn
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M-turn coil

(@)

(b)
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In other words, the magnetic flux, ® is determined by dividing MMF by its reluc-
tance. That relation is identical to the Ohm’s law. Note also that the inductance
is expressed using R as
N2
L=—. 1.26
= (1.26)

The magnetic circuit terms and the Ohm’s law analogy are summarized in Tables 1.2
and 1.3, respectively.

Table 1.2: Terms for magnetic circuits.

Name Symbol (Units) | Equation

Magneto Motive Force | MMF (At) F = Ni

Field Intensity H (At/m) H = Ni/l, ¢ = contour length.
Flux Density B (T) B =uH

Permeability w (Vs/Am) po = 4m x 1077: free space

Flux o (Wh) ® = BA,, A; = cross-sectional area
Flux Linkage A (Wht) A=No

Inductance L (H) L=)\i=N?/R

Reluctance R (At/Wb) R =10/uAs.

Exercise 1.8  Consider a toroidal-core inductor shown in Fig. 1.6. Show that

7T(R1 —|—R2)
R=——".
n(R2 — Ry)d

Solution. From the Ampere’s law, § H - dl = % x 7+ (Ry + Rg) = NI. Therefore
the flux is equal to & = u% x As. |

Table 1.3: Ohm’s law analogy.

Electrical Magnetic
Current I=V/R (A) | Flux ® = MMF/R (Wb)
EMF v (V) MMF MMF (At)
Resistance R () Reluctance | R (At/Wb)
Conductivity | o (S/m) Permeability | p (Vs/Am)

1.1.7 Transformer

Consider a rectangular core made with a highly permeable material around which
two sets of coils are wound tightly, as shown in Fig. 1.13. Thereby, all the flux is
assumed to be confined in the core. The numbers of primary and secondary coil
turns are Ni and Ny, and their positions are denoted by (zf,yf) and (z%,,y%) in a
rectangular plane, S whose periphery is aligned with the centerline of the core. The
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mean length and the sectional area of core are denoted by ¢ and Ajg, respectively.
Then the current density, J on S is described as N7 + No delta functions such that

N1 Na
D id(@—afy—yl) + Y dad(z —ab,y —yb), (1.27)
k=1 m=1

where i1 and 75 are the currents of primary and secondary coils.

.......................

Ny, g Na, ia

(AN i

o —
N

)

......................
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Since M = %Ll = %Lg, the voltage ratio turns out to be

vy No

-2 1.34
o TN (1.34)

From the perspective of power balance, it follows that vi1i; = v9is. Therefore, the
current ratio is the inverse of the voltage ratio:

12 N

= ) 1.35

Suppose that a load resistance, Ro is connected across the secondary terminal.
Then, iy = va/Rs. The impedance seen from the primary side is equal to

-1 2
v Ny N . Ny
Ry=—="—"w [ — === R 1.36
2= = <N112> < ) 2 (1.36)
The square of a turn ratio must be multiplied if a load impedance is viewed through

a transformer.

T-Equivalent Circuit
Let k be an arbitrary number and modify (1.30) and (1.31) such that
AN = Lyig + HM% = Lyiy + Ly
Ny =kly = KMip + KQLQ% = L1 + Lhib,
where L,, = kM, i, = 2, A, = kg, and L}, = xk*Ly. Then it follows that

K

)\1 — (Ll - Lm)ll + Lm(ll + 1/2) - Lloil + LmZm
)‘/2 = Lm(il + Z/2) + (L/Q - Lm)ZIZ = Lmim + Léaiéa

1.37)

(
(1.38)
where i, = is + i, Li, = L1 — Ly, and L, = L) — L,,. Based on (1.37) and
(1.38), we have a T'—equivalent circuit as shown in Fig. 1.14. Note that L,, is
the magnetizing inductance, and i,, is the magnetizing current. When & = %,
the secondary part variables are transferred to the primary side along with the
leakage inductance. Note that the dotted box in the right part represents an ideal
transformer. By the ideal transformer, we mean a converter that changes simply
voltage and current according to the turn ratio. There is neither power loss nor
creation. As u — oo, it follows that L,, — oo and Li,, Ly, — 0. Then only the

dotted box remains in Fig. 1.14.

Practical Transformers

In practice, the permeability of the core is not sufficiently high and the coil is not
wrapped tightly around the core. A part of flux remains in the free space and does
not link with the other coil. In Fig. 1.15 the leakage fluxes around the primary and
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(c)

Figure 1.18: Three phase transformer: (a) three single phase systems, (b) with
neutral line connected, and (c) three phase source and load.

also equal to zero, i.e., ®,(t) + Pp(t) + P.(t) = 0 for all ¢. Correspondingly, it is
not necessary to give a common leg to the three phase core. In addition, the core
permeance is so high that it is not necessary to make a core as a symmetrical object
as shown in Fig. 1.18 (b). Instead, the three phase core is usually made by stacking
flat steel sheets as shown in Fig. 1.18 (c).

Figure 1.19: Three phase transformer core: (a) three phase core with a common
leg, (b) three phase core without a common leg, and (c) practical three phase
transformer core.

1.2 Basics of DC Machines

An electric motor is a machine that converts electrical oscillation into the mechanical
oscillation. The armature winding is wound on the rotor. Although a DC current
is supplied to the machine, an alternating current is developed in the armature
coil through a mechanical commutation made by brush and commutator. Fig. 1.20
shows a photo of brush and commutator. DC motors are popularly used since
the torque or speed controller (chopper) is simple, and its cost is lower than the
inverter cost. They are still widely used in numerous areas such as in traction
systems, mill drives, robots, printers, wipers, power windows, etc. However, DC
motors are inferior to AC motors in power density, efficiency, and reliability.

DC motors have two major coil sets: field winding and armature winding. The
DC field is generated by either field winding or permanent magnets (PMs). Fig. 1.21
shows a schematic diagram of a DC motor with PMs. The basic principle of a DC
motor operation is illustrated in Fig. 1.22. Fig. 1.22 (a) shows a moment of torque
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Brush Commutator

Figure 1.20: Brush and commutator of a DC machine.

Armature Commutator

Figure 1.21: Cross section of a typical PM DC motor.

production, where the armature coil lies in the middle of the field magnet. Applying
the Flemming left hand rule, we can see that an upward force is generated in the
left conductor. Similarly, downward force takes place in the right conductor. As
a result, torque is developed on the rotor assembly clockwise. At this moment,
the induced voltage in the coil is also the largest as the rate of change of the flux
linkage is the highest. Note however that the magnitude of flux linkage is equal to
zero in the horizontal position. Fig. 1.22 (b) shows a disconnected state in which
the armature winding is separated from the voltage source. Correspondingly, no
force is generated. However, another set of armature coil is engaged to produce
torque during this period. In Fig. 1.22 (c), the armature coil is re-engaged to the
circuit, generating torque in the same direction. This state is the same as that in
Fig. 1.22 (a) though the coil positions are switched. Note however that the current
direction is reversed when it is seen from the coil.

Since most brushes are made of carbon, they wear out continuously like a pencil
lead. Thus, DC motors require regular maintenance. Further, the carbon and the
mechanical contact cause the voltage drop, causing an additional loss. As the motor
power increases, the commutator dimension also needs to be increased to provide
a larger current and a higher voltage isolation between neighboring commutator

www.Technicalbookspdf.com
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(a)

Figure 1.22: DC motor commutation and current flow: (a) maximum torque, (b)
disengaged, and (c) maximum torque.

segments. Then it increases the commutator surface scrubbing speed. It limits the
maximum speed and the power rating of DC motor.

1.2.1 DC Machine Dynamics
In the DC machine, two electromagnetic phenomena take place concurrently:

EMF generation: When the armature coil rotates in a magnetic field,
the flux linkage changes, i.e., the amount of flux passing through the
coil loops varies. Then the EMF is developed in the coil according to
Faraday’s law, and is proportional to the speed. It is called back EMF
and described as e, = Kpw,, where K} is the back EMF constant and
wy- is the rotor angular speed. The back EMF constant depends on the
field current, but has nothing to do with the armature current.
Torque generation: When a current-carrying conductor is placed in a
magnetic field, Lorentz force is generated on the conductor. The electro-
magnetic torque is expressed as T, = Kii,, where K; is the torque
constant and i, is armature current.

An equivalent circuit of a separately wound DC motor is shown in Fig. 1.23. Ap-
plying the Kirchhoff’s voltage law to the equivalent circuit, we obtain

) di
Vg = raza—l-Lad—ta—l-eb, (1.40)
e, = Ky, (1.41)
T. = K (1.42)

where vy, 14, 7q, and L, are the armature voltage, current, resistance, and induc-
tance, respectively. Fig. 1.23 also shows a field winding circuit, and its flux is
denoted by 1. The back EMF constant, K3, and torque constant, K; depend on 1.
Below a base speed, 1 is usually controlled to be constant. But it is weakened in
the high speed region.

Note that the electrical power over the EMF is equal to epi,, whereas the me-
chanical power is T, w,. Neglecting power loss due to the armature coil resistance,

www.Technicalbookspdf.com
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the electrical power and mechanical power should be the same, T,w, = epi,. There-
fore, it follows that K;i, - w, = Kpw, - i4. As a result, K; = K.

.|||

L I )
(_ U L= why e vy

Figure 1.23: Equivalent circuit for a DC motor.

The motor can act as a generator and vice versa. There are two voltage sources,
v, and e that compete each other over r, and L,. In the motoring action, v, > €
and current (i, > 0) is supplied to e, from the external source, v,. Then the motor
receives power, epi, and it is converted into mechanical power. In contrast, an
external force rotates the machine shaft in the generation mode. Suppose that a
back EMF is larger than the voltage source, i.e., v, < €,. Then, the current flows
out from the machine to the source (i, < 0). At this time, a load torque is developed
by the motor, consuming the mechanical power.

Exercise 1.9  Calculate K; and Kj for a DC motor with the parameters listed
below:

Table 1.4: Example DC motor parameters.

Power (rated) 3.73kW

Voltage (rated) 240V

Armature current (rated) | 16A

Rotor speed (rated) 1220 rpm (127.8 rad/s.)
Torque (rated) 28.8 Nm

Resistance, r, 0.692

Solution. The back EMF is equal to e, = vq — 741 = 240 — 16 x 0.6 = 230.4 V.
Hence, K;, = ep/w, = 230.4/127.8 = 1.8Vs/rad. Since K; = T./i, = 28.8/16 =
1.8 Nm/A, one can check K; = Kj. |

Exercise 1.10  Consider a DC motor with armature voltage 125V and armature
resistance r, = 0.4€). It is running at 1800 rpm under no load condition.

a) Calculate the back EMF constant Kj.
b) When the rated armature current is 30A, calculate the rated torque.
c¢) Calculate the rated speed.

Solution. a) With no load condition, i, = 0. Thus,

125V o 60 rpm
1800 rpm 2 mrad/s.

b = 0.663 Vs/rad.
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b) Since K; = Ky, T, = Kyiq = 0.663 x 30 = 19.89 Nm.

c¢) In the steady state, % = 0. Therefore, T, - w, = (v4 — Tala)iq. Hence,

125 — 0.4 x 30) x 30
Wy = ( 19 >8<9 ) = 170.44 rad/s = 1628 rpm. u

1.2.2 Field Weakening Control

The back EMF increases as the motor speed increases. In general, motors are
designed such that the back EMF reaches the maximum armature voltage v;'** at
a rated speed w:“ted. That is, the back EMF reaches the maximum allowable source
voltage at the rated speed, i.e., v7"% ~ Kywi®?, Then the question is “How can we
increase the speed above the rated speed?” The answer is to use the field weakening
control which is illustrated in the following:

Note that torque constant K; is proportional to the flux 1. Therefore, we can let
K; = ki) for some k > 0, where 1)y is a nominal (rated) flux. In the steady state,

the armature current is constant. Thus, La% ~ 0. Thereby,

] pmaT _ wa k O,Umaa: k2 2
Te = Kyig = Kt —~ - = Ld = - ¢0 Wy
Ta Ta Ta

(1.43)

Fig. 1.24 shows three torque curves for different k’s. Note that as k& decreases, the

Torque

";‘1'{'13 ?:E'I.Jir.'.ﬂ
Ty

/V
Ty
N

k: decrease

iy
Figure 1.24: Torque curves for three different ki’s: Speed increase by field weak-
ening.

y-intercept, kyov]'** /ra decreases while the slope, —(kip)? / r, approaches zero.
It means that the torque function is flattened as the field is weakened. Since the
speed is determined at the intersection with a load curve, we can see that the speed
increase as kg reduces. It states that a higher speed can be secured by decreasing
the field.

The necessity for field weakening is seen clearly from the power relation. Power,
P, =Tw, = kwoizatedwr is kept constant above the rated speed. The current
is assumed to be constant in all speed range. To keep the power constant, it is
necessary to decrease ki) as w, increases. Specifically, it is necessary to let k w%
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............................
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« torque 1. = kipta

rated
. )
Y

Field weakening range

Figure 1.25: Power and torque versus speed in the field weakening region.

Correspondingly, T, = kibgi’®*? also decreases as shown in Fig. 1.25. Note also that
both mechanical power, T.w, = kgi,w, and electrical power, v,t, remain constant
in the field weakening region.

Exercise 1.11 Consider a DC motor with r, = 0.5 , K; = 0.8 Nm/A, and
K}, = 0.8Vs/rad.

a) Assume that the motor terminal voltage reaches v"** = 120 V when
the motor runs at a rated speed, w, = 140 rad/s. Calculate the rated
current and rated torque.

b) Assume that a load torque, T, = 6 Nm, is applied and that the field
is weakened to a half, i.e., Ky = 0.4 Vs/rad. Determine the speed.

Solution. a) i%%¢4 = (120 — 0.8 x 140)/0.5 =16 A. T, = 0.8 x 16 = 12 Nm.

b) Using (1.43), T, = 6 = 24x120 _ 00452 wy. Thus, w, = 281 rad/s. |

Exercise 1.12  Consider a DC motor with r, = 0.2 Q and L, = 500 pH. Assume
that the torque constant is proportional to the field current, i.e, K; = Kyiy, where
Ky =0.02 Nm/A2. The inertia and damping coefficient are J = 1072 kg - m? and
B = 1073 Nm-s. The system is under a constant load, 77, = 10 Nm. When the
armature voltage is fixed at Vj,q, = 100 V, compute the following:

a) Draw torque curves for iy = 4, 5 A. Find the intersection with the
load line and determine the operation speed in each case.

b) Using MATLAB Simulink, construct a DC motor model. Apply step
voltage v, = 100u4(t) when iy = 5 A. Then change the field current to
4A after 1 sec, i.e., set i¢(t) = 5[us(t) — us(t —1)]. Plot the shaft speed,
w, and compare the speeds with the previous analytic results.
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Figure 1.26: (a) Analytic method to find operation speeds, (b) MATLAB simula-
tion result, and (c) Simulink model for a DC motor (Solution to Exercise 1.12).

1.2.3 Four Quadrant Operation
Depending on the polarities of torque and speed, there are four operation modes:

Motoring:
Supplying positive current into the motor terminal, positive torque is
developed, which results in a forward movement.

Regeneration:

The motor shaft is rotated in the reverse direction by an external force,
while the armature current generates a positive torque. The motor gen-
erates electric power with a braking torque. In electric vehicle, this mode
is referred to as regenerative braking.

Motoring in the reverse direction:

If the armature current is negative, the motor will turn in the reverse
direction.

Regeneration in the forward direction:

External torque is positive and greater than the negative torque gen-
erated by negative armature current. The motor generates electrical
power as the motor rotates in the forward direction.

Quadrants 1 and 2 correspond to the crane lifting and lowering of a load. Quadrants
3 and 4 are the symmetries of Quadrants 1 and 2 in the reverse direction.

1.2.4 DC Motor Dynamics and Control

The dynamics of the mechanical part is described as

dw,

Jdt

+ Bw, + T, =T,, (1.44)



26 CHAPTER 1. PRELIMINARIES FOR MOTOR CONTROL

Regeneration o Motoring
in the reverse direction

Fa

in the forward direction

Motoring Regeneration
in the reverse direction in the forward direction

Figure 1.27: Four quadrant operation characteristics.

where J is the inertia of the rotating body, B is the damping coefficient, and T},
is a load torque. Combined with the electrical dynamics (1.40)—(1.42), the DC
motor block diagram is shown in Fig. 1.28. Note that a load torque T}, acts as a
disturbance to the DC motor system and that the back EMF Kpw, forms a negative
feedback loop.

A DC motor controller normally consists of two loops: current control loop and
speed control loop. Generally both controllers utilize proportional integral (PI) con-
trollers. Since the current loop lies inside the speed loop, it is called the cascaded
control structure.

Speed Controller Current Controller DC Motor

* - /// 777777777777777777777777777777777777 A - X
Wi e | Py 1 R [ - 1 Ly
¥ PI L»(—f—v Pl —»@—» — K t Aé—v >

7Y Log =y | Ja 41

= 1 . .h._ll

Figure 1.28: Speed and current control block diagram for DC motor.

Current Control Loop

Let the current proportional and integral gains be denoted by K. and Kj., respec-
tively. With the PI controller K. + Kj./s, the closed loop transfer function of the
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current loop is given by

ia(s) _ Kpes + Kig _ (Kpe/La)s + Kic/La
i5(s)  Las®+ (rq + Kpe)s + Kie s2 + 20wps + w2

(1.45)

where i} is a current command, wy, = \/Kj./L, and ¢ = (rq + Kp¢)/(2wnLg). The
control bandwidth is [0, w,] when ¢ = 1. A bandwidth requirement determines
the I-gain. Similarly, the P-gain is selected to meet a system specification for the
overshoot. In the case of the current control, a small overshoot is allowed normally
to shorten the rise time. The current control bandwidth is usually 5 ~ 10 times
wider than the speed bandwidth.

Speed Control Loop

The current controller should react much faster than a mechanical system. Accord-
ingly, the current control bandwidth is greater than the speed control bandwidth.
For example in the normal drive system below 10 kW, the current control band-
width is in the range of 80~150 Hz, whereas the speed control bandwidth is less than
30 Hz. Since there is a big difference, the whole current block can be treated as unity
in determining the speed PI gains, (Kps, Kjs). In particular, we let i,(s)/i%(s) = 1
in the speed loop. Then the whole speed loop is reduced to a second-order system:

wr(s) Ki(Kpss + Kis) (KiKps/J)s + w2,

wi(s) T U2+ (B+ KiKps)s + K1 Kis — s%2 4 2Cwsns + w2,

T

(1.46)

where wg,, = 1/KtKis/J is a corner frequency and (s = (B + Kths)/(Q\/JKtKis)
is a damping coefficient. The corner frequency (or the natural frequency) wg, is
determined by the I-gain, K;s, whereas the damping coefficient, (, is a function of
P-gain, K.

Consider the motor parameter in Table 1.4. Suppose the rotor inertia is J =
0.01 kg - m? and the friction coefficient is B = 0.0002 Nm - s. The torque constant
is K; = 28.8/16 = 1.8 (Nm/A). Then, the transfer function is

wr(s) 180(Kpss + Kis)
wi(s) 82+ (0.02 + 180K,s)s + 180K

(1.47)

r

Note that the damping coefficient is (s = (0.02 + 180K,s)/(2v/180K;s). The step
responses of (1.47) for different P-gains are shown in Fig. 1.29. Note that overshoot
increases as the damping coefficient reduces. Due to the presence of a zero, the
response has an overshoot even when (s = 1.

Exercise 1.13 Consider a DC motor with r, = 0.2 Q, L, = 500 uH, K; =
0.03 Nm/A, J=10"* kg -m?, and B =2 x 107® Nm - s.

a) Determine current PI gains, K. and Kj. so that the current control
bandwidth is 150 Hz and the damping coefficient is 0.7.
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Figure 1.30: (a) Speed step responses for different proportional gains while K;5 =
29.4 and (b) Simulink model for a DC motor with current and speed controllers
(Solution to Exercise 1.29).
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where w, is the frequency at which arg[C(jw,)G(jwp)] = —180°. That is, the gain
margin is a difference from 0 dB at the frequency w,, where the phase delay is 180°.
On the other hand, the phase margin is defined by

Pmg = arg[C(jwe)G(jwe)] — (=180) (1.49)

at w. where |C(jw.)G(jw.)] = 1. In other words, the phase margin is an angle
difference from —180° at the frequency when the loop gain has unity. Gain and
phase margins are marked by arrows in the Bode plot shown in Fig. 1.34.

If a system is set to have a high gain margin, it can be stable even under a large
disturbance. The response, however, is slow and therefore it cannot meet certain
control objectives. In short, the gain margin is usually traded with the control
bandwidth. But in the other extreme, the system will be unstable. Therefore, the
controller must be well-tuned in the sense that agility is balanced with stability, i.e.,
the system has to be stable, but it should not sacrifice the performance. Proper
selection ranges are: Gain margin = 12~20 dB and Phase margin = 40° ~ 60°.

20109 |CG (W)

Gain crossover angular frequency

Gain
Margin

SO (w)

phase crossover angular frequency

Phase
Margin
-1800 f--------------boox oo
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That is, it acts like a leading compensator. But it requires the use of a low pass
filter (lagging compensator) to prevent the unnecessary gain increase in the high
frequency region. Thus, it turns out to be a lead-lag compensator.

Denote by w, and w), zero and pole of a lead-lag compensator, and let w, < wy,.

Then it has the form
1+ s/w,

=K, — 1" 1.50
P14 s/w,’ (1.50)

de(s)

and its typical Bode plot is shown in Fig. 1.35.
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Then the frequency of maximum phase lead is obtained at w,. It follows from (1.52)

and (1.53) that
1 —sin prd
= —_— 1.54
We We \/ 1+ sin¢pq’ ( )
1+singpq
= _— 1.55
“p We \/ 1 — sin ¢pq (1.55)

It is a rule of setting zero and pole of a lead-lag compensator. The maximum phase
lead is plotted against “2 in Fig. 1.36.

Wz

Phase lead angle
)

80
70
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40
30
20
10

0

1 10 100 1000
-_‘,_|i,”-"-_\,_.._.

Figure 1.36: Phase lead versus wy/w, of a PD controller.

Exercise 1.15  Derive (1.51) and (1.52).

Exercise 1.16 Show that the gain satisfying |Cpq(jw.)| =1 is
e

Exercise 1.17 Consider a system

1
1+ 5/30 4+ 52/900°

G(s)

a) Determine w. of G(s).
b) It is required to have a phase advance, ¢4 = 30°.
Select zero and pole of a PD (lead-lag) controller.
Determine K, so that the |Cpq(jwe)G(jwe)| = 1.
c) Draw Bode plots of G(s) and Cp(s)G(s).
d) Find the gain margin improvement in degree resulted from the PD controller.
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Solution. a) The denominator of current transfer function is

_ \/ (- (2)) () =1 (157
Thus, w. = 30.

b) Since singy = 0.5, it follows from (1.54) and (1.55) that w, = 30/+/3 and
wp = 30v/3. From (1.56), we have K, = 1/1/3. [

1.3.3 PI Controller

We consider a case in which a PI controller is installed in the unity feedback system
as shown in Fig. 1.31. The PI controller adds a pole, w; to the loop:

Cpils) = K (1+ %) . (1.58)
It consists of two subcontrollers: The proportional controller applies the same gain,
K, to all frequency components. On the other hand, the integral controller dif-
ferentiates its gain depending on the frequency: Infinite gain is applied to the DC
component. However, a lower value is multiplied to a higher frequency component.
Thus, the integral controller is effective rejecting a DC offset error, or getting a good
tracking performance in a low frequency band. Due to the ability of rejecting DC
disturbance, the PI controller is an indispensable component to most control sys-
tems. However, it causes a phase lag, reducing the gain margin. Thus, a downside
is that it increases the possibility of making the system unstable. Therefore, there
should be a compromise between a good tracking performance and a wide control
bandwidth. The Bode plot of a PI controller (1.58) is shown in Fig. 1.37.
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Exercise 1.18  Consider a first order system, G(s) = Go/(1+s/wo) with the PI
controller (1.58). Determine K, so that the open loop system Ti4(s) = Cpi(s)G(s)
has the unity gain at we. Plot |Tpy(jw)| and 1/|1 + Teg(jw)|.

Solution. For a sufficiently large w, the open loop transfer function is approximated
as Tpq(jw) =~ KpGo / (w/wp). Therefore, the desired proportional gain is K, =
wc/(Gowo). |

20dB

dB
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theorem [2], it follows that

d —st1 d —st1
lim e(t) = lim sE(s)e— = lim c = 0.
t—00 5—0 S 501 + (KpS+Ki> < 1 )

s st+a

It is interpreted that the steady state error caused by a DC disturbance can be
eliminated completely. Note further that the amount of cumulated error (error
integral) is equal to the level of the DC disturbance, i.e.,
o
K; e(r)dr =d.
t1

That is, the shaded area is equal to d. As far as e(t) # 0, the integral action takes
place until the error sum is equal to the magnitude of the disturbance. However, a
very high integral gain makes the system unstable, producing a large overshoot.

Selecting a PI Gain for Speed Control System

In this part, a guideline for selecting PI gains is presented. Fig. 1.40 (a) shows a
typical motor speed control loop, in which the whole current control block of an
inverter is represented as a low pass filter, 1 / (14 s/wjc). Thus, the current control
bandwidth is [0, w;.]. The motor with a load is simply represented by a rotating
object that has an inertia, J.

Pl controller 1¢t order filter TL  Inertial Load
Speed (current controller) l
command 1 - 1 speed
:“IIII Cf- 1 + H"lfll‘;r" _lf._, ,_,L,|=
(a)
Gain
D 4
0dB
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0, wis), [wis, Wic), and [wje, 00). Note that 1+ #= ~ “= and 1/(1 + s/wic) ~ 1 in
[0, wic]. Thus, the (open) loop gain is approximated as fffs“;i in the low frequency

region, [0, w;s). However, it is close to % in the middle frequency region, [w;, wj.)
Kp wic

Js2

since 1 + ®= =~ 1. Finally, the loop gain is approximated as in [wie, 00).

Summarizing the above, we have the following asymptotic lines:

Kpwis  (_40dB)

K 1 1 - e
J_g (1 " s/wi > (1 + 5/w; ) ~ % (=20dB),  [wis, wic)
is ic Kpwic (—40dB), [wic, 00)

Denote by wy, the frequency at which the open loop gain plot passes through
the 0dB line. Then [0, wy, ) will be the speed bandwidth. Therefore, it is necessary

to make % ~ 1 for w < wy,. Hence, the proportional gain should be selected as
K, = Jwyy . (1.59)

It is also necessary to make the zero, w;s of the PI controller much smaller than
Wpw- A common rule is to choose

Wiy = “% (1.60)

Then with the gain K, = Jwpy, and w;s = Wy / 5, the closed loop transfer function

1S
2

iS 1 w
is 1 2 : :
1+ K, (1+22) 55 $2 + Wpys + v

Thus, the damping coefficient is ¢ = v/5 / 2.

w

Exercise 1.19 Consider the speed control loop shown in Fig. 1.40 (a) with
J = 0.01 kg-m? and w;. = 1000 rad/s. It is desired to make the speed control
bandwidth [0, 120] rad/s. Determine the coefficients, K, and w;s of the PI con-
troller according to the design rules (1.59) and (1.60). Plot the step response using
MATLAB Simulink.

Solution. K, = 1.2 and w;, = 24. |

1.3.4 1IP Controller

Different types of controllers are compared in Fig. 1.42. Note that the block of ‘K’
represents a current control system and that the speed controller output is fed to
the current block as the current command, #*. The integral-proportional controller
(IP controller) is a variation of PI controller which has the proportional gain in
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60 K, =12, wis= 24

Speed(rad/s)

0 25 5

t(s)
Figure 1.41: Speed step response (Solution to Exercise 1.19).

PI1 controller

Ty
Y . l
command 1 ! _ <oend
L . X : + 1 p
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! I wl
1
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| |
' 1
-
(a)
IP controller T
Speed :— ___________ n I
command | ] o _ ] specd
A —L)— ke T (+ N »(H)— ||
.J_J - _ s ]I II‘.

__________________

Figure 1.42: Speed control loops with (a) PI and (b) IP controllers.

the feedback path, as shown in Fig. 1.42 (b). However, the location of the integral

controller is the same. The transfer functions are equal to

KiK.
PI Controller = wi () _ 2 (5 + wis)

- KiK. KiKpw;
wils) s K, | Kelo,

A | ek

IP Controller = =

T

J J

w*(S) - 82 + KthS-'— KthuJis :

(1.62)

(1.63)

Note that both functions have the same denominator, but the numerators are
whereas the PI
controller does. Let w!!(t) = L7{wl(s)} and w!P(t) = L7{w!P(s)}, where L1

different: The IP controller does not have differential operator ‘s’,

is the inverse Laplace operator. Then,
L d e
Wss dt "

(t)-

WPT(t) = wlP(t) +

T
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Figure 1.43: (a) Speed responses and (b) current commands for the PI and IP
controllers shown in Fig. 1.42.

That is, in the PI controller output the derivative, w!f is added additionally to
the output of IP controller. Therefore, the PI controller yields faster response.
However, it tends to make a larger overshoot or undershoot. Fig. 1.43 shows the
speed responses and the magnitudes of current commands for the same K, and w;s.
Note that the PI controller produces a higher current command, i* (about 5 times),
than the IP controller for the step input. Observe also that wf I has an overshoot,
whereas w,{P does not. Thus, IP controllers may be used in the speed loop to avoid

a possible current peaking.

Exercise 1.20  Obtain the transfer functions from the disturbance to the output

TWL (fs)) for the PI and IP cases shown in Fig. 1.42.

1.3.5 PI Controller with Reference Model

In the previous section, it is shown that the integral action is required to eliminate
a DC offset. But, the integral controller increases the system order. The order
increase causes more phase delay, narrowing down the phase margin. In this section,
we consider a modified form, named PI controller with reference model. 1t provides
a disturbance rejection capability without increasing the system order between the
input and output.

Fig. 1.44 shows a speed control block diagram of the PI controller with reference
model [3]. Note that the current loop is modeled simply as 1/(1 + 7,s) ~ 1. The
block diagram consists of two parts: The bottom part (dotted line) shows the
tracking control loop, whereas the upper part shows the disturbance rejection part.
It should be noted that the integral controller appears only in the disturbance
rejection part, not in the tracking part. As a result, the closed loop transfer function
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Reference Model
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Table 1.5: Comparision of transfer functions

PI with reference model Conventional PI
Tracking
wr(s) 1 s/wis + 1
wi(s) Hes? 4 s+ 1 RS+ s+ g+ 1
Dist. rejection
1 1
wr(s) Koo s(te +1) Koors s(to + 1)
a(s) RonS tmms o Tl | f T s o+l

i " Pl with reference

/

T et AL

Time (sec)

Figure 1.45: Step responses with the PI controller with reference model and the
conventional PI controller for the same gains.

Double Ratio Rule

The double ratio rule give a systematic guide to select proper gains for higher
dimensional systems. It was developed based on a damping optimum of the closed
control loop [3]. Consider a closed loop system

H(s) = y(s) _ bys™ + by_15" L+ + bis + by

w(s)  aps"+ap_1s" 1+ -4+ a1s+ ag

Make a sequence of coefficient ratios

(7% ap—1 Qp—2 ﬂ
) ) b ) )
Ap—-1 ap—2 Gp-3 ag
and assume that
(7% Ap—1 2 ay
< LK | — 1L |—
Ap—1 Gn—2 ai ao
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Figure 1.46: Bode plots of the systems with the PI controller with reference model
and the conventional PI controller: (a) for tracking and (b) for disturbance rejection.

Then the poles of H(s) are approximated as [4]

Now, we choose the controller coefficients such that the ratios between adjacent
components are less than or equal to 1/2:

ag

ap_ Apdrp—2 1
a:_i = 2 < 5 for 2<k<n. (1.65)
ap—2 k—1

This pole allocation method leads to a good command and disturbance response
without extensive calculation. This method results in a robust response, i.e., it
makes the system less susceptible to parameter variation.

For example, consider a second order system, 1 / (azs® +ays+ag). Applying the
a2

double ratio rule, (1.65), we obtain ag = 545+ Lhen the denominator is equal to

2 2 2 2
1 2 2

ey (90) o (®) | 2 2y, L (V20 (V20

2&0 aq al 2a0 \/5 al aq
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Therefore, the double ratio rule leads to a damping coefficient, { = % = 0.707,

which is desirable.
Now we apply the double ratio rule to the third order system in Table 1.5. Then

ToJ
prz?s . KPTU < l
7 \2 J T2
<pris )
J . Wizs _ JWZ'S S 1
pris Kp 2
These lead to gain selection:
J
K, = — 1.66
p 27_0_ ( )
1 2J
— = — =d47,. 1.67
Wis Kp To ( )
Note that the integral gain is equal to
J
K’i = pris = 8—7'0_2 (168)

This tells us that as the delay increases, both the proportional and integral gains
should be reduced. On the other hand, both gains can be increased as the inertia
increases. After applying the optimal gains (1.66) and (1.67), the transfer functions
turn out to be

wr(s) 1

= 1.69
wi(s) 27282+ 27,5+ 1 (1.69)
we(s) 87,5(7-5 + 1) (1.70)
d(s) 813834+ 872s2 + 47,5+ 1 '

Exercise 1.21  Consider the closed loop transfer function (1.69). Show that the

damping coefficient is ( = % = (0.707 and the phase margin is 65.5°.

This section can be summarized as

1)  The PI controller with reference model does not increase the order of the
transfer function from the command to the output. Thereby, it has lower
phase lag and larger phase margin. On the other hand, it has the same
characteristics with the conventional PI controller in the disturbance rejection.

2) The double ratio rule is a convenient rule that yields an optimum damping.
It can be used for determining the PI gains. The double ratio rule provides
us a good reference for gain selection. It gives us some insights between the
magnitude of gain and a system delay. As the delay increases, the gain needs
to be lowered. On the other hand, it tells that a high gain can be used for a
speed control system with a large inertia.
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1.3.6 2-DOF Controller

In general, PI controllers do not utilize the structural information of the plant. The
internal model control (IMC), as the name stands for, employs the model of the
plant inside the controller. The IMC combined with two-degree-of-freedom (2-DOF)
controller is shown in Fig. 1.47 [5]. The IMC utilizes a model, G(s) in the control
loop, which is an estimate of the plant, G(s). Both the plant and the model receive
the same input, and then the outputs are compared. For the purpose of illustration,
let G(s) = G(s). Due to the presence of disturbance, the outputs are not the same.
The output error is fed back to the input through the feedback compensator, Q4(s).
On the other hand, the IMC also has a feedforward compensator, Q,(s).

Feed forward k" plant with disturbance
compensator
wo t
r —Qr (5) = @T—®—{ G(s) Y
- - x+
G(s) =—@®
H E'I
Qals)

Feedback compensator
Figure 1.47: IMC structure for plant G(s) with disturbance d.

The transfer function of the whole system is

Gls)(1 = Qu()G() |,

~

1+ Qa(s)(G(s) — G(s))

(1.71)

If there is no plant model error, i.e., G = G, then

y=G(8)Qr(s)r + G(s)(1 = Qu(s)G(s))d.

The sensitivity function S and the complementary sensitivity function 7" are

s =201 (1 - Qua)E)). (172
d(s) r(s)=0

T(s) = y(s) = G(s)Qr(s). (1.73)
r(s) d(s)=0

Note that S(s) is affected by the feedback compensator Q4(s), whereas T'(s) is af-
fected by the feedforward compensator @, (s). That is, Q4(s) serves for disturbance
rejection, whereas @, (s) functions to enhance the tracking performance. Since the
sensitivity function and the complementary sensitivity function can be designed
independently, it is called the two-degree-of-freedom controller.
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+ )
s

Figure 1.48: Equivalent 2-DOF structures when @Q,(s) = Q. (s)G(s)~ L.

1.3.7 Variations of 2-DOF Structures

Ideal performances, S = 0 and T = 1 are obtained when Qq(s) = G(s)~! and
Qr(s) = G(s)~!. In this case, the controllers will be improper, i.e., they will contain
differentiators. Therefore, the ideal controller cannot be realized practically. Despite
not being perfect, it is desired to let S =~ 0 and T' ~ 1 in a low frequency range. To
resolve the problem of differentiation, we put a low pass filter @Q;,,(s) in front of the
inverse dynamics G(s)7!, i.e.,

Qr(5) = Qn(s)G(s) ™", (1.74)

where Q,,(s) is a filter that prevents improperness of Q,.(s). Thus, Q,(s) is desired
to have a unity gain in a low frequency region. A practical choice is

1

Qm(s) = (rs 4 17

(1.75)
where 1/7 > 0 represents a cut-off frequency and n > 0 is an integer. As 7 gets
smaller, the wider (frequency) range of unity gain is obtained. The order of the
filter, n needs to be the same as the relative degree of G(s). Then Q,(s)G(s)~}
turns out to be proper.

Variations of the IMC block diagram are shown in Fig. 1.48 [6]. Note that the
IMC in Fig. 1.47 is equivalent to the one in Fig. 1.48 (a). With the feedforward
compensator, (1.74), the block diagram turns out to be Fig. 1.48 (b). The controller
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shown in Fig. 1.48 (b) is the 2-DOF controller containing inverse dynamics. The
role of Q4(s) is to nullify the effects of the disturbance, d(s) in a low frequency
region. In [7], a PI controller was selected for Qq(s).

1.3.8 Load Torque Observer

- 1
Torque
COMMANG (7777777777777
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Hong and Nam([8] put an artificial delay in the input path of the load torque (dis-
turbance) observer for a system with measurement delay as shown in Fig. 1.50. It
was shown that the observer with the artificial delay showed a better performance
like a Smith predictor [9].

artificial delay

—| Qals)

Figure 1.50: A load torque observer with an artificial delay in the input path.

1.3.9 Feedback Linearization

Consider a single input, single output nonlinear system
& f(x) +ug(z), (1.77)
y = hi), (1.78)
where z e R, f : R" 5 R", g : R" > R", h : R" > R, u : [0,00) = R".
Assume that f, g, and h are differentiable infinitely. Let
"~ Oh

Lih =< dh = —
sh=<dh, f> 2 o,

fi-

Correspondingly, define for £ > 1
Lih=<dL}'h, f > .
We construct a new map 7' : R” — R"” defined by

h

Lyh
T(x) = : . (1.79)

n;l

Lf h
Let z. be an equilibrium point of f(z), i.e., f(z.) = 0. Suppose further that the
Jacobian DT (x.) has rank n, i.e.,
dh
dLsh

rank [DT'(z.)] = rank : (xe) = n. (1.80)

n;l
Lf h
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Then T is a local diffeomorphism in a neighborhood of z.. In other words, T is
a differentiable homeomorphism. When a function is one-to-one and onto, and its
inverse is continuous, then the function is called homeomorphism.

We define a new coordinate system z = T'(z). Assume further that

LgLkh =0, 0<k<n-2. L8l
LyLy'h # 0. (1.81)
Then, it follows from (1.81) that
Ly iygh Lgh
LiyiygLsh L5h
P e 1 . (1.82)
o : B
Litugl'h Lth+uLyLy~'h
Now, we choose
1
LgL;ﬁ h
Then it follows from (1.82) that
[29] [0 1 0 0] [0]
23 0 01 0 0
p=|:| = 2+ || v, (1.84)
Zn 000 --- 1
L v | 0 00 --- 0 1]

That is, through coordinate transformation (1.79) and feedback (1.83), a linear
system is obtained [10]. Let adyg = [f, g] and adfcg = [f, adl}_lg], where [f, g] is
the Lie bracket of vector fields f and ¢g. A necessary and sufficient condition for the
existence of a function that satisfies (1.81) is

{9, adsg,- - ,ad’}_lg} are linearly independent;
{9, adsg,- - ,ad;ﬁfzg} are involutive,

where involutive means a distribution is closed under Lie bracket operation[10]. An
application of feedback linearization theory to a PWM converter-inverter system is
found in [11].

Simplified Modeling of Practical Current Loop

Nowadays, most control algorithms are implemented using microcontrollers, and
thereby associated delay elements are introduced in the control loop:

i) command holder,

ii) computing cycle time,

iii) pulse width modulation (PWM) execution delay,
iv) value detection
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sl - [l [l o [
Hold element Computing cycle  PWM Controlled
(current command) (current control)  execution system

111111

Current detection

Figure 1.51: Practical current loop based on a microcontroller.

The command is refreshed every sampling period. Since the command value is held
until the next sampling period, a holding delay takes place, which is estimated about
half of the sampling period, Ts,/2, where Ty, is the current sampling period. A
computing cycle is required for current control and calculation of the PWM intervals.
Also, there is a delay in executing the PWM. Finally, a delay is required for current
sensing and A/D conversion. Fig. 1.51 shows the delay elements in the current
control loop. We sum up all the delay elements in the current loop, and denote it
by 7,. The total delay of the current loop is estimated as 7, = 1.5Ts, ~ 2T, [3].

Note further that 1 1
e = — =

€S 141,58
Hence, the total delay can be represented as a a first order filter. In the speed loop,
the current block is often treated as a first order system.

(1.85)
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Problems

1.1  Verify the vector identity.

a) Bx(VxA)=V(A-B)—(B:-V)A)
b) V- (VxA)=0
) vx(vf)=0
d) vx(vxA)=v(v A)-vV°A.
1.2 Draw the vector fields, F in the (z,y)-plane, and obtain V - F and V x F.
a) F = zi, + vi,
b) F = —yi, + =i,
c) F = (—z+2y)i, + (—2z — y)i,
1.3 Compute T = % (A x1i),. Let X = A\gip + A\giy and i = i4i; + 441y, where
Ad = Lgig + Lggqiq + Ay A\g = Lyiq + Lygiq, and Ay, is a constant.
1.4 Let f(z,y,2) = 2y?> — yz. Find Vf. Show that V x (Vf) = 0.
1.5 Verify Stokes theorem for

F = (2° — 32)i(y? — 2)jzyk

over the surface S on the plane z = 0. The boundary, 05 is defined by y = «,
y =0, and = = 1, and oriented counterclockwise as shown below:
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1.6

1.7

1.8

(1,2)

0 1 @

Derive the following for a vector, A and a scalar function, f in cylindrical co-
ordinate:

10(rA,) 1044 n 0A,
r or r 0¢ 0z

2p _ 10 (0F\ 10 0
vilo= ror \"or +r28¢2+822

V.A g

Consider an infinitely long cylindrical conductor of radius R. Assume that the
axial center is aligned with the z-axis and that current I flows with current
distribution J(r) = ar for 0 < r < R, where « is a constant, and r is a radius
of an orthogonal disk centered at the z-axis.

a) Calculate the magnetic field B, for 0 < r < R (inside the conductor).
b) Calculate the magnetic field B, for » > R (outside the conductor).

c) Plot B, as a function of r.

Consider a coaxial cable shown below: The radii of the outer coil are a and
b. In the inner coil, current I flows from the left to the right, while the same
current flows in the opposite direction in the outer wire. Using Ampere’s law,
find the H field for each region below:

a) r<a

b) a<r<b

c) b<r

d) Assume that a material with permeability p is filled in the region of
r < a. Derive the inductance per unit length.
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1.9

1.10

1.11

1.12

REFERENCES

&

Consider N —turn circular conductor loop with radius 1 centered at the origin
in the = — y plane. Suppose that magnetic field is given by
B = By(exp(2? + y?) — e) sin(wt)i,, where w is the angular frequency.

a) Derive the flux linkage of the circular loop.
b) Find the EMF induced in the loop.

R
j@g any

X

Let ¢(t) = (3t —2,t 4+ 1) for 1 <t < 3 be a parameterization of a wire. The
density of the wire at point (z,y) is given by f(x,y) = = + 2y. Compute the
mass of the wire.

Consider a single phase transformer that has the turn ratio of Ny : Ny =
2400 : 240. It operates at f = 60 Hz. When R; = 0.75 , Ry = 0.0075 €,
X1 =109, X;p =0.01 Q, X,,, =50 €, draw an equivalent circuit referred to
the primary side. Also draw the phase diagram when the primary voltage is
440 V and a 0.5 2 load is connected to the secondary terminal.

An infinitely straight conductor carrying current I is placed at x = s to the
left of a rectangular coil with width a and length b. Assume that the straight
conductor moves to the right over the loop. Find the mutual inductance of
the system for 0 < s < ¢, ¢c < s < c+a, and s > ¢+ a. If the conductor
traveling speed is 10 m/s, find the induced voltage on the loop.
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b () voltmeter

|
T
0Dls c i

1.13 Consider a DC motor with r, = 0.5 Q, K; = 0.4 Nm/A, and K; = 0.4 Vs/rad.
Assume that the maximum armature voltage is v"** = 120 V.

a) Determine the motor speed when the load torque is 77, = 8 Nm.

b) Suppose the back EMF constant is reduced to Kj = 0.3 Vs/rad under
the same load. Recalculate the speed.

1.14 Consider a system

- 10000
© $24 285+ 10000

G(s)

a) Determine w, of G(s).
b) It is desired to advance a phase by 20°, i.e., ¢g = 20°.
Select zero and pole of a PD (lead-lag) controller.
Determine K, so that the |Cpq(jw.)G(jwe)| = 1.
c¢) Draw Bode plots of G(s) and Cpq(s)G(s).
d) Find the gain margin improvement brought by the PD controller.

1.15 Consider a DC motor with the following parameters: r, = 0.5 ), L, = 12 mH,
K; = 1.8 Nm/A, K, = 1.8 Vs/rad, and J = 0.1 kg-m?. Then the current
loop transfer function with a PI controller, K, + K;/s is

K; 1 K K; K
L(s)  (Kp+ i 7.5t T, . Tst wy,
Ii(s)  1+(K,+ %)La;ﬂ«a s2 + %s + L% 5% + 2Qwps + wi

a) Determine the proportional gain, K, such that (w, = 1000. Also,
choose K; such that overshoot of the step response is about 10%.

b) The current loop is approximated as

Ia(s) Low? s+ 1 1

I (s) w%52+2i5+1 - 2%5%—1.
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Refer to the speed loop shown in Fig. 1.40 (a) and use the approximate
current model. Given we = 1000 rad/s, determine the speed loop gain
by utilizing (1.59), (1.60) and wpy, — w1 = 3 (w2 — Wpy).

c¢) Draw the Bode plot of the speed loop with the gains obtained in b)
and determine the phase margin.

1.16 Consider a DC motor with r, = 0.2 Q, L, = 500 pH, K; = 0.1 Nm/A,
J =0.01 kg - m?, and B = 0.01 Nm - s.

a) Determine current I-gain, Kj;. so that the current control bandwidth
is 200 Hz.

b) Using MATLAB Simulink, construct a current control loop as shown
below. Plot the current response to current command and adjust cur-
rent P-gain, K, so that the overshoot is less than 10%.

c) Add the speed controller and determine K5 and Kj, so that the
speed loop bandwidth is 20 Hz and the step response does not have an
overshoot. Plot the speed response with the step speed command.

d) Show disturbance rejection performance via speed response when a
step load torque, 77, = 30 - us(t — 0.2) is applied.

— — BN e x, 1" 1 0,
e e e B e e ’I.f;"y My /\Overshoot 10%
:u::-ln e ——— T Smin_ F il 10
<0
=T % 60
e e e E
=" Kb s =2
admond - O 40
i et -
20
e
[ 0
0 0005 001 0015
. el - t[sec]
[rewn L Froid .
Frum Spaod Tl "{}

(=R ]

ram1 -,

1.17 Consider the speed loop transfer function, (1.64). Suppose that the propor-
tional gain is selected two times higher than the one in (1.66), i.e., K, = J/7,.
At this time, w;s changes correspondingly. Determine the damping coefficient
and the phase margin.

1.18 Consider a standard second order system:

1 B 1 B 1
I+ 242 14202 +5 1+ +

wow2 Que

82’

2
wC
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1.19

1.20

w2

where w, = /wows and @ = % = i—g = /%2, Derive the following relation
between @ and the phase margin ¢,,:

Q= M or Om = tan~! H— '14_4@2
sin ¢, \ 2Q4

Consider Fig. 1.48 (a). Let

Determine A(s) € R?*2.

Consider a load torque observer for the system with measurement delay shown
in Fig. 1.50. Let G(s) = G(s) =1/(Js+ B) and Qq(s) = 1/(1 + as).

a) Determine the closed loop transfer function, Ty (s) /T (s).

b) Repeat the same when the artificial delay is not present in the input
side.

c) Approximate e~ " ~ 1 — 7y4s. Discuss from the stability viewpoint
why the observer with the artificial delay is better compared with the
ordinary one.
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Chapter 2

Rotating Magnetic Field

Most rotating electrical machines have cylindrical air gaps. A traveling magneto
motive force (MMF) can be generated in the air gap when multi-phase sinusoidal
currents flow through the multi-phase coils. Since the coils are confined in the slots,
the MMFs have quantized levels. The MMF harmonics are analyzed by Fourier
series. The voltage, the current, and the flux of the three phase system can be iden-
tified with some rotating vectors in the complex plane. Interestingly, the direction
of the flux vector coincides with that of real flux. Coordinate transformation maps
are defined, and illustrated with examples.

Figure 2.1: Stator coil winding of a small induction motor.

57
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2.1 Magneto Motive Force and Inductance

A photo of a stator winding is shown in Fig. 2.1. The stator is constructed by
stacking punched steel sheets and then inserting coils into the slots on the stator
core. Figs. 2.2 (a) and (b) show a section of a cylindrical machine and its a cut and
stretched view, respectively. It is assumed that the number of coil turns per phase
is Npp. Though Fig. 2.2 (a) depicts a two pole machine, the theory can be extended
to p pole pair machines. When the air gap diameter is D, the pole pitch is defined
as 7, = mD/(2p). Note that the core stack length is Iy, the gap height is g, and
the angle, 8 = T—Zm is taken counterclockwise from the horizontal axis, where x is a
space variable.

Stator core

Rotor core ‘
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The square MMF is expressed as

4 Nppl 1
F(z) = = ph Z - <sin yz) cos ylx, (2.3)
T 2p — v 2 Tp
4 Nppl 1 1 1
= -~ COSE.YJ——COS?)E%—I——COSE)E.%'——00872.%'4---- (2.4)
T 2p Tp 3 Tp ) Tp 7 Tp

Obviously, the square function contains infinitely many harmonics. It will be shown
later that only the fundamental component is used for torque production. The other
high order harmonics act as the source for various loss and noise-vibration. Fig. 2.3
shows the fundamental component and a partial sum up to 7th order. Here it is
worth remembering that the scaling factor, % is common to all components, and

the rest harmonic coefficients decrease after 1, —%, %, —%, e

&
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Note here that the winding factor k,, is used to reflect the coil pitch and distribution
factors. The winding factor is treated in Chapter 11.

Since
3 s 2
cos(—x)dr = —. (2.7)

_ Tp T

2v

the flux per pole is equal to
7 2 w4
e gm P

2v

Since the flux linkage per pole pair per phase is equal to A = %kwq)(t), the
fundamental component of phase voltage is

d 2 4 kN,
Voh = _Ep)\ = W;Tplstg_;% wp L \/_Irms sin wt (2.9)

Therefore, the rms value is Vi, (ms) = wito 2 4 Tpl“ k2 N2 v Lrms-
The fundamental component of phase 1nductance is obtained from Vpp(rms) =
wLpslrms. Therefore, the phase inductance is

4 7,1 w2
Lms = po—s ZLE2N?, = *

T2 g p

k:2 N2, (2.10)

It is useful to note that the inductance decreases as the pole number increase when
Ny, is fixed.
To calculate high order inductances, consider the full expression of (2.3). Then,

By(x,t) = ,LLOF(;U’t) = ;Bmg(y) cos(yj—px) cos wt, (2.11)
where
Bgi ) = S8 20 oy (212)
Note also that » ,
" cos <1/1m> dy = =2 (2.13)
_ Tp v

2v

The flux corresponding to v*"* harmonic is

2 4 kywy N,
t) =l / Brng()(x)da = szst“o (

Vph
21, t. 2.14
297 12 p V2lrms cosw (2.14)

Therefore, the v** order harmonic inductance for a single phase is given by

2
4 mplst kw( ) AT2
2 Dy 2 ph -

Lms(l/) = Ho— (215)
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Exercise 2.1  Estimate the phase inductance of a uniform air gap machine with
the following specifications: p = 4, N,;, = 24 turns, D, = 172 mm, k,, = 0.95,
g = 0.8 mm, l;; = 120 mm.

Solution.

40172 x 7 0.12
2 8 4 % 0.0008

Lpps = 47 x 1077 x x 0.95% x 242 =671 (uH). ®W

2.1.2 Inductance of Three Phase Uniform Gap Machine

leakage flux

only for
self inductance

7 N
(( )
N 4

leakage flux
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a a
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neutral point ® ®
a a



2.2. ROTATING FIELD 63

e, Ny(0) = % sin . Note that the sum over a half period is equal to the number

of phase winding, [ % sin 0df = Npp,.
Consider an MMF, F,(0) at an angular position, § when the a-phase winding
conducts. It is an a-phase MMF to the direction of e/?. Then

1 m+60 N 1

F,(0) == / ZPh in0do ) - iy = —Nphiq cosb. (2.22)
2 \Jp 2 2

Note that the sinusoidal coil distribution yields a perfect sinusoidal MMF, as shown

in Fig. 2.6 (b) [1]. In the three phase machine, coils are displaced by 120° from one

another. The MMFs to the direction of e/? excited by i, and . are

1 . 27
Fb(H) = §Nphlb COS(9 - 3) (2.23)
F.(9) = %Nphic cos( — 4%) . (2.24)
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Utilizing the cosine law, it follows that

1
cos 6 coswt = 5 (cos(0 + wt) + cos( — wt)),

2 2 1 4

cos(0 — —W) cos(wt — —W) = — | cos(0 + wt — —77) + cos(6 — wt) |,
3 3 2 3
4 4 1

cos(f — —7T) cos(wt — —7T) = — | cos(f + wt — 8—7T) + cos(f — wt) | .
3 3 2 3

Note the identity
4 2
cos(8 + wt) 4 cos(f + wt — ?ﬂ) + cos(f + wt — ?77) =0  forall t.

This implies that the component sum that rotates clockwise (negative sequence) is
equal to zero. Therefore, it follows that

Faum(0,1) = % nI cos(8 — wt). (2.29)

This is a traveling wave equation. For example, consider a case of observing the
MMEF at a moving position, # = wt. Then, the MMF looks constant. It is interpreted
as an MMF that rotates counterclockwise (positive sequence) at the electrical angu-
lar speed, w. In summary, a traveling MMF can be obtained by applying balanced
three phase current to sinusoidally distributed three phase windings [1].

2.2.1 Rotating Field Generation by Inverter

Fig. 2.7 shows the flux lines when only 4., i, or i, flows. The arrow indicates the
direction of flux vector, by which the current vector direction is also set. That is,
the direction of the current vector is identified with that of flux. For example, the
axis of a-phase current is determined by the direction of outgoing flux from the rotor
that would be created by the a-phase current flow. Applying the right hand rule the
current axes are easily determined. Fig. 2.7 shows flux lines and the corresponding
current vector directions.
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time. The inverter consists of three switching arms. The two switches in an arm are
cannot be turned at the same time. If the upper switch is on, ‘1’ is assigned to that
arm. Otherwise, ‘0’. Then, nontrivial switching states are (1,0,0), (1,1,0), (0,1,0),
(0,1,1), (0,0,1), and (1,0,1). Depending on the switching states, the magnitude and
direction of phase currents change. It is assumed that the impedance of phase coil
is the same. Thus if i, = I in the (1,0,0) switching state, the current splits at the
neutral point such that i, = —I/2 and i, = —I/2. The current vector sums are
shown in Fig. 2.8. It shows that a rotating field can be generated by a sequence of
switching states. To make a smooth rotation, pulse width modulation is necessary.

Current

-1/2

Current
vectors \

- A~ K
- CHGRORINDRC,
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Figure 2.9: Two phase stator windings and their MMF wave forms.

consider here only the space harmonics which are caused by winding cluster in the
stator slots. Recall from (2.4) the square MMF is expanded as a Fourier series:
4 Ni,

Fa(e) ; 9

1 1 1
[cos@—§00830+gcos56’—?cos70---] . (2.30)

Since the b-phase MMF is shifted by %’r,

4 N1t 2 1 2
Fy0) = ;¥ [cos(e —5) 5 cos3(0 3”)
1 2 1 2
+gcos5(0—%)—;cos?(@—%)—i—--- ] . (2.31)
Note that
cos(30 —2m) = cos(36)
10 4
cos(b — —m) = cos(50 — _7r)
3 3
14 2
cos(760 — ?77) = cos(70 — ?ﬂ)
Thus,
4 Niy T 1 1 47 1 27
F(9) =~ R S - B Sl T
»(0) - {cos(@ 3) 3005(36’) +z cos (50 3 ) 7005(70 3 )+ ]
Since the c-phase MMF is shifted by 4?”, it follows that
4 Ni 4 1 1 2 1 4
F.(0) =~ ;c {cos(e - ?”) — 5 cos(30) + = cos(50 ?”) — = cos(70 - ?”) +- ] .

Suppose that balanced sinusoidal currents are applied, i.e., i, = I coswt, i =
I cos(wt — %’r), and i, = I cos(wt — %ﬂ) We take the sum of the same harmonic
order: Fyymn) = Fun) + Fpn) + o) for n =1,3,5,7,-- -, where the subscript ‘(n)’
denotes the n' harmonic component. First, note that the sum of the third order

components is equal to zero:

4 NI 2 4
Foum@) = 3.3 (cos(wt) + cos(wt — ?ﬂ) + cos(wt — %)) cos(30) = 0.
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Likewise, sums of the multiples of three are equal to zero; Fyym@e) = Foum(9) =
Fyum(2) = -+ = 0. Now consider the sum of the 5% order components:
4 NI 4 2
Foumz) = e (cos 56 cos wt + cos (50 — §7r) cos(wt — ?ﬂ)
2 4
+ cos(b8 — =) cos(wt — _7r)>
3 3
4 NI3
It turns out to be a constant when 6 = —%wt. It means that the 5'*-harmonic
component rotates clockwise at % speed of the fundamental component. Thus, it is
referred to as negative sequence. Similarly, the sum of the 7% order components is
equal to
4 NI3

It is a positive sequence that rotates at 1/7 speed of the fundamental component.
The total sum is

4NI3 1 1
Foum = ) cos(wt — 0) + gcos(wt—k 50) — ?cos(wt —70)+---

Generalizing the above, it follows that
i) (v —1 = 6m) : positive sequence

ANI 3
- — cos (wt — vf), v="7,13,19,--- (2.34)
v 2

F —

sum(v)

ii) (v + 1 = 6m) : negative sequence

ANI 3
Foum) = 55 0 (wt + v8), v=>5,11,17,--- (2.35)

iii) (v = 6m — 3) : zero sequence

Fsum(u) = O, V= 37 9, 15, 21--- (236)
Note that the MMF spectra need to be obtained from the discrete-time data in

many cases. The discrete-time Fourier series formula for an N-periodic signal, z[n]
is given by

N1

z[n] = cped Nk (2.37)
k=0
| N2 .

& = W z[n]e I N, (2.38)
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Figure 2.10: Square MMF and harmonics: (a) Phase MMFs and (b) MMF sum.

Fig. 2.10 shows the harmonic spectra for square MMFs. The results were calculated
by using Excel based on (2.38). Each phase MMF contains multiples of third order
harmonics. But they disappear in the MMF sum. It is an attribute of general three
phase systems.

Exercise 2.4 Let F/(f) = cosf — % cos 30 + % cos 50 — % cos 76. Sample 101 points
and make a sequence, z[n] = F(n5) for 0 < n < 100. Using Excel spreadsheet,
find ¢;’s for 1 < k < 20 and plot them.

Summary

e The coil needs to be distributed sinusoidally. Practically, the MMF contains
substantial amount of space harmonics due to the slotted structure of stator
core. However, they can be minimized as the slot number increases.

e If balanced sinusoidal three phase currents are applied to a sinusoidally dis-
tributed coils, then the rotating field has a single speed component. But with
the space harmonics, many positive and negative sequences are generated.

2.3 Change of Coordinates

The current vector is defined in the complex plane so that its direction matches with
the outgoing flux from the rotor. Then the flux is visualized by a current vector.
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2.3.1 Mapping into Stationary D() Coordinate

If a periodic three phase current satisfies i,(t) + ip(t) + ic.(t) = 0 for all ¢ and
max |i4(t)] = max |ip(t)| = max |i.(¢)], then the current is said to be balanced. Since
iq(t) +ip(t) +1ic(t) = 0 acts as a constraint, and it takes away one degree of freedom
from the three variables. Thereby, a balanced three phase current has only two
degrees of freedom, and it can be mapped into the complex plane uniquely as shown
in Fig. 2.11. For general use, definitions are stated in terms of f = [f,, fy, fe|*. Note
that f can be current, voltage, or flux vectors. Define a map from R? to C such that

2]
s | igs 2 j2m 4n
=fatil; = §|:fa+e]3fb+€J3fc

A RS IRy R AN XY

Note that % is multiplied to retain the same peak value after mapping. With the
matrix representation, it follows that

s 1 L _171|/a
A2 4 4

For example, consider a case, where [fa, fp, fo]T = [coswt, cos(wt — ), cos(wt —
497, Th
3 )] en,

2 4
=fitify = [Coswt +el% cos(wt — ?ﬂ) LT cos(wt — _W)]

3

wWinNn Wi

[;(ejwt eIty 4 ;ej 5 (eIt )) +e J(wt——))

%ej% (eIt=5) 4 ej(wt@?))]

213 . 1
_ =z _ejwt+ ( fjwt_i_e J(wt— )+6 J(wt— )>
312 2
=0
= /% = coswt + jsinwt. (2.41)

Note that negative sequence components are summed to zero. The map sends
three phase AC current [coswt, cos(wt —2F), cos(wt — 4T)] to a rotating vector e/*!
in the complex plane. Note again that the peak values do not change under the
transformation. To denote the stationary frame, the transformed variable is marked
with the superscript ‘s’

Exercise 2.5 Using Excel spreadsheet, compute (v, v;) corresponding to the
phase voltages of a six-step inverter: (vg, vp, v¢) = (1, —1/2, —=1/2), (1/2, 1/2, —1),
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™ = r:-'i rt

.2 Pa ax 7
r=2 [f FIPRL o I

[ fa cos{wt) o wt
. — - o
T | = | coslw! - ‘;{] : ’ Mapping into the complex plane A
L fe cos(wt — %)

Figure 2.11: Mapping of a three phase vector into the stationary d — ¢ frame.

(=1/2, 1, -1/2), (-1, 1/2, 1/2) (—=1/2, =1/2, 1), and (1/2, —1, 1/2). Draw v and
v, versus time, and vj + jv, in the complex plane, C.

Solution.

15
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transformation is equivalently written as

2

2
t=rfo+ify = g[facos<9+fbcos(9— 3

) + fecos(f + 2%)]
—]% [fa sinf + fpsin(f — 2%) + fesin(f + 2%)] . (2.44)

Thus in the matrix representation,

[fi] _ 2 [ cos 6 cos(f — %’r) cos(6 + %ﬂ) ] fa

fe) T3 | -sind —sin(@ — %) —sin(0 + &) ﬁ : (2.45)
It is decomposed equivalently as
] fa
f9] | cos® sinf| 2|1 —% _%
{fqe ~ | —sinf cosf| 3 |0 @ _§ ;b : (2.46)

Since the vector appears as a constant, such a transformation simplifies the AC
dynamics, gives physical insights, and enables us to establish a high performance
controller. It is a transformation into the rotating frame. Since the frame is assumed
to rotate at the same speed of a vector, it is called synchronous frame. Alternatively,
it is also called reference frame or exciting frame. Vectors in the rotating frame are
denoted with superscript ‘e¢’. The inverse map is obtained as

fo = Relf)
fy = TRe(e?5 ) (2.47)

27

fo = Re(5F).
where Re(-) means taking the real part of a variable in parentheses.
Exercise 2.7  Let [fy, fy]T = [coswt, sinwt]T. Show that f¢ = 1 when 6 = wt.
Solution. Utilizing (2.41), we obtain f¢ = e 7f% = ¢ 77070 = 1. [

Exercise 2.8 Consider the current (2.42) that has 5 order harmonic compo-
nent. Draw the current waveform in the synchronous reference frame.

Solution.

Exercise 2.9  Show that f, = Re(f%).

Solution. £ =2 | fo = §(fy+ fo) + 55 (o — fo)| = fa+ 5 (fo — fo). u
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Note that
1 L _1
2 2 T3
T(O) =310 @ _g )
3l 1
V2 V2 V2
which coincides with the matrix in (2.48). Note further that
cosf sinf 0 1 —% _%
T(0) = |—sinf cosf 0 3 0 @ _g
0 0 1 4 1L 1
V2 V2 V2
=RE) —T(0)

(2.51)

where R(6) is a matrix which represents the rotation of the coordinate frame by 6.
That is, map T(#) consists of two parts: One is a map from the abc-frame into the
stationary dg-frame. The other is a map from the stationary frame into the rotating

dg-frame.
The inverse map is calculated as

cos 6 —sin6 %
T 19) = |cos(§—2F) —sin(f—2F) %
_cos(@%—%’r) —sin(9+2%) %
Hence,
[ 1 0 %
T = |3 % %
1 V3 1
|72 2 2]

Similarly to the case of forward transformation, T~! can be decomposed as

F 0 %_
cos —sinf 0
T109) = |-3 @ % sinf cosf 0
0 0 1

1 V3 1

|72 2 2] =R(-0)
=T-1(0)
It should be noted that 5
T-19) = 5TT(e)

Formulae for coordinate changes are summarized in Table 2.1.

(2.52)

(2.53)
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Exercise 2.10  Show that R(f) is a unitary matrix, i.e., R(6)~! = R(0)7.

s

g "

Exercise 2.11  Using the matrix formulation, determine [v5, v3]T and [0S, vy
T

corresponding to [vg, vy, ve]T = [cos 6, cos(f — %71'), cos( — %W)]

Solution.
[ 1 1 cos
Vd = 2 L =5 =3 cos( —2—”)
v 30 & 3 &
4 w2 2 ] |cos(f — )

| DN

_ —COSH—%COS( —21) — Lcos(f — 4F) _ |cosd

@cos(ﬂ—%)—?cos(@—%“) sinf|
vg| cos) sinf| [cosf| |1 -
v |—sinf cos@| |sinf| [0]

2.3.4 Power Relations

W

In the three phase system, power is defined as the sum of individual phase powers.
The voltage and current vectors are denoted by Vepe = [Ua, U, ve]?T and igpe =
[ia,ip, )" . Let V0 = T(0)[va, vy, v] and ig,0 = T(9)[iq,ip,i]". Then, power is
equal to
P = V5 igpe = Vaiq + vyip + Veic
(T_lvqu)TT_liqu
T —1\Trp—1:
- quO(T ) T Ldq0

3 1.
= VhoOTT)T g

3 .
= §qu01dq0

3 . . .
= i(Udld + vgiq + voio)

3, . .
= 5( did + Vglq) - (2.54)
In the above calculation, the relation, T~ = %TT was utilized. The last equality
follows when either vy = 0 or 79 = 0. Note that the factor, 3/2 in the transformation
map (2.50) also appears in the power equation.

Power Invariant Transformation Matrix
A different power-invariant, right-handed, uniformly-scaled Clarke transformation
matrix is defined as
5 cosf  cos(f — %) cos(f + =&
T(0) = \/; —sing —sin(6 — ZF) —sin(@+ )| . (2.55)
1 1 1
V2 V2 V2
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Table 2.1: Formulae for coordinate changes.

Forward ( abc = dq ) Inverse ( dg = abc )

Complex variables for stationary frame

s

2 2 _2m fa cam
3 Ja(t) + €73 fi(t) +e77 3 fe(t) fo| =Re| |5
fe ej%ﬂfs

Complex variables for rotating frame

fa e'f
eI [fult) + & F (1) + I (1) fi| =Re | |0+ )E
fe IO+ g

Matrices for stationary frame

1 -1 1 10 5
2 2
210 B _.3 1 V3 L
3l 1 2 Y I
V2 V2 V2 T2 T2 B
Matrices for rotating frame
s —g] 1
cos 0 co§(0 — 272) co§(0 + 272) 00562 . sm@2 e
2|~ 811D9 - sm(? —-5) - s1n(91 +5) cos(0 — 2?”) —sin(f — 2%) ?
2 2 7 cos(0 + %) —sin(f + %) %
Then its inverse is given as
cos 6 —sinf %
100y — TT(0) — 1/ 2 _2my g 2my L
TH(0) =T (0) = /3 |cos(0@ — ) —sin(0—5F) 5| . (2.56)
cos(6 + 2%) —sin(6 + 2?”) %

Note that T(6) is unitary. Now let Let Vo = T(6)[va, vy, ve)" and izqo = T(0)
[ia,ip,ic]T . However, with this definition, we obtain a power invariant relation

. ~T il = NT - o
P = v i = vz;qT (0)T(0)igg = Vaiq + Vgiq - (2.57)

That is, no scaling factor appears in the power relation. However, the magni-
tude of a vector is not preserved with T(6) for a sinusoidal wave. Specifically,
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max{i,} # max{ij} and max{i,} # max{%é} with the transformation, T(0). In-

stead, max{i,} = \/gmax{gfl}. But along with the definition (2.50), we have
max{i,} = max{iy} and max{i,} = max{ij} which is very useful for checking the
correctness of the transformation in experiments.

2.3.5 Transformation of Impedance Matrices

In the transformed coordinates, inductance appears differently. The change is com-
puted via matrix manipulation. Later, the same result is derived using the complex
variables.

A. Resistance
Consider a simple three phase resistor load: Vape = Tigpe, Where igpe = [ia, iy, c]”
and Vape = [Va, vp, ve]T. Let

vflqO = T(e)vabm
where i, = [ig, iq, i0]? and Vg0 = [Vd, Vg, v0]T. Then,
Va0 = T(0)Vape = 7T (0)igpe = 7ig, -

The resistor, being a scalar, is invariant under the coordinate change.

B. Flux Linkage and Inductance

Consider a three phase inductor shown in Fig. 2.17. It has three legs of equal reluc-
tance, and three phase coils are wound around them. Note from the core structure
that a major part, L,,si, of a-phase flux flows through the legs of b and ¢ phases.
At this time, some leakage takes place around the a-phase coil, and its amount is
denoted by L;si,. Therefore, a-phase flux produced by a-phase current is given by
Ao = (Lms + Lis)iq, where L,,s and L;s denote the mutual and leakage inductances,
respectively. On the other hand, b-phase current also contributes to the a-phase

flux generation in such a way that A\, = —%Lmsib. Similarly, c-phase contribution
s Ay = —%Lmsic. Considering all these contributions, we have the same inductance

matrix and flux relation Agpe = Lgpelape. The inductance model is the same as (2.16)
of the uniform air gap machine. However, the leakage inductance of a transformer
is much smaller than that of a rotating machine, since the transformers do not have
the air gap.

Let Agyo = [Ads Ags Ao]T. Then,

dq0 = T(0)Xave = T(0)Lapeiape = T(H)Labchl(H)iflqO = Lagigqo- (2.58)

Thus,
Ly, = T(0)La. T (6). (2.59)
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1 .
-5 Limsie

L’J(J..'ﬂzll'?

U\J\)}

Figure 2.17: Three phase inductor.

When Lgp. is a constant matrix, it is sufficient to use T(0), instead of T(0). It

follows from (2.

59) that

Ly, = T(0)Lep. T(0)

1

_2 0

=3 0

V2
Lls+%
= 0
0

_% T2 Lls + Lins _%Lms _%Lms \9_ V2
? _f _%éms Lis ;”LLms L_%Lms _% 73 %
/2 V2 —54ms —3g4tms 1s T Lins —% —@ %
Lns 0 0
Lis+32Lys 0| . (2.60)
0 Ly

Note that (2.59) is a similarity transformation and it yields a diagonal matrix [14].

Derivation Using Complex Variables

In this part, the same result is derived using the complex variables. Applying the
definition of flux, (2.16) and (2.17) into the mapping rule (2.39), we obtain

s
dq —

2 or om

- [Aa(t) + eI F N () + e’J%AC(t)]
2
3

. 1 1 .
|:(Lms + Lls)Za - §Lms7lb - 5Lmszc

i2m 1 . 1 .
+e’73 { - 5Lmsla + (Lms + Lls)lb - §Lmslc}

2
21,3 1 1
[(

_j2m 1 . 1 . .
+e 78 { - iLmsla - _Lmslb + (Lms + Lls)lc}:|

3 _Lms + Lls - _Lms)ia - _Lmsib -

2 2 2 Lmsic

1
2
e 1o 3 1 o1,
+el73 { — 5Lmsla + (5Lm5 + Ljs — §Lms)lb — 5Lms7lc}
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_j2m 1 ) 1 ) 3 1 .
+e 773 { - §Lmsza - §Lmszb + (§Lms + Lls - §Lms)zc}:|

2,3 . 2w _i2m 1 1 1 .
= § (iLms + Lls)(za + el’s 1 te 773 Zc) - §Lmsza - iLmszb - §Lmszc
i2m 1 . 1 1 .
+e'7s { - §Lmsla - §Lmslb - §Lmslc}

_j2m 1 .1 1 .
+e 73 { - §Lmsla - §Lmslb - ELmslc}:|
3 2 j2m _jm . .s
= S Lms 1s)5\la T € pTE€ lc) = Lisly,, .
(2L +L)3( +el iy +e i) = Ly, (2.61)

where Ly = %Lms + Lis and ij, = i + jig. Note that (2.61) is identical with the
2 x 2 submatrix of (2.60).

C. Voltage Equation

Fig. 2.18 shows a single phase equivalent circuit of a 3-phase LCR circuit. Note
that vy = (Uas,vbs,vcs)T is a 3-phase voltage source, and iy = (ias,ibs,ics)T, ip =
(iaf,ibf,icf)T, and i; = (ial,ibl,id)T represent 3-phase currents flowing through
inductor, capacitor, and resistor, respectively. The voltage equations are given in

'U'Ir'

I ! if'l i;
Vs 69 T =0y lgm.

Figure 2.18: LCR circuit with a 3-phase AC source.

the abe-frame such that
dig 1

= —(ve—vy), 2.62
R POl (2.62)
de 1 . .
—L = (i, —1), 2.
7~ gt (2.63)
. Vyf
= —. 2.64
= (2.64)

Then, voltage equations (2.62)—(2.64) are transformed into the stationary dg-frame
such that

dij 1
gs
dt L_f(vfsiqs ~ Vdas): (2.65)
dvy 1, .
dtqf = C—f(1qu - lflql)7 (266)
Vfqu

= gt (2.67)
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Note that

—jwt dlzqs — efjwti
dt dt

e (ejwtefjwtiflqs) _ efjwt% (ethiflqs)

—jwt [ jwtse jwt digqs - e diflqs
= e 7 jwe g, + € ) = Iwigs + TR

Therefore, the voltage equations are transformed into the synchronous reference
frame such that

) (2:68)
dt qs Ly qs af/
av§ 1
o . .
dtq +jwvgr = C—f(lzqs — igg), (2.69)
ve
5 = é‘l—‘if. (2.70)

Fig. 2.19 shows a block diagram based on (2.68)—(2.70).

1
{7 f2

Figure 2.19: Block diagram of an LCR voltage equation in the synchronous refer-
ence frame.

2.4 PI Controller in Synchronous Frame

To implement the field oriented control, coordinates should be changed two times:
First, the current vector should be changed from the abc to the synchronous dg
frame. Then the command voltage vector is computed based on the PI action. Sec-
ond, the voltage vector should be transformed again into the abc frame. Fig. 2.20
shows the current controller involving coordinate transformations. The question
here is what the controller looks like if it is seen from the stationary frame. Specif-
ically, the PI controller in the synchronous frame is interpreted in the stationary
frame.
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by = oo
bl + By ; B By Vids Vg

+ DY abc

dq

—3f
SR L PR
e abc

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Synchronous reference frame

Figure 2.20: Current controller implemented in the synchronous reference.

This part is mainly based on the works of Zmood and Holmes [4],[5]. Consider
the transformation of stationary current error ejj, e; into the error ej, eg in the

synchronous frame.

[eg] _ [ cos(wt) sin(wt)] [eg] _ [ cos(wt)e + sin(wt)e; ]

eq —sin(wt) cos(wt)] |e; —sin(wt)ey + cos(wt)ey |

The signal passes through a controller whose impulse response is h(t). Then the
controller outputs appear as the convolution, Ax. Further, they are transformed
back into the stationary frame:

[vg] _ [cos(wt) —sin(wt)] [ h x (cos(wt)e) + h * (sin(wt)ey) ]

vy sin(wt) cos(wt) | |—h* (sin(wt)e)) + h* (cos(wt)ey)

cos(wt)[h  (cos(wt)ey)] + cos(wt)[h * (sin(wt)e; )]
+sin(wt)[h * (sin(wt)ey)] — sin(wt)[h * (cos(wt)ey )]
= : (2.71)
sin(wt)[h * (cos(wt)ed)] + sin(wt)[h * (sin(wt)e; )]
— cos(wt)[h * (sin(wt)ey)] + cos(wt)[h * (cos(wt)e;)]

For convenience of notation, we let

fi(t) = hx(cos(wt)ey),
fa(t) = hx(sin(wt)ey).

Utilizing the fact that cos(wt) = (e/“! + ¢77%!) /2 and sin(wt) = (e/*t — e9%1) /27,
and the frequency shifting property of Laplace transformation, we obtain

[Ea(s + jw) + Eg(s — jw)]

N |

Fi(s) = L{hx(cos(wt)ey)}} = H(s)-

|~

[Eg(s + jw) — Eg(s — jw)],

Fy(s) = LA{hx(sin(wt)ey)}} = H(s)- ;

[\)
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where H(s) = L(h), Ej(s) = L(e}), and E;(s) = L(ej). Therefore,

L{cos(wt)[h * (cos(wt)e))]} = [F1(s + jw) + Fi(s — jw)]

1
2
i [H (s + jw) Ej(s + j2w) + H(s + jw) Ej(s)

+ H(s — jw)E;(s) + H(s — jw)Ej(s — j2w)]

£ {sin(wt)[h  (sin(wt)ed)]} = % [Fa(s + jw) — Fa(s — jw)]

= —i [H(s + jw)Ej(s + j2w) — H(s + jw)Ej(s)
— H(s = jw)Eq(s) + H(s — jw)Eg(s — j2w)] .
Then the d—axis part of the first component of (2.71) is equal to
L {cos(wt)[h * (cos(wt)ey)|} + L {sin(wt)[h * (sin(wt)ey)] }

2
S [H (s + ) + H(s — ju)] i)

Similarly, it follows for e, that

L {cos(wt)[h = (sin(wt)ey)]} — L {sin(wt)[h * (cos(wt)ey)]}

_ _2ij H (s + jw) — H(s — juw)] E3(s).

For the I-controller, H(s) = £, therefore, it follows that

Vils) = L) -
— SH(s + )+ H(s = w)) Ei(s) = 5+ H(s + jw) = H(s = jw)] E5(s)

2 2j a
K; 1 1 K; 1 1
= = S — | B3(s) — — — — — | By (s)
2 |s+jw s—jw 27 |s+jw s—jw| ¢
KZ‘S Kiw
T8 —|—w2ECSl(S) T2 +w2E;(S)'

The I-controller in the synchronous frame appears as a resonant controller with
the rotating frequency of w. That is, the I-controller in the synchronous frame has
infinite gain at DC, whereas the corresponding controller in the stationary frame has
infinite gain at the rotating frequency, w. For the PI-controller H(s) = K, + K; / s,
it follows that

K+ KZ‘S Kiw
Vi(s) Prg? 4 w2 52 + w? E(s)
- . (2.72)
Ve (s) Kiw Kis E3(s)
q _ K q
52 + w? Pt E e

The resonant controller discriminates the error signal depending on the frequency: It
applies infinite gain to the spectral component of w. That is, the integral controller
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sl et |'-.'.1
VT 1 Ed [ l l !':.l - . "
eq— [ coswl  sinat | 1Pk [ coswt  sinut | i
' . | ey v, . R
e _» —sinwt  CoSut I s | —Sifwt CoSu s
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T3 .2 Kpt 5 boZ

Figure 2.21: Transformation of a PI regulator in the synchronous frame into the
stationary frame. Block (a) is equivalent to block (b).

is highly sensitive to the ones that would appear as constants in the synchronous
frame. Fig. 2.21 shows an equivalence. The pioneering work for this transformation
is shown in [5].

Exercise 2.12
Show that
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Problems

2.1 Consider an inverter with two arms and a three phase motor. The necessary
condition for the current balance among the three phase windings is
Van — Usn Ubn — Usn Usn

z "z Tz Y

where Z denotes the impedance of the phase windings. Assume that ¢ phase
current is equal to —%2 = coswt. Find vy, and vy, such that a rotating field

Z
is made.
Q Qs
Vie/2 =R K} K}
[y
h
T, M g \ N
Q; Q,
Vi /2 A= 'K}
Three phase load

2.2  Consider a one period of a double layered, concentrated winding motor shown
below. Assume that both side edges are identical.
a) Sketch the MMF when i, = I and i, = i, = —1/2.
b) Express the MMF in Fourier series and plot the magnitude of harmonic
components up to n = 13.

2.3 Consider the following rectangular and step waves. Both of them has the same
period, 0.1 sec. Obtain sampled data x[n] based on sampling interval, AT =
0.001 sec. Using (2.37) and (2.38), calculate Fourier series coefficients, ¢ for
k=0, ---,20. Plot the spectra of the two waves up to 20th. Compare the
spectra, and discuss the effects of the zero interval provided at each transition.

1
0.05

(a)

1
| | 0.06 0.09 |
0 0.01 0.04 | I 0.11
-1




REFERENCES 85

2.4 Let
Vo (t) 100sin(1207t) + 15sin(3607t)
w(t) | = | 100sin(1207t — 27/3) + 15sin(360¢)
ve(t) 100sin (1207t — 47/3) + 15sin(3607t)

Using Excel spreadsheet, a) plot v, (t), vp(t), and v.(t) for 0 < ¢ < 0.05;

b) plot v3(t) and vg(t) for 0 <t < 0.05;

c¢) Compare max{va( )} with max{vy ()}, and discuss the benefit of adding a
third order harmonic component.

2.5 Consider a three phase current:

iq coswt — 5 cos 3wt + 1 ? cos dwt — 7 cos Twt
ip| = |cos(wt — 2F) — 1 cos 3(wt — —) + 7 cos b(wt — ?) - %cos 7(wt — 2F)
ic cos(wt — %’r) 3 cos 3(wt — —) + & cos 5wt — ?) — 7 cos T(wt — %ﬂ)

a) Transform [ig(t), iy(t), ic(t)]T into the stationary dg-frame, and plot the
locus of [i5(t), i5(¢)]7 in the complex plane;

b) Transform [i5(t), i5(¢)]T into the synchronous reference frame, and plot
[i5(t), i(t)]T versus t.

a
i5
g

2.6 Assume U € R™™" is a unitary matrix. Show that det(U) = +1, where det(U)
denotes the determinant of U.

2.7 Suppose that 0 is defined differently as the angle between the ¢ and a axes as
shown below: Based on this definition @, find the transformation map T.

b

c
2.8 Consider a five phase system in which five MMFs are

Ni Ni 2
MMF, = 21“ cos 0, MMF, = # cos(0 — %),
Ni 4 Ni 4
MMF, = “eos(d— L),  MMF; =% cos(0+ 1),
2 5 2 5
Ni. 2
MMF, = —*cos(0+ g)

Obtain a current set which makes the MMF sum rotate synchronously with
the electrical speed, w, and the MMF sum.
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2.9 Consider the following d-axis voltage pulses in the synchronous reference
frame. Transform [i§(2), i%(t)]7 back into the abe-frame.

1NN

4

'|E'. 4
e

-

2.10 Derive (2.60).

2.11 Using the complex variable, transform the following rotor PM flux linkage
into the stationary d — ¢ frame:

Ao sin 0
Ao | = U |sin(0 — 27/3)
A sin(f + 27/3)

2.12 (Continued from Exercise 2.12 Draw MATLAB Simulink block diagram based
on Fig. 2.19. Apply v, = 50us(t) + 50us(t — 0.005), and vy, = 0, where
us(t) is the unit step function. Obtain current response i; = [iq, i, 5¢]7 for
0 <t <0.01 sec in the stationary frame.



Chapter 3

Induction Motor Basics

An induction motor (IM) can be understood as a polyphase transformer with short-
ened and freely rotating secondary winding. It generates torque based on the elec-
tromagnetic induction. The amount of induction is proportional to the speed slip
between the stator field and the rotor. An IM can therefore work without an elec-
trical connection to the rotor. Thus, brushes and commutator are not necessary.
Therefore, IMs require minimum maintenance and are robust against mechanical
shock and vibration. Furthermore, IMs are made of inexpensive ordinary materi-
als like iron, copper, and aluminium. In addition, IMs can be driven by the grid
lines. Therefore, they are widely used in industry and domestic appliances; blowers,
pumps, cranes, conveyer belts, elevators, refrigerators, traction drives, etc. In fact,
90% of industrial motors are IMs. In this chapter, basic IM operation principle is
illustrated using an equivalent circuit model, and the torque speed curve is derived.
Various torque profiles are studied with regards to the rotor slot shape. The Hey-
land diagram and variable voltage variable frequency (VVVF) control are briefly
reviewed.

3.1 IM Construction

The IMs are classified according to the rotor winding types. One type is squirrel
cage IM and the other type is wound-rotor IM. The squirrel cage is named after
the rotor conductor shape: Looking at rotor conductors only, two circular end
rings are connected with multiple straight bars. The rotor circuit is isolated, not
requiring any connection to an external circuit. The benefits include relatively
simple construction, cost efficiency, and robustness. Almost 95% of the induction
motors are squirrel cage. On the other hand, the wound-rotor IM requires a slip
ring to connect various external resistors. The external resistors are required to give
high starting torque. Nowadays, use of wound-rotor IM is gradually reduced as the
inverter applications are widened.

Fig. 3.1 shows states of stator core assembly: slot liner insertion, coil winding,
and fitting into a housing. The stator and rotor cores are made by stacking sil-
icon steel sheets which are optimized for high permeability and low conductivity.

87
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Through the stator slots, copper coils are wound.

However, the rotor circuit is constructed by aluminium die casting or copper
bar brazing with the end-ring. Fig. 3.2 shows a photo of an IM rotor. Cooling fins
are often casted on the aluminium end ring.

(a) (b) (c)

Figure 3.1: Stator core assembly: (a) slot liner insertion, (b) coil winding, and (c)
fitting into a housing.

Cooling fins  Die casted aluminum  End ring

\ through slots l

Figure 3.2: Photo of an assembled IM rotor.

Aluminium casting: Aluminium cast is most commonly used in low voltage
motors. This kind of construction is relatively simple and cost effective for manufac-
turing. The rotor slot shape is a critical factor in determining the starting torque,
breakdown torque, efficiency, etc. A greater variety of shape design can be achieved
with aluminium casting. However, the slot profile must secure a solid casting with-
out cracks or voids which are a main cause of the breakage of rotor bar. Figs. 3.3
show photos of (a) rotor section after casting and (b) die casted end ring.

Copper brazing: Copper bars are welded to copper end rings by high frequency
induction brazing or argon welding. In general, copper bars are used for high power
or high speed motors. During starting, excessive heat is generated in the short
circuit state with a large slip. Then the rotor bars are heated unevenly between
upper and lower parts. This causes a bar bending, giving a severe stress to the joint
between the bar and the end ring. Compared with aluminium, copper has lower
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(a) (b)

Figure 3.3: Aluminium die cast: (a) rotor section after casting and (b) die casted
end ring.

coefficient of expansion (23% less), higher tensile strength (300% stronger), and
higher conductivity (160% higher). Obviously, high conductivity means low heat
generation and high efficiency. Lower thermal expansion and high tensile strength
are very desirable properties for high rotor durability. Fig. 3.4 shows a photo of a
joint section between the copper bar and the end ring after brazing.

Figure 3.4: Joint section between copper bar and end ring after brazing.

3.2 IM Operation Principle

Fig. 3.5 illustrates the torque production principle of IMs [1]. The rotating stator
field is modeled as a pair of rotating permanent magnets (PMs). The secondary
circuit is shown as a squirrel cage. Suppose that the PMs are turning counterclock-
wise while the cage conductor remains fixed. We consider Loop 1 and Loop 2 over
which the PM field slides. As the PM flux decreases in Loop 1, a clockwise loop
current is induced to counteract the decreasing flux. In other words, the induced
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current adds more flux to the decreasing flux. The reverse phenomenon occurs in
Loop 2. As the PM flux increases in Loop 2, current is induced counterclockwise
to counteract the increasing flux. As a result, current flows from right to left in
the middle bar of the two loops. Applying the left hand rule, we will see Lorentz
force acting on the conductor bar to the left. Then, the bar tends to move to the
left following the motion of the PM. It illustrates why a non-ferromagnetic material
such as copper or aluminium follows the motion of the PMs.

Note, however, that when the cage rotates at the same speed as the PM, no
torque is generated. In this synchronism, the flux linkage does not change, thus
inducing no current. In summary, the torque is developed proportionally to the slip
speed, which is a speed difference between the stator field and the rotor.

Magnet moving direction

Loop 2
Flux Increasing;
Current flows
S0 as to oppose to
the PM flux increase.

Loop 1
Flux Decreasing;
Current flows
so as to oppose to
the PM flux decrease.

Rotational
direction

End Ring

Figure 3.5: Torque production on the squirrel cage circuit.

3.2.1 IM Equivalent Circuit

An IM can be considered as a special three phase transformer. IMs have primary
and secondary windings on the cylindrical core structure as shown in Fig. 3.6. But,
the IMs have the following differences:

1) IM cores have cylindrical shapes, while transformer cores E-I types.
2) IMs have an air gap, while transformers do not.
3) IM windings are distributed over the air gap,
whereas transformer windings are concentric.
4) The IM secondary winding is always shortened.
5) The IM secondary core and winding are allowed to rotate.

Since the air gap has large reluctance, IMs have larger leakage inductance than
transformers. Thus, the IM has a lower power factor than the transformer. The
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secondary winding is always shorted, but rotating. As a result, the current is limited
as long as the slip speed is not excessive.

- -
= =

End ring

conductor
Primary Secondary
winding winding

Air gap

S~ -
o -

- -
s~ _--2-==

Figure 3.6: Induction motor as a rotational transformer with an air gap.

In the P-pole machine, the synchronism is done if P/2w, = w,, where w, and w,
are rotor shaft and electrical speeds, respectively. It is because P/2 pair of coils are
distributed over the periphery of a geometrical circle. Thus, one revolution of rotor
faces P/2 electrical periods. The relative speed between the flux and mechanical
speeds is referred to as slip speed, wyg = we — gwr. It is the field speed seen from
the rotor frame. The normalized speed difference is defined as the slip:

o= we = (P/2)r. (3.1)
We
At the synchronous speed, the rotor and the field speeds are the same. As a result,
no current is induced in the rotor bars, therefore no torque is developed. Torque
is only available if the rotor lags behind the magnetic field. If the rotor speed is
higher than %we, then the IM goes into regeneration (or braking) mode.

Denote by rg, 7, Ljs, Lj-, and Ly, stator coil resistance, rotor coil resistance,
stator leakage inductance, rotor leakage inductance, and magnetizing inductance,
respectively. Also denote by I, I, and V, stator and rotor phase (rms) current
vectors, and stator phase voltage vector, respectively.

At zero slip, s = 0 no secondary current is induced. The other extreme is when
the slip is equal to one, s = 1. It is a case of shaft lock. When locked, a large current
flows similarly when the secondary winding is shorted in a normal transformer. Such
a current variation can be described by setting the second resistance as .. / s. A per-
phase model of IM is shown in Fig. 3.7. It is a copy of transformer model with the
shorted secondary circuit by a slip dependent resistor, *=. Note that no induction
at the synchronous speed, s = 0 is well justified by the open circuit with = = oo.
Rigorous mathematical derivation will be studied in Chapter 4.
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Figure 3.7: Steady state per-phase equivalent circuit of IM.

Based on the T-equivalent circuit, the IM dynamics are described by
(s + jwelis)ls + jweLin(Is + 1) = 'V (3.2)
r . .
(5 + jweLip)lr + jweLm(Is + L) = 0. (3.3)
All the power in the secondary side is transferred via the air gap. Thus the air gap

power is identified with the secondary power. It is divided into two parts, secondary
copper loss and else:

— S

1 1
Fag =3 s = 3L fPr, 4 3|L[*r, (3.4)

Rotor copper loss Mechanical power

It is interpreted that the remaining power is converted into mechanical power.

A Sankey diagram for IM power flow is shown in Fig. 3.8. The losses are divided
broadly into copper and iron (core) losses: The copper loss means the conductor
losses of the stator and the rotor. The core loss, often called iron loss, consists of
hysteresis and eddy current losses. The eddy current loss, resulting from the time-
varying magnet field, is often reflected as a parallel resistor, r. as shown in Fig. 3.7.
Stray load loss is mainly the AC loss of the coil caused by skin and proximity
effects. Mechanical loss is comprised of windage and friction losses occurring due to
air resistance and bearing friction. Typical motor loss components are summarized
in Table 3.1 [2].

Table 3.1: Induction Motor Loss Components.

Motor Horsepower
Type of Loss 25 HP | 50 HP | 100 HP
Stator copper loss 42% 38% 28%
Rotor copper loss 21% 22% 18%
Core losses 15% 20% 13%
Friction and windage losses | 7% 8% 14%
Stray load losses 15% 12% 27%

Exercise 3.1 A three phase, four pole IM draws 55 kW real power from a 3
phase 60 Hz feeder. The copper and iron losses in the stator amount to 4 kW.
Neglect friction and stray losses. If the motor runs at 1740 rpm, calculate
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Figure 3.8: Sankey diagram for IM power flow.

a) the airgap power.
b) the rotor loss.
c¢) mechanical power.
d) the efficiency.

Solution.

a) P,y =55 —4 =51 (kW).

b) s = (1800 — 1740) /1800 = 0.033. Thus, 3|I..|*r, = sP,y = 1.683 (kW).
¢) Py, = (1 —8)Pyg = 49.3 (kW).

d) The efficiency is equal to 49.3/55 = 0.9.

3.2.2 Torque-Speed Curve

The rotor current should be calculated to obtain torque, since the IM torque is

equal to

P, 1-
T,=""= 3‘17"’2ﬂ.

Wy SWy.

(3.5)

To simplify the calculation, the IM equivalent circuit is often modified as shown
in Fig. 3.9: The magnetizing inductance L, is shifted to the source side with the

s Ln'.‘s "r‘f'."

WY
I.-
Vs @ % L ' ﬁ Tr

Figure 3.9: Modified equivalent circuit for IM.
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assumption that the voltage drop over the stator leakage inductance and resistance
is relatively small. Note that the magnetizing inductance is much larger than the
leakage inductance. Specifically, the leakage reactance jw.L;s is about 5% or less of
the magnetizing reactance jweL,, in IMs.

The rotor current, I’ of the modified circuit is calculated as

V.| |
s+ ) 4 W2(Lig + Ly )?

| = (3.6)

From the definition of the slip, it follows that ﬁ = 1w—_rs Hence, utilizing (3.5) the
electro-magnetic torque is calculated such that [3]
P3r, Vsl

T, = : (3.7)
T Zswe (ry+ ) w2(Lys + L)

For small slip, i.e., s & 0, torque equation (3.7) is approximated as

T A~ Bﬁ‘vsp ~ ?’P‘VSPS'

AR WeS (%)2 - 2Wer,

(3.8)

In a small slip region, the torque is linear in s. Hence, the torque curve appears as
a straight line near s = 0. On the other hand, when s ~ 1, (3.7) is approximated
such that
~ P3r, V|2

2 swe (rs + Tr)z + wg(Lls + Llr)z .

T. (3.9)

It is a parabola equation in s. Fig. 3.10 (a) shows a typical torque—speed curve
of IM. It can be sketched as a glued curve of (3.8) and (3.9). Fig. 3.10 (b) shows
that the stator current as a function of slip. Note that the current rise is steep near
s = 0. Normally, the rated slip is in the range from s = 0.01 ~ 0.05. Note also
that the stator current at locked state (s = 1) is about several times larger than the
rated current.

Exercise 3.2 A three phase, four pole IM for a 440 V (line-to-line) 60 Hz power
source has the equivalent circuit shown in Fig. 3.11 (a). A modified circuit is also
shown in Fig. 3.11 (b). Utilizing MATLAB, draw the torque-speed curves based on
the two circuits. Check the differences near s = 0 and 1.

Solution. See Fig. 3.12. The torque is larger with the modified circuit, since
II/| > |I|. But the differences are especially small near s = 0. Hence, the modified
circuit is sufficiently accurate for practical use. |

Exercise 3.3 An IM operates with a load at 1750 rpm when connected to a 60 Hz,
220 V, 3 phase AC source. Assume that the load torque is constant independently
of the speed. Calculate the shaft speed if the source voltage is increased to 250 V.
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Figure 3.10: Steady state characteristics of an induction machine: (a) torque-speed
curve, (b) stator current versus slip.

rs=0.1 Ls=3mH L =3mH r=0.1 Le=3mH L, =3mH
—VW\—"™" AN
Q v, Lo ” Vs & € L_=150mH R
254V, 60Hz 150mH 0.25/s é%‘:'\;« m 0.25/s

(@) (b)

Figure 3.11: Equivalent circuits of an induction machine: (a) original equivalent
circuit and (b) modified circuit (Exercise 3.2).

Solution. It follows from (3.8) that the slip is inversely proportional to the square
of the voltage. Hence,

220 * 220\ *
lip at 250) = (slip at 220) | — ] =50 — | =387 .
(slip a ) = (slip a ) <250> X <250> rpm

Hence, the operation speed is 1800 — 38.7 = 1761 rpm. |
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Figure 3.12: Torque—speed curves based on the equivalent circuits shown in
Fig. 3.11 (Exercise 3.2).

3.2.3 Breakdown Torque

The peak value of the torque curve is called the breakdown torque, since it is the
torque at the boundary between the stable and the unstable regions. It will be
shown later that the motor cannot be operated steadily in the left region of the
torque maximizing slip, s,,, while it works well in the right region. Thus, the
high slip range, s, < s < 1 is called unstable region, whereas the low slip range,
0 < s < sy, is called stable region. Generally, torque reduces in the high slip range,
Sm < s < 1, while current increases. The reason is that the reactive impedance
increases rapidly with s.

The breakdown slip and torque are available from % =0
Ty
Sm = , (3.10)
" \/Tg + wg(Lls + Llr)2
3P V|2

(3.11)

Tinaa Awe \/12 + W2 (Lys + Liy)2 + 15
Normally, the breakdown torque of a machine is three or four times higher than the
rated torque.

Fig. 3.13 (a) shows a group of torque-speed curves for different rotor resistances.
Note from (3.10) that the breakdown slip, s,,, increases with r,., but from (3.11) that
the breakdown torque is independent of r,.. That is, the breakdown torque remains
the same for different rotor resistances. On the other hand, note that the motor
with a larger rotor resistance has a higher starting torque. For this reason, some
IMs are designed to have large r, intentionally for some applications that require
high starting torque. Further, note from Fig. 3.13 (b) that the three different
motors require about the same level of currents for the same torque. However, the
operation speed is low when the rotor resistance is large. Thereby, the mechanical
power, P, = T, X w; is low for the same current, i.e., the IM efficiency drops as the
rotor resistance increases. It is caused by the large secondary ohmic loss, TTI;,Q.

Exercise 3.4 Consider an IM with parameters listed in Table 3.2. Find the
slip, s required to produce T, = 80 Nm for different secondary resistances, r, =
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Figure 3.13: (a) Torque and (b) rotor current curves of an IM for different rotor
resistances.

0.16, 0.32, 0.64 €. Find also efficiencies for the three cases using n = T, X w, /
(BIV[[L]).

Table 3.2: Parameters of an example IM .

Rated power 10 hp (7.46 kW)
Rated stator voltage 220 V (line to line)
Rated frequency 60 Hz

Rated speed 1164 rpm

Number of poles P=6

Stator resistance, r; 0.29 Q

Stator leakage inductance, L;s | 1.38 mH

Rotor resistance r, 0.16 ©

Rotor leakage inductance, L;. | 0.717 mH
Magnetizing inductance, L, 41 mH

Exercise 3.5 A three phase IM produces 10 hp shaft power at a rated speed,
1750 rpm, when it is connected to a 220 V (line-to-line), 60 Hz line. The IM
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parameters are rs = 0.2 Q, Lj; = L;, = 2.3 mH, and L,,=34.2 mH. Determine
the rated torque, rotor resistance, and rotor current (I,). Sketch the torque-speed
curve.

Solution. T, = Py, /w, = 10x 746/(1750/60 x 2) = 40.73 Nm. Slip s = 50/1800 =
0.0277. Tt follows from (3.8) that

3P|V4|? 3 x4 x 1272
_ _ 0.0277 = 0.175 €.
T T, C T 2% 37T x 4073
127
| = — 18.87 A. m

/(0.2 +0.175/0.0277)2 + 3772 x 0.00462

Exercise 3.6  Consider a three phase IM listed in Table 3.2. Determine 1) rated
slip, 2) rated current, 3) rated power factor, 4) rated torque, and 5) breakdown
torque.

Solution.

. . . . o 1200—1164 _
1) The synchronous speed is equal to 1200 rpm. Thus, s = 55— = 0.03.
2) Since r,./s = 0.16/0.03 = 5.33 €,

(5.33 + j0.28);15.46
5.33 + j(15.46 + 0.28)

= 4.61 + j1.84.

Thus, the total impedance is equal to
(0.29 + j0.52) 4 (4.61 + j1.84) = 4.9 + j2.36 = 5.44/25.7.

The phase voltage is equal to 220/\/§ =127 V. Thus,

127

I,=—— =233/ —25.7° (A).
5 5.44/25.7° 3.3 5.7 (4)

3) PF = cos(25.7°) = 0.9 (lagging).

4)
Ll = /(029 + 5.33)12277L Omzrome A
T, rated = 3 X % x 22.32 = 63.3 Nm.
5)
Ty =~ 127 — 189.8 Nm. n

4 % 377 \/0.292 + (0.52 + 0.28)2 + 0.29
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Exercise 3.7  Using MATLAB Simulink,

1) plot the torque-speed curves for the IM listed in Table 3.2. Repeat it
for different rotor resistances: r,. = 0.32 2 and 0.64 Q.

2) determine the breakdown torque for the 3 cases.

3) determine the slip, s and the secondary current, I, for the 3 cases
when the shaft torque is 80 Nm,

4) determine the efficiency for the 3 cases when 7, = 80 Nm.

3.2.4 Stable and Unstable Regions

The speed is determined at an intersection between motor torque and load curves
as shown in Fig. 3.14. Here the stability means the ability to restore the speed when
the load torque changes. Otherwise, the operation point is said to be unstable. The
stable and unstable regions are separated by the breakdown slip line. IMs have the
restore function if s < s,,.

Speed restoring capability is illustrated below: When the load increases, the
speed drops. It makes the operating point A move to A’. Then, the slip increases
with torque. Due to the increased motor torque the speed increases. This restores
the original point, A. On the other hand, when the load decreases, the speed
increases. Thus, A moves to A” reducing the slip, as well as the torque. Thus,
the operating point returns to the original point, A. Because of this capability, the
region including A, A’, A” is called stable region.

Torque

Larger load

Smaller load

T T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0 -0.2

Slip
Unstable Stable
region region

Figure 3.14: Stable and unstable regions.

However, on the left hand side of the breakdown torque, the situation is com-
pletely different. If the load increases to point B, then the speed drops. When the
speed drops, torque is reduced. As a result, the speed drops more. When this pro-
cess is repeated, the speed eventually drops to zero. Therefore, a stable operation
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cannot be realized in s,, < s < 1. This region is called unstable. The stability of an
operating point can be determined by the slopes of the motor and the load torque
curves, i.e., if (%) X <§%> < 0, then the point is stable, and otherwise unstable,

where T}, is the load torque.

3.2.5 Parasitic Torques

It was shown in the previous section that high order MMF harmonics are generated
due to the quantized levels. Recall from Chapter 2 that high order fields caused by
MMF harmonics travel at reduced speeds. The synchronous speed of harmonics is

Wep = —, (3.12)

where v = —5,7,—11,13,—17,19---. The minus sign in the harmonic number
signifies the negative sequence. When the rotor speed is w,, the slip for #** harmonic
is
P
wey - iwr o we/l/ - (1 - S)CL)e

L= - —1—-v(1—s). 3.13
sy = o v(1 - s) (3.13)

Thus the slip which makes s, = 0 is given by

1
=1 = 3.14
s=1-- (3.14)

Therefore, the synchronous slips of 5* and 7** harmonics are s5 = 1 — }5 =1.2 and
s7=1— % = 0.86, respectively. The 5" 7th parasitic torque and their sum with
the fundamental component are depicted in Fig. 3.15. If the 7% harmonic torque is
appreciably high, the motor sometimes crawls at a low speed [10]. To reduce such
harmonic effects, slot numbers of stator and rotor should be properly selected, and

the rotor or stator core needs to be skewed.

and

Torque
N

Parasitic torque

Slip 1.2 0.857 0

Figure 3.15: Parasitic torque caused by 5" and 7** MMF harmonics.
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3.3 Leakage Inductances

The stator flux is expected to cross the air gap and enclose the rotor conductors
(bars), building a flux linking. However, not all flux lines create such a complete
linking, i.e., a small portion returns to itself without enclosing a rotor conductor.
Fig. 3.16 is a finite element method (FEM) simulation result when the stator current
flows. Most stator flux passes through the rotor core, making a linking with rotor
bar. However, some flux returns to the stator core directly without making a link.
Such flux is called leakage flux, and the associated inductance leakage inductance.
It does not contribute to the development of torque or EMF, just adding reactive
power. As can be seen from (3.11), the breakdown torque decreases as the leakage
inductance increases.

Figure 3.16: FEM simulation result of leakage flux lines.

Obviously, the leakage field increases as the air gap height increases. Due to the
air gap, IMs have large leakage inductances compared with transformers that do
not have an air gap. The leakage also depends on the slot shape. For example, it is
even larger if the rotor slot is closed. Furthermore, it increases as the pole number
increases. Therefore, high pole (greater than 6) IMs are rarely made.

Slot Leakage Inductance

Leakage field takes place around the slot, since the slots are normally deep and
narrow. Consider a straight slot shown in Fig. 3.17. Assume that the coils are laid
evenly, and that the number of conductors in the slot is Ny;. Assume further that
the permeability of the core is infinite, so that H = 0 inside the core. [ is the current
flowing through each conductor and bg; is the width of the slot. Many loops for line
integral are shown in Fig. 3.17. Note that more conductors are enclosed inside the
loop as the vertical height, y increases. By the Ampere’s law, the horizontal field
density, By (y) increases along with y.

Nslji
bsl hsl,

Ba(y) = poHs = po 0<y< hg. (3.15)
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Baly)
o
Bt

b Al

Figure 3.17: Slot leakage inductance.

It follows from Fig. 3.17 that the field energy stored in a slot is equal to

1 9 le(hsl)
Wsl = §lesl = bsllst/ Hsl(y)stl(y)
le(o)

hst N2 T2 y 2 Ry
= byl / sl <—) dy = polgy—=N21?,
HoOsibst o bgl hay Ho st3b5l sl

where [ is the stack length. Thus, we have the slot leakage inductance as

h
Ligs = 2polst—= N2, (3.16)
3bsl
Exercise 3.8 Consider a slot in which coils are filled partially as shown in

Fig. 3.18. Show that the slot leakage inductance is equal to

h h
Ligs = 2polst (i + Sl2> NZ.

3bsl bsl

— — Baly)
hsr
BERnnl| .- N N
S --o->-----[Eeet R
%bmf%
i

Figure 3.18: Slot leakage inductance (Exercise 3.8).
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Solution. According to Ampere’s law,

Y
H(w) _ Ibar hisllbsl’ 0< y < hsll
Ibarmv hsll <y < hsll + hsl2-
Thus,
2up [t 2410 2
Ligs = IT H(y) bsilsedy + ITH(hsll) bsilsthsio
bar 70 bar
2u0 [T N2 Tyory\ 2 210 N2 I7
— #/ sl < bary> lstdy+ # sl barhleZst- |

Ibar 0 bsl hsll Ibar bsl

End-turn Leakage Inductance

Fig. 3.19 shows a coil end turn and leakage field around it. Various methods to
calculate end turn leakage inductance were suggested [7]-[13]. Hanselman [13], for
example, simplified the end turn geometry as a half circle to obtain the end turn

inductance: ) JF
HoTp N TpV/ T
Leng = | 3.17

where Ay is overhang area, 7, is the coil pitch, and NNV is the number of coils.

Stator |< i -

core

End turn
Figure 3.19: Coil end turn and leakage field.

3.3.1 Inverse Gamma Equivalent Circuit

Since the secondary circuit is shorted, it is possible to merge the leakage inductances
into one without loss of information [8]. Let the leakage coefficient be defined by
L7,

LyLs

c=1

(3.18)
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Define by Ly = Ljs + Ly, and L, = Lj. + L, the stator and rotor inductances,
respectively. Then (3.2) and (3.3) are rewritten as

Vi = (rs+ jwels)Is + jwe LI, (3.19)
0 = (T—s’“ + jwe L), + jweLpls . (3.20)
Replacing I, from (3.19) by utilizing (3.20), it follows that

1+ jsweo Ly /7y
"1+ jswely/ry

ZSEV

— =g+ jweL (3.21)
I

Further, (3.21) is modified as

1/o + jwesLy /7y
1+ jwesLy/ry
(1 —0)jweLs

1+ jwesLy /7y’

jweLz, /Ly

1+ jwesLy /7y’

2 2
T_er 1 Lin

s Ly JWeT2
[ 2 A V-
s L2 + JWe Ly

Zs = Ts4 jweoLy

= T +jwegLs +

= 75+ jweoLs+

= rs+ jweoLs+ (3.22)

We can infer from (3.22) that Z is comprised of

series impedance Ts + jweo L
. ry L2 o L2
arallel impedance —.C We—2.
P P sz | e

On this basis we have an equivalent circuit as shown in Fig. 3.20. Note that the
total leakage inductance appears in the stator side. It is named inverse gamma
equivalent circuit, because the inductance elements are arranged similarly.

s mlig
ANNN—"
I, = Vs o )
V. @ T e gl % L L
j'_.,. L;g &

Figure 3.20: Equivalent circuit with o L.

Recall that torque is equal to zero at zero slip. The zero slip current is the
magnetizing current, and equal to

\

_. 3.23
T's +]weLs ( )

Is|s:0 =
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The no-load current is mostly reactive since ry <« welLgs, and amounts to % ~ %

of the rated current. The ratio of no-load to rated current decreases as the motor
power rating increases. Note however that the ratio of reactive current increases
as the pole number increases since L., is inversely proportional to p as shown in
(2.20). In the case of eight pole IMs, the ratio of no-load to rated current is % ~ %.

When the rotor shaft is locked, large current flows since the slip is equal to one.
It is called starting current, locked current, or short circuit current. It is considered

here that r. + ry <« woLs. Then,

Vs,
JoweLs .

L., = (3.24)
Once again, the current is mostly reactive. Therefore, it follows (3.23) and (3.24)
that

Li(s=1) 1

— . 3.25

Is(s=0) o (3:25)
The locked current is % times larger than the no-load current. Since ¢ = 0.1 in
general case, the locked current would be 10 times larger than the free running
current.

3.4 Circle Diagram

The circle diagram is the graphical representation of IM performance based on the
machine’s voltage and current relation. Since L;,., L;s < Ly,, the leakage coefficient
is approximated as

o=1- ! ~1— L %Llr+Lls (3.26)
(14 )(1 + =) 14 Ligthi L,
Then the breakdown slip is approximated as
Ir ORI SR | SN (3.27)

Sy = ~
\/T‘g + wg (Lls + Llr)z \/ ng'QLgn weo Ly TrWeO

where 7, = L, /r, is the rotor time constant. Let r; = 0 for convenience of compu-
tation. Then, the stator current is obtained from (3.21) and (3.27) such that

1452
I, =T, "Cm 3.28
s s0 1 +]i ( )
where Iy = jcsts is the no load current at s = 0 [9]. Equation (3.28) is transformed
into
I+ 1-0l-Jj3=
I, = I - s
20 200 1 +]£
I, () 1=y |’1_J£’ 2 e (3.29)
= — e s/sm .
O\ 20 20 U142
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1|

Note that o = 1 and

1_35—4(1 s+ = 241+ ) = =2

1+ ]j J Sm J Sm J Sm ¥
where p = tan~! (ﬁ) Therefore, (3.29) reduces to

1 1-— ; 1- .
L—To (%) = — 2072 = =T gl m20), (3.30)
20 20 20

Equation (3.30) states that the locus of I for —oo < s < oo is a circle centered at

Loo4t2 with radius 122 |L|.
Let V; be a real number. It can be drawn in the vertical axis of complex plane
as shown in Fig. 3.21. Note that the vertical axis is the real line and the horizontal

axis represents the imaginary numbers. At zero slip, the current is purely imaginary,

since I = —7 wVLS . Therefore, it is drawn in the horizontal axis.
€ S
e 5 increasing
/\
W

§ = 0
s . j Lo I
f 14+« o
Lo = Wy 05,
i'l.i.-'|'.[-_-:

Figure 3.21: A circle diagram for IM with r; = 0.

The second important point is a tangential point between the current contour
and a straight line from the origin. It is the point of the rated operation and we
denote by s = s, the rated slip. The power factor (PF') angle is specified by the
angle between the voltage (vertical axis) and the current vectors, i.e., ¢ = £V — /1.
Thus, the minimum PF angle ¢,,;, is obtained at the rated condition. In that case,
it follows that ¢ = 2¢ = 2tan~!(s/s,,) from the geometry of the right triangle
(solid line). Therefore, the maximum PF is given as

1—0
PFmax = COS ¢mzn = 1—|——0' (331)
Further, it follows from (3.31) that
. NG
Sy ¢m2n Sin Gpin 1+o
- = tan — = = ag. 3.32
Sm 2 1 + cos Pmin 1+ 1o \/_ ( )



3.4. CIRCLE DIAGRAM 107

Applying (3.27), we obtain that

1
TrWe /T

That is, the rated slip, s, decreases as the leakage increases. Further, it also follows
from (3.28) and (3.32) that

Sy A

2
Sr
ey VTR
- N (3.33)
| Lso] 1+(8_r)2 Vo
Sm

This implies that the ratio of rated current to magnetizing current increases as the
leakage decreases [9]. For example, |Is(s;)|/|Is0| = 3.16 when o = 0.1, which means
that the rated current is three times larger than the magnetizing current.

Exercise 3.9  Derive (3.33) using the property of the right triangle in the circle
diagram shown in Fig. 3.21.

Solution.

l1+o0 2 1—0)\? I

Exercise 3.10 Consider a three phase IM listed in Table 3.2. Determine the
following values or approximations: a) leakage coefficient o, b) the minimum power
factor, c) rotor time constant, d) rated slip, e) no load current, and f) rated current.

Solution. a) g = 4LTTX4238 1 — (052, b) oS Prin = 270952 — ().9;

41717 v 1 17 00
) LU = 3472 (4). n

3.4.1 Torque and Losses

Since mechanical power F,, is equal to T, - wy, it is zero when either torque or speed
is zero, i.e., s = 0 or s = 1. The two operating conditions are marked by ‘N’ and
‘Q’ in Fig. 3.22, respectively. The line NQ signifies the zero power line. The current
at infinity slip is marked by ‘R’. Note from (3.7) that torque is equal to zero when
s = oo. The straight line NR connecting two zero torque points is called the zero
torque line.

Draw a vertical line PB from P to the horizontal axis. Geometrically, the real
air gap power is equal to P,y = 3|V,||Is|cos¢ = 3|V, x PB. Recall from (3.4)
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Figure 3.22: Simplified circle (Heyland) diagram with r4, = 0 showing zero mechan-
ical power and zero torque lines.

that real air gap power consists of mechanical power and rotor copper loss. Define
a point, ‘D’ on PB such that PD = PB x (1 — s) and DB = PB x s. Then

P,y = 3V,PBx(1—s) + 3Vi;PBxs (3.34)
= P xa-s) + BIPTxs .
S S
Mechanical power Rotor c;;per loss

Thus, the segment PD signifies one current component for mechanical power, and
DB the other component for rotor copper loss. Note that the locus of ‘D’ forms
a straight line NQ for 0 < s < 1. In other words, NQ is the zero power line, and
separates the real current into torque producing and loss components.

Exercise 3.11 Using tan ¢ = s/s,,, show that the slope, DB/NB is constant
independent of the slip, 0 < s < 1.
Solution. Let the radius of the circle be denoted by R, = |I9 15—00 Then,

PB = R.sin2p = 2R, sin ¢ cos ¢ (3.35)

Note further that
NB = R.(1 — cos 2¢) = 2R, sin? ¢.
Therefore, it follows from (3.35) that
DB sPB  2sR.sinpcosp 1 1
= = — = = S = S
NB NB 2R, sin? o tanyp " 8/sm

= Sm |

Fig. 3.23 shows five specific slip points. At the breakdown slip, s,, torque is
maximized. The input power, V- I, is the largest at the middle point. However,
since the rotor copper loss is also large, the torque is less than the case of the
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Figure 3.23: Simplified circle diagram for IM with five specific slip points.

breakdown slip. At the locked slip, s = 1 all the real component of I is consumed
as the rotor bar copper loss. Infinity slip corresponds to a pathological case in which
the rotor shaft is rotating infinitely fast by an external force while the electrical speed
is limited. Then the secondary circuit is shorted, thereby all the current turns out
to be imaginary as in the case of zero slip.

Fig. 3.24 shows a practical circle diagram considering the stator resistance, r;.
The zero slip current I;g is no more imaginary since rs # 0. At infinity slip, the
impedance will be r, + rs + jwe(Lys + Ly-). Thereby the operating point does not lie
on the imaginary axis. The horizontal line, being imaginary, is obtained when the
slip is negative. A section of real current between the zero torque and the horizontal
lines signifies the stator copper loss, |I.|?7s.

e

Vi Locked slip

wr copper loss

i ok

I.‘sEI
Stator copper loss T

Figure 3.24: Practical circle diagram for IM with r, # 0.
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Exercise 3.12 Consider a three-phase IM with the following parameters; the
rated stator voltage V,=220 V, r, = 0 Q, r, = 0.16 Q, L;; = 1.38 mH, L;. =
0.72 mH, L,, =38 mH, P =6, f =60 Hz.
a) Draw the circle diagram.
b) Find power factors at s =0, s =1, s = Sy, S = Sy, S = Soo-
c) Obtain a torque-speed curve by determining the length PD = PB x
(1—s) in the circle diagram shown in Fig. 3.22. Obtain the torque-speed
curve by using (3.9). Compare the two results.

Solution.

T (MNm) by torque equation

250 /

from T"H = {1 — &}
of a circle diagram

125

08 06 04 02 0

slip

Figure 3.25: Comparison of torque-speed curves when ry = 0 (Solution to Exer-
cise 3.12).

3.5 Current Displacement

In Section 3.3, the slot leakage inductance was calculated assuming that the rotor
current flew through the bar with a uniform current density. However, current does

(b) ()

Figure 3.26: Rotor bar current displacement due to slip: (a) rotor slot and con-
ductor with a slip field Bg,, (b) rotor bar current density .J,, and (c) field density,
| Bzl



3.5. CURRENT DISPLACEMENT 111

not flow evenly through the rotor bar when there is a slip. Instead, the current
density depends on the depth of the rotor bar: It is largest at the rotor surface, but
decreases as the position deepens.

Fig. 3.26 (a) shows a rotor slot with a conductor bar. It is assumed that rotor
current flows through the bar from the front to the back. When it comes to a slip,
alternating flux passes through the rotor core: It crosses through the conductor bar
from side to side as shown in Fig. 3.26 (a). Since the crossing field Bj), alternates
at a slip frequency, it causes an eddy current I, inside the rotor bar. The current
direction is determined so that the resulting field opposes to the change of Bg,.
Assume that By, is increasing. Then the induced current I, flows clockwise. It
adds more to the original bar current in the upper part, while reducing the current
density in the bottom part.

Figure 3.27: Current density profile in the rotor bar when the slip is 0.015.

Current density and flux density are plotted against y in Fig. 3.26 (a) and (b).
The density J, is no more constant. It has a parabolic profile: Current density
is high in the top area. This is commonly known as the skin effect, and is often
described as rotor bar current displacement. The current displacement has the effect
of reducing the effective conduction area. That is, it increases the rotor resistance.
Note from Fig. 3.26 (c) that the flux density B, also has a parabolic pattern when
there is a slip. It is linear without a slip as shown in Fig. 3.17. Fig. 3.27 shows
a FEM result of the current distribution on a rotor bar when the slip is equal to
0.015. As stated in the above, the current is localized in the top part.

The resistance increase is described as the ratio of AC and DC resistances of
the bar [8]:

Tpar (GC) sinh 2€ + sin 2€

K, = = : 3.36
Tpar (dc) §cosh 26 —cos 2¢ (3.36)

where & = hpg, /6 and 4 is the skin depth of the bar. Note that § = 4/ u@%’ where o is
the conductivity. Of course, the resistance increases as the slip frequency increases
as shown in Fig. 3.28 (a). At low slip frequency, current displacement is negligible.
At higher slip frequencies, however, current displacement is more pronounced. For
example, the AC resistance 74, (o) at 60 Hz is about three times larger than the
DC resistance 7y (dc)-

Due to the decrease in effective conduction area, the slot leakage inductance

decreases by the displacement effect. The inductance correction coefficient is given
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by [8]

Lg(ac)  3(sinh2{ — sin 2¢)
Lg(de) — 2&(cosh 26 — cos 2€)
Fig. 3.28 (b) shows plot of K, showing a decrease as £ (slip) increases. In summary,
the rotor displacement effect increases when

K, = (3.37)

1) the slip frequency increases;

2) conductor conductivity increases;
3) conductor permeability increases;
4) bar height hs increases.

]
o

(a) (b)

Figure 3.28: Correction coefficients reflecting displacement (skin) effect: (a) rotor
bar resistance change (b) slot leakage inductance change.

Exercise 3.13  Determine ry,,-(ac)/rpqr(dc) of a 3 cm high copper bar when the
line frequency is 60 Hz and slip is 1. The copper conductivity is v = 5 x 10" S/m.

Solution. The skin depth is equal to

§=/2/(4r x 10-7 x 5 x 107 x 377) = 9.19 (mm).

Thus, £ = 30/9.19 = 3.26. It follows from (3.36) that 7y (ac)/rpe-(dc) = 3.26.
That is, the rotor resistance increases 3.26 times at the locked condition. |

3.5.1 Double Cage Rotor

In double cage rotor, each rotor bar is divided into two parts: One is near to the
rotor surface, and the other is positioned deep in the shaft side. Fig. 3.29 shows the
flux profiles around double cage rotor slots for the two slip conditions: (a) high slip
and (b) low slip. When the slip frequency is high, the field cannot penetrate deeply
into the rotor core due to the skin effect. Therefore, the flux lines surround only
the upper conductors of the rotor slots. Hence, the major current is induced in the
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Hy
(a) (b)

Figure 3.29: Flux lines around double cage rotor slots: (a) high slip (7per(ac) is
large.) and (b) low slip (744 (ac) is small.).

upper conductors. Since the conduction is restricted to the small upper bars, the
rotor resistance 7y, is relatively high.

On the other hand, the field penetrates deeply when the slip frequency is low.
The flux lines enclose both upper and lower conductors, thereby the induced current
conducts both upper and lower conductors. Since large conduction area is provided,
the effective rotor resistance becomes low with low slip.

Note from (3.9) that the high rotor resistance is favorable for starting, since
the starting torque is high with a high r,.. But, a low r, is desirable in a normal
(low slip) operation for high efficiency and fast torque response. The double cage
rotor structure satisfies both requirements because r,. changes depending on the
slip conditions. The upper small cage is called starting cage, and the lower cage
operation cage. Fig. 3.30 shows a photo of laminated sheets for stator and rotor.

$¢

(b)
Figure 3.30: Laminated sheets for an IM: (a) stator and (b) rotor.

Slot Types and NEMA Classification

The National Electrical Manufacturers Association (NEMA) of U.S.A. has classified
cage-type induction machines into various categories to meet the diversified appli-
cations [1]. These categories are characterized by the torque—speed curves, and the
rotor slot shape is the most influential factor as shown in Fig. 3.31 (a): The double
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cage slot motors have a high starting torque. The round or oval slot motors have
a low starting torque, but a steep slope near the synchronous speed. Fig. 3.31 (b)
shows typical torque-speed curves for NEMA design A, B, C, and D motors.

T . 1

FLTa) T rpen
el rated) elrated)
A A
Class D

200 300— .~ T, Class A

100+

Y
Y

U % Round
! 05 0 50 100
Slip Speed

(a) (b)

Figure 3.31: (a) Torque—speed curves for various rotor slot shapes and (b) NEMA
classification.

NEMA A motors are designed to have low rotor resistance and low ro-
tor leakage inductance with simple deep bar (oval) shapes. They have
a high breakdown torque, the steepest slope, and a low operating slip.
Therefore, the operating efficiency is high. But large current is required
for starting. NEMA A machines are suitable for inverter applications.

NEMA B motors are commonly used for constant-speed applications
such as fans, centrifugal pumps, machine tools, and so forth. Slip is
5% or less. The rotor leakage inductance is relatively high, so that
the locked-rotor current does not exceed 6.4 times the rated current.
The locked torque ranges from 75% to 275% of the full-load torque [1].
Breakdown torque is 175—300% of rated torque

NEMA C motors are designed to have a high starting torque (200% of
the full-load torque). On the other hand, the rated torque is obtained
with a normal slip which is less than 5%. However, overload capability
is low. To meet the requirements, these motors have double-cage rotor
slots.



3.5. CURRENT DISPLACEMENT 115

NEMA D motors are special motors designed to have a very high start-
ing torque. To increase the rotor resistance, the rotor conductors are
often made with bronze. But these motors exhibit high slip (5 to 13%)
at normal operation. They have low efficiency, and are thereby easily
overheated. Thus, they are used for intermittent operation [1].

3.5.2 Line Starting

135A

1775 rpm

P TRy | F 0

Figure 3.32: IM current and speed responses at the line start: four pole, 1.5kW,
220 V line-to-line.

A three phase power grid is a voltage source that creates a rotating field inside
a cylindrical machine. Thus, IM can be run by connecting the motor terminal
directly to a power grid. At the starting moment, IM is at the locked state so that a
large current flows through the shorted rotor circuit. In the starting period, the IM
consumes 5 to 7 times its full load current. This large starting current may cause a
large voltage hunting in the grid, which may affect the operation of other devices.
It can trip the circuit breaker or blow fuses. Hence, the direct line starting is not
recommended for a high power IM (generally above 25 kW). Fig. 3.32 shows a plot
of current at the line starting.

To mitigate such a problem, soft starters or inverters are utilized in industry.
Inverters are expensive, and over-qualified in some applications. Soft starter is a
simple and low cost circuit designed to operate during the starting period [11]. Its
main circuit consists of back-to-back thyristors or triacs in each AC supply line.
Fig. 3.33 illustrates how the thyristor switches control the rms voltage. Note from
Fig. 3.33 (b) that the rms voltage level increases as the gate firing angle, o reduces.

Fig. 3.34 shows the typical soft starter circuit. Initially the turn-on delay, « is
large, and it is reduced successively. Then the rms voltage increases progressively
until the full line voltage is applied to motor. Once the motor reaches its rated
speed, thyristor switches are always turned on.
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Figure 3.33: Thyristor circuit operation principle: (a) single phase thyristor circuit
and (b) the rms voltage increase as the firing angle, o decreases.
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1
A

Gating signal e ,K}

Induction motor

Figure 3.34: Soft starter circuit with thyristors.

3.6 IM Speed Control

With the use of semiconductor switches, it is possible to change the feeding voltage
and frequency. A simple speed control method would be to change the voltage only.
But this method works only in a small speed range. It is better to change the
voltage in accordance with the frequency.

3.6.1 Variable Voltage Control

Fig. 3.35 shows the torque-speed curves of an IM for different voltages while the
frequency is fixed at 60 Hz. Recall from (3.11) that the breakdown torque is pro-
portional to the square of the voltage. It also shows a fluidal load curve which is
proportional to the square of speed. Considering the intersection (operation) points,
one can notice that the speed control range is quite limited.

3.6.2 VVVF Control

With the use of inverters, it is possible to provide a variable voltage-variable fre-
quency (VVVF) source to the motor. Changing the frequency means changing the
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Torque

Load torque

Speed variation range

Figure 3.35: Torque-speed curves for variable voltage/fixed frequency operations.

synchronous speed. Note from (3.19) that the stator voltage is approximated as
Vi =715 + jwe(Lis + L) Is = jwe LI = jweAs. Therefore, the magnitude of flux
satisfies

A\ V,

Ay = —2 = .
T we  onf

(3.38)

That is, the voltage to frequency ratio implies the flux. To maintain a constant flux
level, the voltage should be increased in accordance with the frequency increase. In
contrast, the voltage should be decreased when the frequency decreases. Otherwise,
flux saturation occurs.

Torque equation (3.7) is approximated as

T, — g <Vs>2 WsTr - QAQ W Ty

2 \we) m24+wil? 2 724 w3 L2 (3:39)
According to (3.39), torque just depends on the slip independently of the frequency
as long as the voltage to frequency ratio (V/F) is kept constant. Hence, as shown
in Fig. 3.36, the torque curves in the same shape shift in response to the different
frequencies.

The motor control method keeping the V/F' constant is called variable voltage-
variable frequency control. Specifically, consider an operation point marked by ‘x’.
Note that it is impossible to start the motor by a source of (127 V, 60 Hz), since
‘x” belongs to the unstable region. However, ‘x’ is a stable operation point to the
source, (25 V, 12 Hz). Similarly, if both voltage and frequency are doubled at the
same time to (50 V, 24 Hz), another stable operation point is obtained at ‘xx’.
Hence, while keeping V/F constant, it is possible to drive crane like loads that
require high start torque.

In the low speed region, the voltage drop over the stator resistance is not negli-
gible. For example, consider the IM in Table 3.2. Note that rs/w.Ls = 0.048 () at
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Figure 3.36: Torque-speed curves for a VVVF operation.

60 Hz, whereas rs/weLs = 0.48 at 6 Hz, i.e., the ohmic drop takes about a half of
the input voltage at 6 Hz. To compensate for this voltage drop, the voltage profile
is boosted in a low speed region, as shown in Fig. 3.37.

Vs High voltage limit

0N\ Low frequency cut off e

limiter @
. |/_ o 1 Motor
we o~ el o~ VIF s
O Pl 7 Al table Inverter |
' il e 7

P/2 Speed
I sensor

Wi

Figure 3.37: VVVF pattern and a slip based VVVF speed controller.

If the speed information is available, it is possible to construct a slip based feed-
back controller as shown in Fig. 3.37 [11]. The speed controller output is regarded
as a torque command, and a required slip is calculated in proportion to the torque
command. The calculated slip is added to a measured rotor speed, determining the
electrical frequency: w. = w, + wg. This electrical speed is used as a command
frequency to the VVVF inverter. Based on a V/F table, a voltage level is deter-
mined. VVVF inverters are widely used in many applications where precision is
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not essential. These applications include compressors, blowers, cranes, locomotives,

etc.
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Problems

3.1

3.2

Consider a four pole, three phase IM with the following rated parameters:
output power = 15 kW, line voltage (line-to-line) = 440 V, line frequency =
60 Hz, and rated speed = 1748 rpm. The sum of windage and friction loss is
1 kW. Calculate the air gap power and rotor copper loss.

A three phase IM having a synchronous speed of 900 rpm draws 40 kVA from
a three phase feeder. The rated slip speed is 3% of the synchronous speed.
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3.3

3.4

3.5

3.6

3.7

3.8

3.9

REFERENCES

The power factor is 0.9, and the total stator loss is 4 kW. Calculate the torque
developed by the motor.

Consider a four pole, three phase IM with the following parameters: r; =
1.6 Q, r, =099 Q, L, = 66 mH, L;;, = 3.28 mH, and L;, = 3.28 mH.
Assume that three phase, 220 V (line-to-line), 60 Hz AC source is applied to
the motor.

a) Calculate the slip yielding the breakdown torque.

b) If the rated slip is s = s,,,/2.5, determine the rotor current, I/ and
torque using the modified equivalent circuit.

¢) Determine the magnetizing current.

d) Calculate the power factor at the rated condition.

Consider a four pole, three phase IM with the following parameters: r; =
019, r. =025Q, Ly =150 mH, L;; = 3 mH, and L;, = 3 mH. A 440 V
(line-to-line), 60 Hz AC source is applied to the motor. The rated slip is 3%.
Determine the rated and starting torques.

Consider a four pole, three phase IM with the following parameters: rs = 0 €2,
r. = 0.25 Q, Ly = 150 mH, L;; = 3 mH, and L;,, = 3 mH. Assume that a
440 V (line-to-line), 60 Hz AC source is applied to the motor.

a) Draw a circle (Heyland) diagram.
b) Determine the rated current.
¢) Determine the minimum PF angle.

Consider the thyristor voltage control circuit shown in Fig. 3.34. Assume that
the source phase voltage is V sinwet. Derive a relationship between the rms
output voltage and the firing angle, «.

A three phase 220 V, four pole IM runs at 1750 rpm. Suppose that the input
voltage is increased to 250 V. For the same load, calculate the slip and speed.

(No load test) A four pole, three phase IM is connected to 220 V(line-to-line),
60 Hz line. It runs at 1750 rpm without a load. The phase current is I, =2 A
and the reactive power is 50 W.

a) Calculate the power factor angle.
b) Calculate the stator inductance.
c¢) Calculate the stator resistance.

(Locked rotor test) While the IM is locked, a 90 V(line-to-line), 60 Hz three
phase voltage source is applied. The measured stator current is 7 A, the
resistance of the stator is 2.1 €2 and the measured shaft power is 800 W.
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3.10

3.11

3.12

3.13

a) Calculate the power factor angle.

b) Calculate the impedance.

c) Calculate the rotor resistance, r,.

d) Assuming Ljs = Ly, find the leakage impedance.

Consider a three phase four pole IM with a rated power, 7.5 kW under 60 Hz,
440 V(rms) line-to-line voltage. The rotor resistance and leakage inductance
are r. = 0.25 Q and L;. = 3.28 mH, respectively. The rated speed is 1746 rpm.
Assume the flux is made to be constant.

a) Calculate the rated torque.

b) Utilizing T, = %Ag%, calculate the rated flux.

¢) Determine the voltages at 45 Hz and 30 Hz such that the flux level is the
same as that in the case of 60 Hz. Utilizing MATLAB, plot the torque-speed
curves at 60, 45, and 30 Hz.

Consider a three phase four pole IM with the following parameters: line-to-
line voltage = 440 V, ry = 0.075 Q, L;s : 3 mH, and L;. : 3 mH.

a) Find slip for 7, = 0.1 © when the load torque is equal to T, = 100 Nm.
Repeat the same for 7., = 0.4 Q and r, = 0.8 Q.

b) Plot the torque-speed curves for r,, = 0.1, 0.4, 0.8 Q.

¢) Using modified equivalent circuit, calculate the rotor current I and phase
delay ¢ for r. = 0.1, 0.4, 0.8 2 when the load torque is equal to T, = 100 Nm.
d) Calculate the electrical power supplied from the line for . = 0.1, 0.4, 0.8 Q
when the load torque is equal to T, = 100 Nm.

e) Calculate mechanical power and efficiencies for r, = 0.1, 0.4, 0.8 © when
the load torque is equal to T, = 100 Nm.

Consider a three phase four pole IM with the following parameters: line-to-
line voltage = 440 V, rated frequency = 60 Hz, L,= 12 mH, ¢=0.08.

a) Draw a circle diagram. Neglect the ohmic voltage drop.

b) Calculate the rated slip s,, rated torque, rated output power and the
maximum power factor.

c¢) Calculate the breakdown slip s, and the breakdown torque.

Consider a three phase four pole IM with the following parameters: line-to-
line voltage = 380 V, rated frequency = 50 Hz, r;=0.2 2, L= 12 mH, ¢=0.1.
a) Calculate the rated stator flux and no-load current at the rated frequency.
b) Calculate the ohmic voltage drop by the no-load current.

¢) Determine the rated current I(s,) using the circle diagram.

d) Assume that the rated current keeps flowing from 0 to 50 Hz with the
VVVF control. Determine the voltage/frequency profile from 0 to 50 Hz that
keeps the stator flux constant.
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Chapter 4

Dynamic Modeling of Induction
Motors

Various IM voltage equations are derived in the synchronous reference frame, as well
as in the stationary frame. The coordinate transformations are heavily involved in
the process of deriving IM dynamic models. The derivation process is somewhat
complicated since the rotor speed is different from the synchronous speed. The
dynamic model in a synchronous reference frame provides a basis for field oriented
control.

4.1 Voltage Equation

Time derivative of flux linkage yields a voltage equation. First, stator and rotor
flux linkage equations are described in the stationary frame, and then mapped into
the synchronous frame.

4.1.1 Flux Linkage

The stator flux is excited by both stator and rotor currents. In a uniform air gap
machine, the stator flux generated by the stator current is equal to

1 1 .
Aas Lis + Lis _§Lms _§Lms las
1 1 .
)\bs - _§Lms Lls + Lms _§Lms lbs | 5 (41)
1 1 .
Acs - §Lms - §Lms Lis + Lins Les
:Aibcs :Labcs :izbcs

where L, is the stator leakage inductance. The superscript, ‘s’ of i},

variable in the stationary frame. Fig. 4.1 (a) shows a flux linking between the stator
coils; linking to the a-phase coil excited by the b phase current. The three phase
inductance modeling was illustrated in Section 2.1.2. Fig. 4.1 (b) shows how the
rotor current creates flux linking with the stator coil. Some of rotor flux lines (big
loops) form a linking, while the others (small loops) do not. Since the rotor coil is
fixed on the rotor surface, the linkage changes with the rotor angle, 0,.. Specifically,

denotes a

123
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Figure 4.1: Contributions to the a-phase flux: (a) by the b-phase stator current
and (b) by the a-phase rotor current.

the a-phase flux is described as A, = L,,5cos8,i,,., where the superscript, ‘r’

signifies the variable in the rotor frame. The flux linking reaches the maximum
when 0, = 0. On the other hand, if 6, = = / 2, the flux linking is equal to zero.
Since b and ¢ phase windings are 27 / 3 and 4m / 3 apart in phase, the stator flux
contributed by the rotor current is

cos 0, cos(0, + &) cos(, — %’T) i
Ly | cos(6, 2??) cos 0, cos(0, + 25) | i, | . (4.2)
cos(0, + 2F) cos(0, — &) cos 0, i,
= M(HT) = igbcr

Complete Flux Linkage Equations
with M(6,)i’

T vers @ complete expression of the stator flux link-

Combining Lgpesispes
age is obtained such that

Zbcs = LabCSlabcs + M(9 ) Laber- (43)

Similarly, the rotor flux linkage seen from the rotor frame is given by

abcr - M( 0 )izbcs + LabcriZbcr ) (44)
where
Aur Lyns + Liy —%Lms i .
ZbCT = )\71;'/‘ and LabCT - _%Lms Lms + Llr _iLms
)\Zr _%Lms —%Lms Lms + Ll'r‘

and L. is the rotor leakage inductance. From the rotor frame, the stator current
looks behind by angle 0,.. Thus, —6, appears in M. Note that Ly is the same as
Lgpes except that the stator leakage inductance L is replaced by the rotor leakage
inductance Ly,.



4.1. VOLTAGE EQUATION 125

Rotor frame

\, o

Stator frame

Figure 4.2: Rotor and stator frames.

Transformation into D() Stationary Frame

s
abcs

As was shown in (2.58) and (2.60), mapping A
is executed by multiplying T(0):

into the stationary d — ¢ frame

2(105 - T(O) 2bcs - T(O)Labcs [T_l(O)T(O)] iZbcs - T(O)LabCT_l(O) iéqsv (45)
= IquO
where
Ads Lis+ 5Lm 0 0
flqu = )‘(S]s and quO = 0 Lls + §Lm 0 . (46)
Ao 0 0 Lis

Recall that the third component of a vector in the dg-frame is equal to zero in the
balanced three phase system.

The rotor current contribution, M(6,)il,.. to the stator flux also needs to be
mapped into the same stationary frame. Complex number is more convenient in
computing the transformation. When the third component of a three phase vector
is ignored, it can be identified with a complex number:

X,
2 - 2T -4
Niggs = [Nis| 5= Niga = N +50 = 5N+ TN AL (D)
Ao

Instead of multiplying by 7'(0), the mapping rule (4.7) is utilized. The trans-
formation in the stator part was already shown in (2.61); Aj, = Lsij,, where
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L, = %Lms + L;s. The rotor coil contribution is transformed such that

. 2 , , ,
M(0,)ilp., <= ngs [cos Oriqr + cos(0y + 27/3)ip,. + cos(0, — 27/3)icr
—i—ej%ﬁ{ cos(0, — 27/3)iar + cos bpipy + cos(0y + 21 /3)icr }
+e % { cos(0, + 27 /3)iar + cos(6, — 27 /3)iy, + cos Hricr}]

- §5Lm8 |:(ej6r + e_jer)iar + (ej(er+%7r) + e_j(er—i_%ﬂ))ibr

+(63(0r_%77) + e_j(gr_%ﬂ'))' + (ejgr + e—j(gr—%ﬁ))i ar
H(OHET 4 IO i, 4 (O eI,
—i—(ejgr +e —i(0r+3 7r))z + (¢ i(0r—3m ) 4 €70 )iy,

_l’_

Lms

[GVEN V]

[363& + 360 Or 5™, 4 3 (0r 3 )zcr]

Il
N =

3 2 . ) )
§Lms> 6‘707" § |:'L.m“ + ej%ﬂ/[:br + 6_3%71—@.07«] = Lmejerigqr’ (48)

T
- 1dqr

where Ly, = 3L,,,. Combining (2.61) with (4.8), we obtain the stator flux in the
stationary frame as

Nigs = Lsifys + Lime?" iy, (4.9)

Note from Fig. 4.2 that the rotor reference frame is advanced by 6,.. Thereby, the
rotor contribution to Aj,; appears with el

In a similar manner, the rotor flux equation with reference to the rotor frame is
given as

dqr = Lme_Jgrldqs + L ldqr? (410)

where L, = %Lms + L;,. Since the rotor frame is referenced on e, the stator
current is seen behind by 6,. Therefore, e 7% is multiplied to iflqs' Superscript ‘r’
is used to denote variables in the rotor frame.

Exercise 4.1 Consider a two pole IM with L, = 1lmH and L;; = 70 pH.
Assume that the rotor flux angle increases according to 6, = 300 ¢, and that
cos(312¢ + 27) cos(12t — I)
if,., = 100 cos(312t) . i, =30 | cos(12t — %’f)
cos(312¢ — 27) cos(12t — 177)

Note that 12 Hz slip frequency appears in the rotor current. Follow the instructions
below using MATLAB Simulink.



4.1. VOLTAGE EQUATION 127

1) Build blocks for A}, ., using (4.1), (4.2), and (4.3).

)
2) Build blocks for coordinate transformation and obtain Aggs = T'(0)Agp.s-

3) Build blocks based on the dg-model for Ay, according to (4.7), (4.8),
and (4.9).
4) Check whether two results obtained in 2) and 3) are the same, i.e.,

—_ S

s
Aclqu — “Mdgs*

Solution. 1)

Transformation into Synchronous Reference Frame

The synchronous reference frame is a moving frame that rotates at the same speed
as the electrical angular velocity, w.. It is the (angular) speed of the stator and
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Stator flux
Synchronous frame
Synchronous frame . Rotpr ﬂuxj A
AN g
A _7 Rotor frame
LA\ Aligs
5
AN
il
Stator frame Stator frame
(a) (b)

Figure 4.3: Transformation into the synchronous frame: (a) from the stationary
(stator) frame and (b) from the rotor frame.

rotor flux. The d-axis angle of the synchronous frame is denoted by ‘0.’ and at time

t
t
0. = / Wedt = wet,
0

where w, is the electrical speed. In the following, the subscript, ‘e’ is used to indicate
a variable in the synchronous frame. It was originated from the word, ‘exciting’.
Note that we # gwr in IMs, whereas they are the same in synchronous machines.

Since the synchronous frame is 6.—ahead from the stationary frame, a vector
would be represented with a smaller angle in the synchronous frame. Thereby, a
vector in the synchronous frame is obtained by multiplying the stationary vector
by e 7%, Similarly, it is necessary to multiply the vector in the rotor frame by
e 90==0)  Specifically,

— 30,

dgs = € 77 Adys (4.11)
—7(0e—0,

Slqr = € i )qurv (4'12)

Flux angles seen from the different frames are depicted in Fig. 4.3. Note also that

Slqs = LlSigqs + Lm(iflqs + igqr) = Lsiflqs + Lmigqr (413)
gqr = LlTiflqr + Lm(iflqs + igqr) = Lmiflqs + Lrigqr (414)

since Lgs= L3+ L,, and L, = Lj + Ly,. The same equations are written in
the matrix form such that

¢ Ly, L 15

éls — s m ‘gs , (415)
AP

AE Ly L &

qs s m qs
|:>‘2r:| |:Lm LT] |:i2r] . (4.16)

Flux to current relations are depicted in Fig. 4.4. Using the matrix inversion, we
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Figure 4.4: Flux to current relation in the synchronous frame: (a) d-axis and (b)
g-axis.

obtain
15 1 L, —Lp| [N,
) = , 417
Lflr] oLsLy [_Lm Ls Alir ( )
3¢ 1 L —L ¢
B = " m as |, 4.18
[zgr] oL,L, [—Lm L, ] [)\ZT] ( )

2
where 0 =1 — LLT—’Z The flux equations are summarized in Table 4.1.

Table 4.1: Flux vectors described in different reference frames: (a) Stator flux
linkage and (b) rotor flux linkage.

‘ ‘ Stator Flux ‘ Rotor Flux ‘
abc (stationary frame) (rotor frame)
AZbcs = Labcslabcs + M(e ) aber abcr — M( 4 )itszbcs + LabCTlabcr
dq (stationary frame) (rotor frame)
zqs - Lsiéqs + Lmejgrigqr dqr — Lme ]erldqs + L ldqr
dq (synchronous frame) (synchronous frame)
Adgs = Lse ]‘961 o+ Lype30=0n)in dqr | Mgr = Lme ]‘961 ,+ Lye 70 ‘9"")1
=1L ldqs + Lmldqr =L ldqr + Lmldqr
Exercise 4.2  Show that
) L
Aigs = 0Lsig, + L—TAZ‘”’ (4.19)
e Lm
)‘dqr = L dqs +oL ldqr (420)

4.1.2 Voltage Equations

Let p = %. Voltage equations for the stator and rotor are given by

S

Vabes — rSibecs—i_pAZbcsv (421)

vgbcr = Tr igbcr + pAgbcr' (422)
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Note again that the rotor equation is written with respect to the rotor frame,
whereas the stator equation is given with reference to the stationary frame. By
applying T'(0) to both sides and deleting the third components, we obtain the volt-
age equations in the dg stationary and rotor frames such that

Vflqs = Tsizqs + p)‘zqs’ (423)
ngr = TTiqu + pAqu' (424)
Or, the same equations are obtained via matrix multiplication (2.40). Hereforth,

both vectors and complex variables are represented by the same bold face by abusing
notation slightly.

In Stationary Frame

Since the stator voltage equation (4.23) is already in the stationary frame, it remains
to transform the rotor equation (4.24). It can be done by multiplying e/~ on both
sides of (4.24):

= ejeTvqu = rsejeTiqu + ejerp[efjeTejeT)\qu}

= Trigg +P(=jwr) Mgy, (4.25)

s
qur

Note that the differential operator, ‘p’ and an operand, ‘=%’ do not commute,

ie., pe 9% £ e=3%p since 6, is a function of t. Therefore, a technique of inserting
the identity 1 = /% e~7% needs to be utilized [1].

When the secondary circuit is shorted as in the squirrel cage IM, v, o = Vagr = 0-
Thus, the rotor equations are given componentwise as

0 = rsig +PAg + WAy, (4.26)
0 = rsig +PAy — WrAg, - (4.27)

Together with (4.13) and (4.14), we have an IM model in the stationary frame:

Vg rs + pLs 0 pLm 0 17

Ves| | O rstPLs 0 Pl 1 1 lgs | (4.28)
0 pLy, wyLy, 7+ pLy wy Ly 1,
0 —wr Ly, pLm —wyLy 1T +pLy iflT

The block diagram based on (4.28) is shown in Fig. 4.5. The model (4.28) can be
rewritten in an ordinary differential form as

Sfia] - L [ LI —Lnl rsl O Jitge] , [Vis
iggr oLsL, |—L,I LI ~wrLmd  —w L] |ig,, 0 ’

(4.29)

where
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Figure 4.5: An IM model in the stationary frame.

Exercise 4.3 Consider a two pole IM with r;, = 0.2 Q, r, =0.16 2, L,,s = 1 mH,
L, = 70 uH, and L;. = 70 puH. Construct a MATLAB Simulink block diagram
for an IM model in the stationary frame based on Fig. 4.5. Apply v3, . (t) =
170 [cos 312t cos(312t — 2m/3), cos(312t — 47/3)]T when w, = 300 rad/sec. Plot

[i5, (1), i5,(£)] and 1%, (t) = T~H(0)[i5,(t), i5s(t), 0] for 0 <t < 0.1 sec.

abcs

Solution. See Fig. 4.6 and Fig. 4.7. |

In Synchronous Frame

By multiplying e 7% to Vigs 1 the stationary frame, we have a new representation
vqu . in the synchronous frame, i.e.,

ngs = Tsiflqs —+ e_jgep [ejeee_jeeAzqs}

= Tsicelqs + pA?lqs + jwe celqs' (430)

Likewise in the previous transformation, the additional term, jwez\gqs appears in

the synchronous reference frame. It is known as the speed voltage, and called the

coupling voltage. Let v§, . = vi, + jug, and Agy, = Ag, + jAg,. Then, (4.30) is
written componentwise as

Vgs = Tslgs +PAG — we)\gs (4.31)

Vgs = Tslgs +PAgs T Welgs - (4.32)

The rotor voltage equation can be transformed in the same way. But, the

transforming angle is 6, — #,. Multiplying both sides of (4.24) by e 7(0=0") we

have

vflqr = rrigqr + pqur + j(we - wT’) gqr' (433)
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Figure 4.6: Simulink IM model in the stationary frame (Solution to Exercise 4.3).
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Figure 4.7: Simulation results (Solution to Exercise 4.3).

Componentwise, it is equal to

TTzflr + p)‘ﬁlr - (w€ - WT))‘ZT (434)

0 = 7mpig, +PAG + (We — wr)Ag, - (4.35)
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Comparing the stator and rotor voltage equations, one can see the identical
structure. However, the slip speed, we — w, appears in (4.34) and (4.35), instead of
Wy

L] .:u-‘{--}n.:-r_ .f,_,-__‘ J';,:l,. z-’\:;;_; {l.i.-'. w.-'.-']

Figure 4.8: Equivalent circuit for IM in the synchronous frame: (a) d-axis and (b)
g-axis.

Based on (4.13), (4.14), and (4.31)—(4.35), the equivalent circuits in the syn-
chronous frame can be drawn as Fig. 4.8. The above voltage equations are mixed
since both flux and current variables appear in (4.31)—(4.35). Fig. 4.9 shows a
simulation block diagram for IM in the synchronous frame that includes the flux to
current relation, (4.17) and (4.18). Utilizing (4.13) and (4.14), we can express the
IM model only with the current variables:

Vg rs +pLs —wels pLm —weLim, 15,

Vgs _ weLs rs+pLs  welm pLm Zés . (4.36)
0 pLp, —wslm 1 +pLr  —wglLy L
0 wsiLim pLm wsi Ly rr +pL, igr

Exercise 4.4 (Continued from Exercise 4.3) Construct a MATLAB Simulink
block diagram for the IM model in the synchronous frame using (4.31)—(4.35).
Apply the same voltage in Exercise 4.3. Use the inverse transformation, obtain
1505 (1) = T Hwet)[iG,(t), i,(t), 0], Check that the resulting currents are the
same.

4.1.3 Transformation via Matrix Multiplications

In this section we will repeat the same coordinate transformation via matrix multi-
plications. Some mathematical preliminaries are given in the following exercises:
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iia
v T | =
L Lig
[ coso. sin] i
N sind. cosd,
= = i
1'::!.:' 'r_l.- [
1 1
21 —%- _f-"‘-I
3 :1 l\.-:> .-':\-.
A Yl (]
j::l.i
T
L Ls | |—

Figure 4.9: IM model in the synchronous frame including the flux to current rela-

tion, (4.17) and (4.18).

Exercise 4.5 Show that
cos) —sinf| g 10 -1
[sin@ cos 0 ] =e, where J= L 0 ] . (4.37)
Solution
1 s —1 cos@ —sinf
Jo a1 L TR N | _
v =L {(SI J) } £ {52+1 [1 s ]} [sinﬂ COSG:| '

Note that J is skew symmetric, i.e., JF = J7 and that J is an operator that
rotates a vector 90 degrees counterclockwise [2]. Hence, multiplying J to a vector
|

is equivalent to multiplying j to its corresponding complex variable.

Exercise 4.6 Let 0 = wt. Show that

TO)PT ') = w

Exercise 4.7 Show that Ae® = e A for A € RV¥",



4.1. VOLTAGE EQUATION 135

ek y
L T |
Frar® 2 LY
- ra
pns - ftntt we l o 1 l # [Tz
From 1 ; wr Iviegrabne o
I'/\ RUTH |
rl-.:l.-.|\._ 1;’-‘rlﬂ-‘l
Hpnzdg
I'raam 14
[ oot ¥ ERT Bl Fromiz
-."'-uP & Jumd] :"; :" e
- ) ,

N, o 7 e . s
[a'iha] H\.L } - .1- L] Q H‘T) - Lt
Fromih e Inbagr s Sakald Crasant Inlag ake % SaladE

Gumti Guir 14
b':lr"ﬂl' Eamn
—_— ‘_m‘|< —t‘.'_'_':r.s -
¥ o o)

, P .I.\

] . 1 l———... O i /

I_)_N'\ .-' -_ b|‘:- - & W |Lamar]

Fromig Inteady ot Serais Consanl i Inlmgraord Solal
Calnd= Fremig Camle Framad

<G o

ra
p r e Tikad] -—p - i —p{z [l
",

| e T ram Ginle 1
F '
|Larndr]s [ Culz s Lri] |Lamar [ Cul2 i--.fkl,lquj
LS
Fron3d Gala Fram2d _ =P
Subsysam by s

Figure 4.10: Simulink block diagram for IM in the synchronous frame (Solution to
Exercise 4.4).

Exercise 4.8 Show that

eMleped0e = —,J. (4.38)

Solution

do
eJHepe—Jee _ eJOe(_J)e—Jee% _ _weJeJoee—Joe _ _weJ

Alternatively,

J0o —J0. cos, —sinf.| [—sinf. cosb. | o 1| _
€ pe = We [sinﬁe cos@e] [—00596 —sin 6, “Yel g 0| T wed . W

From the above example, we can see that e??ee 0 = ¢=J0eedle — T and eI?J =
Jet% . Note from (4.9) and (4.23) that

vfls _ 7:28 ) ifls L. Jor igr L. J JO, igr 4.39
s =Ts Z's + sP Z's + me€ P Z‘r +w7” mJ € -7 . ( )

qu qs qs qr qu
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Figure 4.11: Coordinate transformation and resulting currents (Solution to Exer-
cise 4.4).

Multiplying both sides of (4.39) by e™7%, we obtain

6. | Vd 0. |la 0 0. 30, |a
e 0 [ ‘is] = rye 0 [.g“] + Lge™ °p <e‘] ceI0e [.gs
Ygs qs tgs

| S

_ . _ iy
4 L0 (6 30; o 3be ,—38e 0, [.ﬁr]

Lyr Z.ZT
=r las + Lge 0% 36.Y | as + L s
I S ple i€ sP i€
qs qs qs
T
_|_Lme_‘](0€_07‘)p <(1J(()(*()r)) e—J(Oe—OT‘) |:Zg7‘:|
igr
I —3(0e—0,) |Tar I3l
+Lmp (€ ir +wpLimd e |-
qr qr
vg 15 76 7€ e
|:Ufel5:| = 71y |:Zg5:| + welgJ |:26€l8:| —|—Lsp |:Zgl8:| + (we _wr)LmJ |:Zcel7":|
qs qs qs qs qr
e e
+L,p [Zg”] + wyp Ly d [l‘eh]
ZCIT qu
15 ic je
= 7 L.ZIS] + Ly(pI 4+ weJ) [z’gs] + Ly (pI + wed) [igr]
qs qs qr
icels )‘cels
= s |0+ (pI + weJd) Vel (4.40)

qs qs

One can see that the matrix manipulation yields the same result as (4.30).
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Using the unit vectors, i, iy, and i, it follows that

i, i, i —WeAgs
WXAggs = | 0 0 we| = —weAjsle +welgsly & | wely,
€ €
Ngs Ags O 0

Therefore, utilizing the cross product, the voltage equation can be expressed alter-
natively as

) d
Vigs = Tsldgs T E)\flqs +w X AGs- (4.41)
The three expressions are summarized in Table 4.2.

g axis

w X A

: d axis
A

Figure 4.12: Coupling voltage associated with the coordinate rotation.

Table 4.2: Speed voltage representation

Complex number | Skew matrix | Cross product

. e (& (&
JWeAdys weJ)\qu w X )\dqs

Summary

The voltage equation changes according to the reference frame where it is described.
Another voltage term, called the speed voltage, takes place when the voltage equa-
tions are expressed in a rotating frame. With the complex variables, it appears
as jweAg,s- With the vector notation, it is shown to be weJAG, . Finally, it can
be described by the vector cross product, ‘x’. Note from Fig. 4.12 that the speed
vector w = [0, 0, we]T is defined as an orthogonal vector to the plane where the flux
vectors are defined.
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4.2 IM Dynamic Models

As we change the state variables, various dynamic models are obtained. The starting
equation is the following simple model. But the variables are redundant since the
model contains both flux and current variables:

e _ se dkflqs . e
Vags = Tslags +—— + jweAdys (4.42)
e dAcelqr . e
0 = rTldqr + dt + ](We - wr) dgr- (443)

To numerically solve IM dynamics or to construct a state observer, the equations
must be changed in the form of an ordinary differential equation (ODE).

4.2.1 ODE Model with Current Variables

In this subsection, we derive an IM model in the ODE form with the current vari-
ables. Note from the third line of (4.36) that

. 1 . . . .
piy, = - (Lmpigs — wsiLmig, 4 i, — waLyig) - (4.44)

T

Substituting (4.44) into the first line of (4.36), we have

2
oLspiGs = —rsis + (wels — wSlL—m)iZS + L—mrﬂgr + Ly (we — wsi)igr-
T T
Note that
w L? L? 1—0
;e - JLmL Wy = We+ wTaLnZ = We + Wy (4.45)
SHr SHr
Therefore, it follows that
. Ts . -0, . Ly 7. L .
chels - _O-Is/s Z‘els + (we + Wr o )225 O_[T: L_:Zcelr + O_ZLSWTZ‘JT‘

In the similar fashion, expressions for pig,, pig,., and pig, can be derived. Summa-
rizing the result, we obtain an IM dynamic model in the ODE form:

.e _Ts = Lyrr L .e
24s ols We + Wy o gLS[LT WEJLS Yds
€ _ _ 1—0 _Ts _ m mTr e
i qu _ We Wr o oLs Wy oLg oLsL, qu
dt Z‘e - Lprs —w Lm __Tr We — Wr Z’e
dr oL, Lg roL, oL, e o dr
7€ w Lm Linrs —w, e T 7€
qr oL, oLy Ls e g oLy ar
1
oLs ?
0 &
oLs ds
+ L o] (4.46)
oLyLg 7 qs
0 _ m
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Equivalently, (4.46) can be expressed as

i = 1- Lm 1 .
i |:lcelqs:| = _UTLSI_ (we + wTTa) J oLs T_rI - wTJ) |:lcelqs:| + |: U%SI :| V(ei
dt [i5,, Lp <L—I + wTJ) S () g | LiGe) T ) Ve
(4.47)

where 7. = L, / r, 18 rotor time constant.
The above ODE model can be derived more systematically: The IM dynamics
(4.36) is written as

L Lyl igqs] |:—7"SI—w€J —L,,J Higqs] [vg ]
K = . + qs |, 4.48
P [LmI LTI] qur “Lnd = d—wad] |ig, 0 (4.48)
Note that

-1
[ LI weLmI] 1 [ L1 —LmI] . (4.49)

welmI LI T Lilyo |—Lml L
Multiplying (4.49) on both sides of (4.48), the model (4.47) is obtained.

4.2.2 IM ODE Model with Current-Flux Variables

For the field oriented control that appears later, it is better to select flux as the
rotor variable. It is desired here to use [ifqu, /\éq?:]T as the stator variable. It follows
from (4.14) that

o et 1
. = . 4.50
|:1flqr - II‘,T I LLTI celqr ( )

Substituting (4.50) into (4.36), we obtain

{vgqs] B [(rs—i—pLS)I—i—weLsJ pLnI + weLpd H I o] [igqs]
0] - I

PLmI + wsLipd (re + pLy) I + we L, J ZL—TI LLT gqr
_ (rs + poLs)l + weo LsJ pLL—TI + we %: iflqs ' (451)
— Ll ] (2= + p)IL+ waud | [AG,,

Collecting the terms with differential operator on the left hand side, we obtain

oL/l IZ"I ifiqs qus ifiqs
T = — . (4.52
{ (0] I |° fqu 0 g ( )

dqr
In taking the inverse of the matrix in the left hand side of (4.52), we utilize the
following identity

rl + weo LgJ —|—weLL—’:J

rLim T

A B! [A! —ABC!
oc ~|o ct |

where A, C € R™ ™ are invertible, and O € R"*" is a zero matrix. Then,

Limy] 1 1 L
O'LSI LrI _ O'_LbI _ULrLsI (4 53)
(@) I O I ' '
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Applying (4.53) to (4.52), we obtain

. —0O Lm 3
4[] - [— (h +50 ) Twed o (21 w)] )+ L[]
L O’ )

€ e
dt dgr T—T:I —T—1TI — wyrdJ >‘dqr Ly 0
(4.54)
or
. 1 (1-0) L wrL .
e I SN A m rLim e e
ZdS OTs oTr We oTr Ly Ls oLsLy ZdS Uds
d 'L.e —Ww _ L _ (1_0—) _ wr Ly Lm )€ ]_ ’Ue
— qes = L e oTs oy aLiLr oTr Ly L %3 + qs ,
dt )\dT‘ TT 0 _T_r Wyl dr O'LS 0
e L 1 e
)‘qr 0 T_T —Wy] — )‘qr 0
(4.55)

where 75 = Lg/rs.

The stationary frame ODE model in current-flux variables is obtained from
(4.54) by substituting w, = 0. Then, wy should be replaced by we — w, = —w.
Thereby, we have a stationary model as

3 s —0 Lm 3]
i lflqs _ | <aTLs + {77} > I oL, Ls (%I - wTJ) IZQS 1 vcslqs
as | = . ) a5 |+ . (4.56)
dt dgr T—:”I - ;I + wpd >‘dqr oL 0

Exercise 4.9 Write a program using C-code for Runge-Kutta fourth method to
solve the IM dynamics based on (4.54). Apply the same IM parameters and input
voltage v o; = T'(0c) vy, as in Exercise 4.3, and compare the results of ij,,.

IM Model in General Reference Frame

Comparing (4.54) with (4.56), the IM dynamics can be generalized independently
of the frame such that

. s l—0c Lm 1 3 Lm 1
i lgqs o (UT_LS + OTr ) I oLyLs ;I lgqs — WA |:J oLyLs J:| lgqs
dt Ai]lqr Z;_TI —%I qur 0 0 qur
0 —Lt= g7 17 1 [vY
oL Ls dgs _— | "dgs 4.57
+wB [0 J ] X | oL, [ 0 ] ’ (4.57)

where the superscript ‘g’ denotes the generalized frame. Note that ws and wp
can be arbitrary values as long as they satisfy the constraint, w4q — wg = w,.. The
equation becomes the synchronous frame IM model with wa = w, and wp = wy.
On the other hand, a stationary IM model results with wy = 0 and wp = —w,.
Previously, all the dynamic equations were derived based on two pole machine.
In general, w, should be replaced by gwr, and the slip must be defined as wy =

We — gwr. General IM dynamic equations are summarized in Table 4.3.
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Table 4.3: P-pole IM dynamic equations.

Stationary frame

vflqs — (TS + LSP)I pLWLI i§qs
0 pl+ germJ (rs + Lsp)I + ngLTJ ifiq,.

Synchronous frame

Vigs| _ (s + Lyp)I+w.L,J pLnI+ welpJd idgs
0 o PLm,I + wSlL’InJ (TS + LTP)I + wSlLT‘] igqr

ODE with current variables (Stationary)

.5 s P, 1= Ly 1 P .5
d |:lfiqs:| o 7orLSI - gwr o’UJ oLg (;I - fwr']) |:1fiqs:| n |: U%SI :| vfl
dt |1s - : is __Lm
Hdar - (2_11 + %w,J) -7 (%I - %w,-J) Yagr ot B
ODE with current variables (Synchronous)
. s P, 1- L (1 P .
d |:1§qs:| _ 7O-TLS I o (we + 5wr UU) J oLs (ZI o jwr']) |:1§qs:| + |: a}‘s I :|Ve
e = re Ly, d
ol | g (e ded) AT (e - B a|le] e
ODE with current-flux variables (Stationary)
: w g 1= Ly (1 P
d |:1tsiqs:| — - ((77LS + arf) I oL,Lg (;I - 5(‘07"]) |:1dq5:| + 1 |:v?lqs:|
S S
dt dqr I;_—T"I — 7_1 I+ wr.] )‘dtp Ls

ODE with current-flux variables (Synchronous)

re T —a Ly, P se e
d |:1dqs:| — [ (O’LS + 107-T ) I- we'] oL,Lg (%I - jer)] |:1dqs:| 4 1 |:qu5:|
€ e oL 0

Ly —LT—wyd dqr

4.2.3 Alternative Derivations

More IM models can be developed by selecting the state variables differently. Fur-
thermore, gamma and inverse gamma models are obtained by exploiting the prop-
erty that the rotor circuit is shorted. These variants are used mainly in the speed
sensorless control.

A. State Variables: (Af;, ig,)

The state variables are comprised of the state flux and state current. None of the
rotor variables are used. But, their influence is reflected in the state flux. It follows
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from (4.20) and (4.43) that

| L, dA gs, L
0 = (rr+stzaLr)1§qr+L—? dthJrU r dtquerle—TAflqs- (4.58)

. e 1 e .
Since ig,, = L_m(’\dqs — Lgigys), we have

Ty . oL, L, Ty . oL, )
0 = (Lm +]wsl(§ + L_s)> qu - <Z +]wslm> leflqs

4 <0Lr Lm) celqs oL,Lg dicelqs

— . 4.
Ly, L dt L,, dt (4.59)

That is,

oL,L .e rpLg .e

Ly e .
L. +]wslﬂ> Adqs - jwslﬁldqs - ﬂldqs’

oL, Ly diflqs _ L, dAcelqs Ty
L, dt L, dt

Utilizing (4.42), we have the following IM model:

di§, 1 . /1 1
as _ _ ( + +]wsl> iggs + oL. <— — jwr> dgs T J—stflqs, (4.60)

dt 0Ty OTy Ty
dAg . .
qu = —rslgqs — gwequs + vflqs. (4.61)

This model was used in the construction of sliding mode adaptive observer [3].

B. State Variables: (Ag , Ag,)

The stator and rotor flux variables can be a set of state variables. Replacing
(idgs, idgr) by (Xdgs, Adgr) using (4.17) and (4.18) we have from (4.42) and (4.43)

dX§ o L
dtqs _ <UT —|—]we> >‘celqs + —aTnz gqr + ngs, (4.62)
S S T
dAg L 1 .
dtqr — —O_TWIL/ }‘flqs B (0’7' +]Wsl> Aflqr- (4.63)
T S T

C. Gamma Model

Two leakage inductances, L;s and L;. can be merged into one, since the rotor circuit
is shorted [4]. The IM model is rewritten as

Vcelqs = TSicelqs + Lspicelqs + meiflqr + jweAflqs (464)
0 = gy + Lipig, + LmPpigys + jwsiAg,,- (4.65)
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Multiplying (4.65) by a nonzero constant a, we obtain

e

1

d d
0 = o, 2Lrp il

+ amelqu + ja wle T 4 jawg Ly, 1qu

e
i
dgr d r dgr d T .
= a’r, 2 +a2LTp—q — (p L, -p d aLm> —i—amelfqu
a a a a
e

. . . . . 14 ) .
+ (_]wlemlflqr + ]wlemlflqr) + ]a2wleT% + ]awlemlfqu

ic i€ ie
— a2 dqr + ap [(aLT — Lm)% + Lm(izqs + %)]

ie
+jwga [(aLT — L) d‘”" + Ly (i, + %’)] (4.66)
The stator equation, (4.64) is written equivalently as

dqr

Vflqs = 7/‘Siflqs + (LS - aLm)piflqs + ame( + ldqs) + ]We)\dqs (467)
The corresponding equivalent circuit is shown in Fig. 4.13 (a).

If we let a = Lg / L,,,, then the stator leakage inductance disappears and all the
leakage inductance is located in the rotor side.

Vigs = Tsiggs + (P + Jjwe) g (4.68)
L2 Ly, . o L
0 = Jorep il + (Pt iws) | Lag— 7 o¥igr + Nigs| - (469)
S

The T'-equivalent circuit is shown in Fig. 4.13 (b).

D. Inverse Gamma Model

If we let @ = Ly, /Ly, then (4.66) and (4.67) turn out to be

i o o Lh o L. .
Vflqs = Tslflqs + O'Lsp Iqu + L_mp (lzqs + L—leqr) + JweAflqs’ (470)
T m
Ly Le. L% o Lr. L
0 = L2 T‘L; lcelqr + L_TP (lgqs + ﬁlgqr) + ]wSlL—T)\gqr. (4.71)

Based on (4.70) and (4.71), the inverse I" circuit is drawn as Fig. 4.13 (c). Note that
the rotor leakage inductance disappeared and all the leakage inductance is located
in the stator side. This equivalent circuit provides the rotor flux oriented dynamic
model, which is widely used in the field oriented control.

E. Inverse Gamma Model with Back EMF
Note from (4.19) that

JWeAGys = Jweo Lsigys + jwe (4.72)

—m ye
Lr dqr
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Therefore, it follows from (4.70) and (4.71) that

. . L . ) L
Vs = TsiGgs + 0LspiGe, + L—mp)\fm + jweo Lsif,, + jweL—m)\fqu (4.73)
T T
Ly, . L . L
0 = L—T:Trlflqr + L—T:pAflqr + ]WSZL—T)‘celqr' (474)

Subtracting (4.74) from (4.73), it follows that

aLspifqu + jweaLsizqs = qus — rSiqu —e, (4.75)
where
L . . L
e= _L—Trflflqr + ijL—T)\fqu (4.76)

and it is called IM back EMF. The equivalent circuit is shown in Fig. 4.14. It is
basically the same as the inverse I'-equivalent circuit model. This model was utilized
for constructing an IM sensorless drive by Harnefors [5]. The above alternative
derivations are summarized in Table 4.4.

Exercise 4.10 Derive (4.70) and (4.69) from (4.66) and (4.67).

Exercise 4.11 Show that
L2 . r . L
€= L_Tg |:7"T12qs - (ﬁ _iji> zqr:| :

4.2.4 Steady State Models

A steady state model follows straightforwardly from (4.36). The steady state vari-
ables are denoted by capital letters, Vygs, Ligs, and Igq.. Letting p = 0 and substi-
tuting swe = we — Wy, it follows that

qus - rsqus + jwe(LSqus + Lmqur) (477)
T .
0 = ;Sldqr + ]we(Lrqur + Lmqus) . (4'78)

The T-equivalent and its modified circuits are shown in Fig. 4.15. Note that the
steady state model shown in Fig. 4.15 (a) is the same as the one treated in Sec-
tion 3.2.1.

4.3 Power and Torque Equations

Since vg, = v, = v, = 0, the rotor side source power is equal to zero. Recall that
the power equation is written as (2.54) in terms of dg variables. Electrical power
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Te -:';”".""}"::.f-‘m Lis Ly e
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i
Jurgpa ['f-"‘ Ly — Eggd =
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s
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)
@ 4

LGy +
£

Figure 4.13: (a) Transformation of IM equivalent circuits, (b) I'-equivalent circuit,
and (c) inverse I'-equivalent circuit.

3
rs ol Jwerr Ll J'c-.'e-zul"-_i}:;r- fr:,:'r.
O——0T—W
Le 15, +
Vilas e I! A%, %L?“ e
" Jy) J:;I:} .Jﬁf;:qr

Figure 4.14: Inverse-I" equivalent circuit with an EMF.

applied to IM is obtained from (4.36) such that

3
2

o T - o e e e :e
Pe =  Vabeslabes = (vdslds + vqslqs)

3. . . . .
= 5%615 ((rs + pLs)igs + PLsiG, — weLmigs — weLimi,)

3. . . . .
—1—5128 ((rs + pLs)igs + weLimigy + weLimig, + pLmi,) . (4.79)
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Table 4.4: Alternative IM dynamic equations.

CHAPTER 4. DYNAMIC MODELING OF INDUCTION MOTORS

State Variables: (Ag,s; iggs)

se 1 (1 1 1 P wr
4 {‘dqs] |77 (?s + TT) T-wad 75 1-557)
t e

Adqs —T‘SI —weJ

se
|: ldqs

e
Adqs

State Variables: (Ag,s, AG,)

Ly, I

N
oT. I—weJ oTsLy

e

d [Ndgs| _ | Tom

dt Ae - L I
dqr oTrLg

Aflqs + I veé
—G—lﬂnI — wSlJ )\quT 0 dgs

Inverse Gamma Model with Back EMF

. ) . 1 1
d 13(18 — | aTLs I—wed 0 lzqs + |oLs I - cr_LsI qus
W\ Nggr 0 —wed | | Aggr 0 f—; I e

L%VL 3€ Lm Loy
where e = mldqs — (m — 2wTL_TJ) dgr-
.r'_'-, Ir.-.r..\_- |r.-|'|
_/\/\/\,__NY\ YN
ﬁ fx—
das .
'|':|I|'_I 2 @ Lo I ™
8
, (a)
- o E—,
A% —N ANN—"M
! /
I A T 2
@ dos . Fon . Er_-' @ . [LErE] _.I'_,I,_, Ly L f;'1
'I":._.'-f_-\- lia el _il"_:ﬂ 5 ll'..l.ll'|l.'\-' Ty Lo ™ r-;z -
(b) (c)

Figure 4.15: Steady state models: (a) T-equivalent circuit, (b) I'-equivalent circuit,

and (c) inverse I'-equivalent circuit.

Note that the shaft torque of a rotating machine is obtained as a gradient of the
electromagnetic power with respect to the shaft speed, i.e., T, = 2L=. Assume that

e Owr

the slip is constant and that the machine is in the steady state. Then, the shaft
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torque follows from (4.79) such that

OP. POP. P3

T G = 3 = gl Gt —i6iy). (150
I8 e

A different way of expressing (4.80) is

3 P
Te L Im{ldqsldqr} s (481)

where I'm{z} implies the complex part of z € C. Note that Ag,, = Li§,, + Lipig,,

oer}. Hence, (4.81) is

e zex | __ i€ i¢
and I'm{ig ig } = 0. Therefore, Im{if if } = rlm{ldqs dar

expressed equivalently as

3P Ly,

T. = 33 i I A5 - (4.82)
»
k
’}L::'qr * i:n.’qs
f\
&_&
/ TS i,
->

€
dgr

Figure 4.16: Cross product of rotor flux and stator current yields torque.

The other method of expressing I m{iflqs } is to use the cross product of

dqr
vectors. Note that
3PL,, .
I = 53 I = (Mg X 1dgs) (4.83)
3P Lm )‘celr Z:cels
= 33, ||| e
T 0 0 i
- = ?
3PL,|" J
= 557 |\ )‘Zr 0
22 L, o e 0
ds qs k
3 P L., )
= ( 27"125 - A;rl§s)7 (4'84)
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where the subscript ‘6’ implies the k-th component of a vector. Fig. 4.16 is a
graphical description of IM torque as a cross product of Ag,, and iflqs'
The mechanical system is modeled typically as

d
Jﬁwr + Bw, =T, —Tr, (4.85)
where J is the inertia of a rotating object, B is the friction coefficient, and T7, is an
external load. Fig. 4.17 shows a complete IM block diagram based on (4.31)—(4.35)
along with the torque equation, (4.84) and a mechanical model, (4.85).

i
1 Le —Lm|
aligls —r-rrl
i:,;;.-
.-:'.!.. 2D
T 3P0, & .
A 22 Iy (Mot — A fize)
R
s
1 Lop —lim 1
ahyle | =L L > Ja+ 1
|.I.
s
[

Figure 4.17: IM block diagram with a mechanical load model.

Exercise 4.12 Consider an IM with the parameters: the number of poles P = 6,
rs = 0.2829Q, r. = 0.151Q, L;; = 1.358mH, L;, = 0.711mH, L,, = 39.43mH,
J = 04Kgm?, B =0.124Nm -s. Construct a MATLAB Simulink model for the
IM based on the ODE-model with mixed variables, iflqs and /\zqr in the synchronous
frame. Also, construct blocks for torque and mechanical model. Assume that the
line to line voltage is V;; = 270 V(rms), and the frequency is f = 60 Hz. When the
line voltage is applied directly to the IM, obtain waveforms of w;, T¢, iz, and iflqs-
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Amrm] i |Kc'| Kt
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|re § (sigTLE b 18] ¢ dEgT A r_'llh Titau_r
< <z}
147l l Lt e
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<
- - lame_gr la
.\1}1— kS < =

™ 1 F "

. — —laa@ e

z -
14ai L s Ll
— <
u *-\.._\___\_E -
[ ¢ Pl -] Jsig™ an i1 Iitan_y
e

]

irLm ) EgtLET )

lame_dr F,-:- "<E|
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e p— |E>—>|T theta
e —
e e Bl
fomezer> - ) -
-
e

Figure 4.18: Simulink block diagram for IM based on current-flux states in the
synchronous frame (Solution to Exercise 4.12).
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Ly (rad/sec)

(d)

Figure 4.19: At the line start of IM: (a) speed, (b) torque, (c) phase currents, and
(d) dg-currents (Solution to Exercise 4.12).
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Problems

4.1 Show that for A € R™**"
A= (sT-A)}, (4.86)

where I € R™" is the identity matrix, £ denotes Laplace transformation, and
s is the Laplace variable.

4.2 Show that

o= o (-
o= o (- 1)
@::é(@-?@)

4.3 Utilizing the results of 4.2, derive the following from (4.30) and (4.33):

No| e owe snE 0 DA [
i Ags _ | TWe — aTLss 0 ;i—fzns Ags + Vgs
dt | Agy g 0 =g wa | |G 0

)‘27’ 0 UTE—ELmS —Wgl - O’TZ;’,- )‘27" 0

4.4 Consider a six phase IM shown below. Note that there are two sets of stator
coils, abc and zyz which are displaced 30°. The flux is modeled as

A + A0, + A0 — )i

= Li; + Mi;, Laber 12 Laber:

s
abcs abcs TYZS

Find L, M, and A(¢). Also, derive Ag,.

(b)

Six phase IM: (a) coil configuration and (b) phase current axes.
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4.5 Derive
using A
4.6
Vs
fugs
0
0

r
aber

r
dqr

= M(—6,)i, .. + Laberil,

aber?

—jOrss s
= Lime " igys + Lrig,,

In the stationary frame, the IM model is described as

rs + pLs 0 pLm 0
0 rs + pLs 0 pLm
pLp, wr L, Ty + PLT wrLy
—wyp Ly, pLpy, —wr Ly 7+ pLy

Using the above equation, derive the following dynamic

stationary frame:

Z‘ds
4 g
dt |,
(o

w.i=c rrLim L,
T o oL,Ls ToLs
oLg TO'Ls oLy Ls
—w Lm __Tr _Wr
ToL, oL, o
rsLm Wr _Irr
oLsLy e oLy
1
oLg (1)
s
2 oLs [Uds:|
— m S
oL, 0 Ugs
m
0 oLsL,

REFERENCES

where L, = %Lms + Ly,

4.7 Consider the steady state voltage equations, (4.77) and (4.78):

a) Assume that the d—axis
Justify ig. = 0 and Lyig,

b) Show that

qus
0

= 7ﬁsqus + jWeAdqs

r .
fqur + ]WeAdqr .

coincides with the rotor flux.

e __
+ Lyig, = 0.
e _ -e
Ags = 0Lgigg,
L2
e -e m :e
)‘ds O'Ls'lds + —L st.
r

c¢) Show that the voltage equations become

qus

0

(7“5 + jweaLs)qus + jwe

Tr . . o
= lar + jweLmig,.

2
-_m;

e
1
Lr ds

d) Draw an equivalent circuit based on the equations in c).
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4.8
chronous frame using (4.55)

the one in Exercise 4.3. Using the inverse transformation, obtain i
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Construct a MATLAB Simulink block diagram for the IM model in the syn-

as shown below. Apply the same voltage as

abes(t) =

abcs

T~ Hwet)igos = T~ Hwet)[ify (1), i54(t), 0]7. Check that the current is the

same.

il
"
|h-dr] Y e | l m
e o
Frumd Gami X .
Pedal . -[1-_1_} . 1 } - - w e
L P " : "
Faonis T GEain TV TN Chotnd
o 4 )
From11 . L _
- | +-.___.. P Frusl st _;j.|.-_| ..
Corsdmtl  Ciowi - ; " Gai=is  Conranid
= |:_
Frambl Frocs Frosuss
¥ -
- -
ol i _:) rl}-}__.— -~ ! - i [as]
Fromis o - integrine o
'“.:}J iy o
Fomd Gkt “"} -
R -
~ZJ*
. Gkl '.'I.ll.'
m e [y -
Tmm Gares
v | -Il:‘f-__:l I-'-t:_.r - : l-.
. A B . ;
Crawni Caned Inhegrilza [aEey
[ . " |: .
mem - Fridard -r_"'|.4-| & [
. ; -, - s
wd] -.:__H Frc=> . s -..' g
—, Pl e 4 :
[k ; Frdoulz
Forre Mioduzs
| :’: ™y e o 1l ...
[= 'nl.! i #: -/l -Glh? J - r.
el t il e
(B
- Gzle? -
el ) ML {-'-J-
L LUR ) EEELT) FEYRT
4.9 Show that
3P
. _ e -e e :e
1) Te - 55( dslqs - )‘qslds)7
11) T _ §£ Lm ( e ye _ e ye )
e — .
2 2 O_Ls LT‘ dr qs ds qr

4.10 Consider a three phase,

four pole IM with following rated parameters: line

to line voltage = 440 V, line frequency = 60 Hz, rated speed = 1746 rpm,
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4.11

4.12

REFERENCES

re =18, r, =2.256 Q, L,, =572 mH, L;; =32 mH, and L;, = 32 mH.

a) Construct a MATLAB Simulink block diagram for an IM model in the
stationary frame.

b) Plot [i5,(t), 15, (6)] and 8%y, () = T~ (0)[i3, (£), i5u(t), 0.

abcs

Consider a three phase four pole IM with the following rated parameters: line
to line voltage = 440 V(rms), line frequency = 60 Hz, rs = 1 Q, r, = 2.256 €,
L, =572 mH, L;;, = 32 mH, L;, = 32 mH, J = 0.2 Kg-m?, and B =
0.1 Nm - s.

Write a program using C-code for Runge-Kutta fourth method to obtain the
IM currents (i, igs) based on (4.56) for 0 <t < 0.8 sec.

Show the following identity:

3 . . 3 e 2 e 2 3 e 2 e 2
5 (Ugslfls + U;slgs) - 57‘5 (Zcels + 125 ) - §TT (lflr + lZT )
3P Ly,

- TL_()‘nelriZS - )‘Zricels) Wr
r



Chapter 5

Induction Motor Control

The electromagnetic torque is proportional to the product of gap field and armature
current. In separately excited DC motor, the orthogonality is maintained between
the armature and field currents with the aid of the brush and commutator, and the
field current and the armature current are controlled independently.

The field oriented control, often called the wvector control refers to all AC ma-
chine control methods that split the current vector into flux and torque components
and control each of them independently. The basic control principle is the same as
that of DC machine except the rotating reference frame. The phase currents are
transformed into a synchronous reference frame whose d-axis is aligned with a flux
vector. The d-axis current determines the flux magnitude, whereas the g-axis cur-
rent, being orthogonal to the d-axis, controls the torque. In the case of IM, the
control methods are sorted as rotor, stator, and air gap flux oriented schemes de-
pending on the flux on which the frame is referenced. Among them the rotor flux
oriented scheme is most popular for simplicity and good decoupling nature.

A technical hurdle is the difficulty in measuring or estimating the flux angle.
Based on the flux angle access methods, field oriented controls are categorized as
direct and indirect methods. The direct field oriented control relies on the flux
estimates or measurements. The flux can be measured by using flux sensing coils
or Hall devices. But, the flux measurement is rarely used in practice since it is
not easy to install a sensing device in the air gap or slot, and the signal processing
circuitry adds an extra cost. Usually, flux is estimated by utilizing flux observers.
On the other hand, the flux angle is estimated by integrating the sum of calculated
slip and measured rotor speed in the indirect field oriented control.

Sensorless control is a collective term of field oriented control methods that do
not utilize speed or position sensors. The vector control without a speed sensor is
attractive in the practical application, since it eliminates many problems in sensor
installation, cabling, processing circuit, and low signal to noise ratio. Enhancing
the torque and speed performance in the low speed region is an on-going problem
in the sensorless control.

155
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5.1 Rotor Field Oriented Scheme

The rotor field oriented scheme is favored, because the algorithm yields a natural
decomposition in the roles of d and ¢ axis currents. As the name says, the d-axis
of the reference frame is aligned with the rotor flux. Then, it results in A{, = 0
automatically. The axis aligning effort is realized by regulating A7, to zero by a
PI controller in the reference frame. It should be remembered that the rotor flux
rotates at the synchronous speed, we, not in accordance with the shaft (mechanical)
speed, gwr.
Utilizing (4.19), the voltage equation is derived as (4.51):

L L
G = (abpLao)is, + 22pN —w (Lot + 2200) G
s T
e -e Lm e -e Lm e
A (rs + pLSJ)qu + T PG + we | Lsoigs + 7 N | - (5.2)
T I8

Fig. 5.1 shows an alignment of the d-axis to the rotor flux. Then it follows that
Agr =0, as well as Ag,. = 0.

Stator Equation
By letting ¢, = 0, we obtain from (5.1) and (5.2)

L
vgs = (rs +poLs)igs — weoLgigg + L—mp)\fh,, (5.3)
T
. . L
vg, = (rs+ paLS)zgS + weo Lt + weL—m e (5.4)
T

Note that —weo Lgigg and w.oL,ig, are the coupling terms between d and ¢ axes,

and that w, Ii’: A, is the back EMF.

Rotor Equation
Applying Ay, = 0 and }\ST =0 to (4.34) and (4.34), it follows that

= TTinelr + p)‘ér = (TT‘ + LTP)ZET + meicelsv (55)

= rpig, + (We — Wy ) A

Therefore, we have from (5.5) that

, Lmpig
Qg = ————* 5.7
dr e+ PLT ( )
Utilizing (5.7), the d-axis rotor flux turns out to be
L, L,,pi§ L
€ = Ly, + LyiS, = LyiS, — ——mPlds _ _=m e (5.8)

rr+pL, 1+p7, ds
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Rotor g-axis

Rotor d-axis

Rotor Flux

/"l.r. == D [ |A

o dr =

Be

Figure 5.1: Aligning the d-axis frame to the rotor flux A,. It results in A\g. = |Ay]
and Ay = 0.
where 7, = f—: is the rotor time constant. In the steady state, (5.8) reduces to
Agr = L5, - (5.9)
Since Ay, = 0 in the rotor field oriented scheme, it follows that
0= Lynic, + Lyit,.. (5.10)

Then, the slip equation follows from (5.6) and (5.10):

P iy 1L
_ qr m .e
Wel = We — —Wp = SWe = —T = ——1g- 5.11
sl e 9 r e r)\dr Tr )\dr qs ( )
The slip is often written as wg = TL:% in the steady state.
™ ds

Roles of ig; and i,

Comparing A§. = Li5, with A§. = L;,i5, + Ly45,, it is observed that 5, = 0. With
Agr = 0, the torque equation (4.84) reduces to

€

3P Ly,
IL_T drlgs:

T —

This equation is comparable to the torque equation of the DC motor. The similar-
ities with the DC motor are:

¢, corresponds to the field.
i, corresponds to the field current.

iqs corresponds to the armature current.

Now, the roles of d and ¢ axes stator currents become clear:



158 CHAPTER 5. INDUCTION MOTOR CONTROL

Note that no d-axis current flows in the rotor. Only the stator current
flows in the d-direction, and it is responsible for the gap field generation.
In other words, the stator d-axis current, i4s is used solely to generate
flr'

On the other hand, the g-axis stator current, i,s flows to generate torque.
Note however that no flux is generated along the ¢-axis, although a huge
g-axis stator current, ig, flows. It is because about the same amount of
rotor current, z ﬂows in the opposite direction, i.e. qu = —L—z . As
a result, a p0881ble generation of Af,. is suppressed. It can be v1ewed
as a correction of the armature reaction, which refers to the gap field
distortion by the armature current.

Fig. 5.2 shows the current and field distribution and illustrates the torque pro-
duction based on the Lorentz force. The rotor field is applied to the g-axis stator
current, ig;. Then Lorentz force is developed on the g-axis coil. However, the stator
coils, being fixed in the stator slots, are not allowed to move. Instead, the rotor
rotates in the reverse direction due to the principle of force couple. Fig. 5.2 (b)

shows current vector cancelation in the g-axis.

i5, d-axis current
g-axis fields
cancel out. L.

g-axis current

= i
}"r.l." — g

Lorentz force
on stator coil fgr =

(a) (b)
Figure 5.2: (a) Torque production and (b) current and flux vectors with the rotor

field oriented scheme.

The roles of currents are summarized in the following:

1. 5, is used solely to generate the rotor flux < (5.8). It acts like the field
current of a DC motor.

2. ig, = 0 in the steady state. Only the g-axis current, iz, flows in the rotor in
order to nullify a possible generation of the g-axis rotor ﬁeld caused by ig, <
(5.10).
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3. igs is used to generate the torque <= (5.11). The g-axis current is the armature
current in the AC motor.

Vector Diagram in Steady State
In the steady state, pAg; = 0 and pig, = pig; = 0. With the complex variables,
(5.3) and (5.4) are rewritten as

Vigs = Tsigys T jweo Lsig, + jwe (5.12)

miye
7, N

r
Based on (5.12), a vector diagram for the rotor field oriented control can be drawn
as Fig. 5.3. Note that the voltage vector leads the current vector by ¢.

0
Vidgs

:
I

Figure 5.3: Voltage vector diagram for the rotor field oriented control.

Exercise 5.1  Consider a 220 V (line-to-line) 60 Hz, three phase, four pole IM.
The parameters of the IM are r; = 0.2 Q, L;s = L;, = 2.3 mH, and L,,=34.2 mH.
Assume that the IM produces T, =40 Nm at 60 Hz electrical speed when the rotor
field oriented control is applied to the IM with 45, = 7 A. Sketch the voltage and
current vector diagram.

Block Diagram for Rotor Field Oriented Scheme

Substituting Laplace operator s for p, we obtain from (5.3) and (5.4) that
1

1

. I .
iS5 = g =g+ ——— welgs, (5.13)
s+ oLs s+ oLs
1
-e oLs ( e Ly, e ) 1 -e
) = Ve, — We—A - weiG,. (5.14)
qs s qs e dr s evds
s+ ULSS LT s+ ais

A block diagram based on the reduced model (5.13) and (5.14) is shown in Fig. 5.4.
The IM model contains just coupling terms and the back EMF.
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Figure 5.4: IM model under the rotor field oriented scheme.

Field Oriented Control Implementation

The IM dynamic model mimics the DC motor dynamic model in the rotor flux
reference frame in which the roles of the dg-axis currents are separated. Specifically,
the d-axis current, functioning as the field current, should be regulated to maintain a
desired rotor field level. The g-axis current, as the armature current, needs to be set
in accordance with the torque command. Thus, the torque control can be realized
by setting both d and ¢ axis currents constants. For this purpose, PI controllers are
employed to keep the desired DC level. In brief, the torque control turns out to be a
DC regulation problem in the synchronous reference frame, and the DC leveling by
the PI controller is a well established control method. It gives an answer to why the
control in a synchronous reference frame is preferred. Otherwise, AC currents must
be controlled in the stationary frame. However, it is hard to be realized. Fig. 5.5
shows a general control block diagram for the field oriented control which involves
coordinate transformations in the current control loop.

Current
- - - sensing
Inverter L s m:

— - —
‘3} l:‘} l:& wyr  Speed
rieess  fan i sensing
T — Slip el oy
Al v, —|—>{ calculator g
=, Flux i ety
abc
regulator _! ;
- 1'r||.-; dq < el a ,lll
Decoupling o
L'i.-‘r-'
e . g ) W— I
"gs | Q-axis curr. i€
— s
controller abc
t :I-',l.i dq

Figure 5.5: Field oriented control block diagram involving coordinate change.
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Current Controller in Synchronous Frame

The controller is comprised of submodules: PI controllers, current transformation
from abc to dg, voltage (inverse) transformation from dg to abe, and decoupling
controller. Two PI controllers are employed for d and g axes. Normally, the same
gains are applied. The coupling terms, —weo Lsig, and weo Lsig, and the back EMF,
We(Lm/Ly)Agr are compensated. Summarizing the above, the current controller is
constructed as

vg, = Kp(igs —i9,) + K; / (155 — 155)dt — weo L qu, (5.15)
¢ = K » K; J)d L L AG 1
qu - ( qs - qs + 1+ weo st + we dr > (5 6)

L,

where K, and K; are proportional and integral gains, respectively. The d-axis
current command, 5", is selected to provide sufficient flux in the air gap. Normally,
the d-axis current command, g is about 30% of the rated current level. The g-axis
current command, i€* determines torque, so that it comes out from a higher level

q
control loop, e.g. torque or speed controller.

Angle Estimation

The rotor flux angle, 6. is an essential parameter for coordinate transformation.
In the indirect vector (or field oriented) control, the electrical angular velocity is
obtained by adding the slip speed estimate to the motor shaft speed, i.e., we =
wy + wg. Encoders or resolvers are most commonly used to detect the rotor speed,
wy. The angular position 8. of the rotor flux is obtained by integrating we:

t t P thZ'e P
0, = oAt = o+ —wy)dt = 4w, dt. 1
/Ow /O(wH—Qw) /O(mgr+2w) (5.17)

Control Block Diagram

A detailed block diagram for the rotor field oriented control is shown in Fig. 5.6.
The control sequence is illustrated as follows:

1) Measure phase currents.

2) Estimate the rotor flux angle, 6. according to (5.17).

3) Transform (igs, ips) into (i, igs) using the coordinate transformation
map, T(6.).

4) Apply PI controllers with the decoupling feedback.

5) Transform the voltage vector, (v, vg,) into on-duties (75, Ty, T¢) of
pulse width modulation (PWM).

The phase currents are measured by utilizing Hall current sensor or shunt resistor.
Since the current sum is equal to zero, it is normal to measure only two phase
currents, for example, (iqs, 7). Then, we let ics = —(ias + ips). Step 5) and 6) are
practically merged into a single processing block. That is, the inverse transformation
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is fused into the space wvector modulation in normal practice, which is treated in
Chapter 10. The current controller is constructed based on (5.15) and (5.16), and
the slip is calculated according to (5.11). Within a rated speed range, the flux level
is kept constant, but it is reduced as the speed increases (field weakening). The
field reference command, A" is depicted as a Mexican hat shape.

The microcontroller or digital signal processor (DSP) takes care of all the com-
puting burden needed for coordinate transformation, executing current controller,
and the space vector modulation. Since the above process is repeated every PWM
cycle, high performance DSP is required. However, with the advances in DSP de-
sign and manufacturing technology, some motor control DSPs are now available in
less than 10 US dollars.

s

tas| abc

”_l-\.
- — >

dq

-
tgs

Figure 5.6: Control block based on the rotor field oriented control scheme.

Table 5.1: IM parameters for simulation. (Exercise 5.2)

‘ Parameter ‘ Value ‘ Parameter ‘ Value ‘
Rated power 7.5 kW Stator resistance, rg 0.28 Q
Voltage, Vj; 220V ;s | Rotor resistance, 0.15 Q
Rated speed 1160 rpm | Leakage inductance, L;, 1.4 mH
Frequency, f 60 Hz Leakage inductance, Ly, 0.7 mH
Number of poles, P | 6 Magnetizing inductance,L,,s | 39.4 mH
Moment of inertia, J | 0.4kgm? | Friction coefficient, B 1074 kg-s

Exercise 5.2  Consider an IM with the parameters shown in the Table 5.1.

a) Calculate rated slip, s, and rated current, I, qted-
b) Build an IM control block diagram using MATLAB Simulink based
on the rotor flux oriented scheme.
c) Set ig; = 0.3 X Israteq and igs = 20 X us(t —0.01). Determine the cur-
rent I controller, K. such that current control bandwidth is [0, 200] Hz.
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Find K. such that g-axis current overshoot is about 10% or less.

d) Construct a speed PI controller and determine K, and K;s so that
the speed bandwidth is [0, 20] Hz and that no overshoot takes place.
Plot ¢, ifls, and w, for 0 < ¢ < 0.03.

e) Plot the speed response to the following speed reference:

125¢, if t<04

50, if 04<t<0.8
—125¢ + 150, if 0.8 <t < 1.6
—50, if 1.6<t<1.8

Plot T, w,, and i, i, i for 0 <t < 1.8.

Solution.
a) s, = (1200 — 1160)/1200 = 1/30. 7,/s, = 4.53, X;s = 377 x 1.4 X 1073 = 0.53,
X =377 x 0.7 x 1072 = 0.264, and X,, = 377 x 39.4 x 1073 = 14.85.

]Xm(]Xlr + Tr/sr)
JXm + 71X + Tr/sr

Z=rs+ X+ = 4.3+ j2.

Thus, I ,areq = 220/v/3/(4.3 + j2) and I qeq = 26.6 A.
b) See Figs. 5.7, 5.8, 5.9.
¢) Note that Ly, = 3Lys = 59.1 mH and L, = Ly + 5Ly, = 60.5 mH. On the

e I | s & I T
I WD L * 5| Wi e el A0 TN . [ T "l i
i 2 Lda =
o ‘T"' A e Fer L
Rl bk ] I.'ll'_ld_'_,.'\—l
o 8
2 s & 5 -~ 1
."": - il i A - | ¥ 5
'wiu- 22 ' 5 T 5 [T ek
gt o Frersd 1 i I b
[ET T d *TFL e Hl,
= ol L Lo Lia
B3

Figure 5.7: Simulink sub-block for IM (Solution to Exercise 5.2).
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other hand, 0 = 1 — ﬁ = 1 - 59.12/(60.5 x 59.8) = 0.0346. Thus, K;. =
o Lswy? = 0.0346 x 0.0605 x (27 x 200)? = 3302. Due to the effect of a zero in the
transfer function, it is proper to select ¢ = 1.2 to limit the overshoot less than 10%.
Therefore, Kp. = 2CwpoLs—rs = 2X 1 2% (2 x200) % 0.0346 x 0.0605—0.282 = 6.03.
d) The nominal d-axis current is 55 = 0.3 X Ispqteq = 7.965 A. At this time,
Adr = Lipigrey = 0.0591 x 7.965 = 0 471 Whb. Therefore, K; = 3P m)\ =45 x

0.0591/0.0598 x 0.471 = 2.09. Thereby, K;s = “2’ = (2”3(39*04 = 3019. For

a sufficient damping, a large damping coefficient, (; = 8 is selected. Thus, K,s =

QCS"J;&J_B = 2X8X(27TX2202)§04 0.0001 _ 385. For current and speed responses, see
Fig. 5.10 (a).
5.

e) See Fig.

10 (b).

Figure 5.8: Simulink blocks for the rotor field oriented control (Solution to Exer-
cise 5.2).
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Figure 5.10: Current and speed step responses: (a) to a step speed command and
(b) to the command of a speed profile (Solution to Exercise 5.2).

5.2 Stator Field Oriented Scheme

The stator field oriented scheme is the control method of aligning the d-axis with the
stator flux. It is known to be less sensitive to machine parameters and produces more
torque than the rotor field oriented scheme [1],[2]. But, the torque-flux decoupling
is more difficult.
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With the stator field oriented scheme, the g-axis stator flux is zero, i.e., Ag; = 0.
Therefore, it follows from (4.13), (4.14), (4.34), and (4.35) that

L .
flr = L—T( ceis_O-LSZcels)? (518)
m
. L,
X, = L o Lgit,, (5.19)
L
Zcelr - L )‘ds Lmzds, (520)
L
ig, = —L—Sgs (5.21)
m

The stator flux and slip equations can be derived by substituting (5.18)—(5.21) into
(4.34) and (4.35): From the rotor d-axis equation,

0 = TTinelr + p)‘celr - wSl)‘Zr

r , L , L ,
= LT ()‘25 - LSZZS) + pLT ()‘25 - ULSZZS) + LT wSIULSZZS
m m m

1 . . .
= T_( 23 - LSZcels) + p()‘zs - O'LSZES) +w810L8Z28

r

1 1 . .
= (7__ + P) fls - LS(T_ + pa)lfls + wSZO-LS/LZS
r r

we obtain .
op+ =)Ls oLgif
A, = %@s - g (5.22)
Pt ™

From the rotor g-axis equation,

0 = rpig, +pAG +waAg,
r.L L, L .
- _ £m5 1€ L — oL, z L;wSl()‘cels — oLsi5,)

= —Lsz pTTO'L’L + Trwsi (NG — o LsiG)

we obtain [3]

(& +po)Lsig, (P gp)i as 5
Wsl = N — oL.€ = e - (5 3)
ds OListys Uzss — Zcels

Note that flux and slip equations are not decoupled in the stator field oriented
scheme. Specifically, wg is involved in the flux calculation, (5.22). In turn, A§, is
used for slip calculation, (5.23). Further, the slip equation (5.23) contains differ-
ential operator, p. Thus, it requires differentiation of ig,, which is disadvantageous
when it is compared with (5.11). Hence, the rotor field oriented scheme is com-
monly used in practical applications. The torque equation corresponding to the

stator reference frame is 7, = 2 P)\fls '25
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5.3 Field Weakening Control

When the speed increases, the back EMF grows. At a rated condition, the source
(inverter) voltage reaches its limit. To operate the machine above the rated speed,
both torque and field have to be reduced.

5.3.1 Current and Voltage Limits

The current rating is determined mostly by the thermal capacity of the motor. Let
the peak value of the maximum phase current be denoted by I,,. Then,

i+t < I (5.24)

S

Thus, the current limitation is described by a circle in the current plane.

¢
ing

[

\\ Voltage
\ limits

Figure 5.11: Current and speed limits with constant torque curves.

Let V,, be the peak value of the maximum phase voltage. Note that V,, =
Vpe/ v/3 in the space vector modulation, where Vp¢ is the DC link voltage. The
voltage limit is

v + v < Vi (5.25)
Suppose that the machine is controlled according to the rotor field oriented scheme,
and assume that the machine is in the steady state. The steady state model (5.12)
can be rewritten as

Vs = Tsigs — weo Lsig,, (5.26)

Vgs = Tslgs + Welsigs - (5.27)
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By substituting (5.26) and (5.27) into (5.25) we obtain an ellipse:

7. 2 .o 2 VQ
< s%qs +Lsifls> i (Tslds _ O-leigs> < - (5.28)
w

We

A further simplification is made by neglecting the stator resistance. The voltage
drop over the stator resistance is relatively small especially in the high speed region.
Then, (5.28) reduces to an elliptical equation:

i€ 2 e 2
S
ds 1 < 1. (5.29)

Vi
welLg

Note that & < we‘?}:s’ since 0 &~ 0.1. Thus, the major axis is aligned with the
g—axis, whereas the minor axis lies on the d—axis. Hence, the ellipse of (5.29) has an
upright shape, as shown in Fig. 5.11. The center is at the origin. As the frequency
increases, the voltage constraint will shrink towards the origin.

With the rotor field oriented scheme, the torque equation is expressed as

3PL? . .
e — §EL—T:Z28228. (530)
Hence, constant torque curves appear as parabolic curves of the type y = <.
Fig. 5.11 shows the current and voltage limits with several constant torque curves.

5.3.2 Torque—Speed Curve

The machine can work only in the intersected area between the current limit circle
and the voltage limit ellipse, i.e, in the overlapped area between the current circle
and the voltage ellipse. The maximum torque and the maximum power are feasible
if the voltage and current are used to the maximum. Therefore, the torque—speed
curve needs to be interpreted with the voltage and current limit curves. The oper-
ation range is separated into three parts depending on the operation modes. The
typical profiles of voltage, current, torque, and flux are shown in Fig. 5.12.

Constant Torque Limit Region

The constant torque region indicates the speed range from zero to a rated speed.
In this region, torque can be increased to the maximum by utilizing the maximum
current. The power increases in proportion to the speed. At the rated speed, the
motor terminal voltage reaches the limit.

Constant Power Limit Region

To take advantage of the maximum efficiency of the machine, the maximum voltage
and current should be used. For maximum power operation the operating points
must be determined at the intersections of the voltage and current limits. Note
again that the current limit circle has nothing to do with the speed. Meanwhile,
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Figure 5.12: IM characteristics in constant torque and field-weakening region.

the voltage limit ellipse shrinks as the speed increases. Therefore, the operating
points migrate along the circle to the left (Points ‘B’, ‘C’, and ‘D’ of Fig. 5.11).
Along this migration, the torque reduces. In this region, the torque is inversely
proportional to 1/w.

Along the contour, the d-axis current reduces along with the flux. Since the
maximum voltage and maximum current are utilized, power remains nearly constant
if the power factor does not vary significantly. Thus, this region is often called the
constant power limit region or field weakening region I.

Second Field Weakening Region

In the very high speed region above the point ‘D’ the voltage ellipses shrink inside
the circle. In this region, the highest torque is found at the tangential intersection
between torque and voltage limits. Note also that current also reduces as the speed
increases. Therefore, torque reduction is accelerated. Representing torque as T, =

kigig, it follows that
i€ 2 + UTe 2 _ Vm 2
ds T\ kig, wels)

Applying inequality A% + B? > 2AB, we obtain

o (9L 2 20T,
4 T \kic,) T ke

V

Therefore, we have

Vin \2 _ 2
(w Z > > 0T (5.31)

This implies that torque reduces in proportion to 1/w? in this region. This region
is often called second field weakening region or field weakening region II.
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Exercise 5.3  Consider a 220 V (line-to-line) 60 Hz, three phase, four pole IM.
The parameters of the IM are 7, = 0.2 Q, L;; = L;, = 2 mH, and L,,=34 mH.
Draw the voltage limit ellipse for different speeds with the current limit, I,,, = 40 A.
Draw the maximum torque versus speeds and determine the speed, w, where the
field weakening regions I and II are separated.

5.3.3 Torque and Power Maximizing Solutions

Stator and leakage inductances are the major factors determining the maximum
torque and power under a given DC-link voltage. The constant power speed range
is also an important decision factor for high speed IMs. High inductance is good
for reducing the current, whereas harmful in securing a wide speed range.

Maximum Torque per Ampere

The maximum torque per ampere (MTPA) is a current-minimizing scheme for a
given torque. That is, it is a control strategy that minimizes the current magnitude,

2
I=,/i52+ i¢2 for a given torque level T, = %LL_T:ZSSZES- Note that the constant
torque curve is symmetric about the 45° line and that the set of a constant current

magnitude is a circle. Therefore, the solution is always found at the 45° line:

. ) AT, L I
/LZS = ’LZS — 3; LZT = ﬁ, (IS S Im) (532)
m

In Fig. 5.13 the MTPA trajectory is marked by [J and point A is a boundary point
between the MTPA and the constant d-axis current control contour.

[ Thrta
r) e
T D il
(e]
E |
| |
Current i |
~ < Limit 1 |
L #ga Limit X P !
4 o 1 Field Weakening | \Field Weakening Il
4 " . ! i
o) \V a5 R telpp it Speed
Voltage Limits (a) (b)

Figure 5.13: Maximum torque trajectory under current and voltage limits: (a)
operation contour and limits in the current plane and (b) torque-speed curve.
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D-Axis Current Limit Contour

The flux level is determined by the d-axis current, so that it should be limited to
avoid core saturation. Note that a rated current is selected at the border point, B
between the constant torque and the field weakening regions. Thus, the maximum
voltage is utilized at the rated condition. Since o is small, we have the following
approximation at B

7€ 2 V. 2
62+ L ~ig? < m_) . 5.33
ds o2 ds = Wrn Ls ( )
where w,, is the rated speed. Thus, the maximum d-axis current is set such that
Vin
max{i5, } < . 5.34
{ dS} — wran ( )

The d-axis current limit contour appears as a vertical line AB.

Maximum Power Contour

The maximum power is feasible when the maximum voltage and current are utilized.
Therefore, the maximum power is found at the intersection between the current and
voltage limits. Solving (5.24) and (5.28) simultaneously it follows that

1 V2 1 V2
e ey _ m_ 5272 P — L 5.35
(ias: igs) (\/1 — 02 (ngg g m)’ \/1 — 02 ( m w§L§)> (5:35)

The solution contour is an arc, BD of the current limit circle which is marked by
A in Fig. 5.13(a). Note from the torque-speed curve shown in Fig. 5.13(b) that
the power is not constant during the journey from B to D. Fig. 5.14(a) shows two
sets of current and voltage vectors corresponding to B and D. It shows different
power factor angles, ¢ and ¢p. Fig. 5.14(b) shows a locus of power factor when
the speed increases from B to D. Expressing power factor in terms of currents, we
obtain

05,45, + v ¢ —
PF= b wae L0 . (5.36)

w2 +us2 Ji2 g2\ J, /i) + (dig/ig, )2 + 1+ 07

It is a function of 7§ /ig;. Thus, the PF is constant on OA and DE where the
current ratio is constant.

Power factor is maximized by minimizing the denominator of (5.36). To min-
imize (izs/igs)2 + (aizs/igs)z under the constraint, I7, = i52 4+ i¢2 we define the
following Lagrangian:

i 2 Tlgs ? 2 2 2
€ €
L= (ﬁ) + (?) +p{l, —ig —igl}, (5.37)
qs ds
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Figure 5.14: Power factor change depending on speed: (a) voltage and current
vectors at points B and D and (b) power factor angle versus speed.

where p is a Lagrange coefficient. Then, the necessary conditions are

oL 2i6.  20%C? .

5 = Z’eZS - i3 —2uig, =0 (5.38)
S qs S

oL 2i62 2070, ,

die, ~ T T, Mw=0 o)
qs qs S

oL

= I —ig2 —it? =0. (5.40)

Solving (5.38)—(5.40) simultaneously, the maximum PF' condition is obtained as

. 1
l;s == \/—Elzs. (541)
Substituting (5.41) into (5.36), the maximum power factor is calculated as
l1-0
PF = . 5.42
1+o (5.42)

Note that (5.42) is identical to (3.31) which was obtained from a geometrical rela-
tion. Another approach is to use inequality, A2 + B> > 2AB. It directly follows
that (igs/igs)Q + (oigs/igs)Q > 20. Substituting it into (5.36), the same value is
obtained as (5.42). Note from Fig. 5.13 that the power factor reaches the apex at
C when (5.41) is satisfied, and decreases as the point approaches to D.

Maximum Torque per Voltage

There are two possible choices for operation: a) intersection between current and
voltage limits and b) intersection between torque curve and voltage limit. Above a
certain speed in the field weakening range, case b) gives a larger torque. Specifically,
the maximum torque for a given voltage is obtained at the tangential intersection
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between the voltage and torque curves. Such a solution is called mazimum torque
per voltage (MTPV). In the high speed region after point D, the MTPV solutions
yield the maximum torque, and it corresponds to the second field weakening region.
The MTPV locus can be found by solving (5.29) and (5.30) simultaneously.

Voo \? AT 2
e 4 m e 2
- — | =0. 5.43
s <weL5> fas (313(1 - U)LS> (5.43)
Substituting y = i%? into (5.43), it follows that
Vo \? ATo \?
2 m
— =0. 44
X (weLs> X+ <3PLS> ! (5:44)

Note that the tangential condition turns out to be the double root condition, i.e.,
the discriminant of (5.44) must be zero. It yields

Vi
=—. 5.45
X 2(weL5)2 ( )
. . . . . . Vin .
Since negative d-axis current is inappropriate, we have i§, = NP Then, it
B _ Vm . . .
follows from (5.29) that ig, = NPT Thus the MTPV locus is a straight line
. 1
igs = - Ids- (5.46)
Alternatively, L can be eliminated from the MTPV solution such that
(ier i) o 42Tw. 1 4/2T.w, (5.47)
Ids, lgs) = . .
ds Tas l—0 3PV, ' 1—0 3PV,

. . . e Vi
Exercise 5.4  Using (5.31) and (5.46), derive 5, = N

5.4 IM Sensorless Control

Encoder and resolver are usually used for speed measurements. Differently from the
current sensors, the speed sensor must be mounted on the rotor shaft. However,
mounting a sensor on a moving object is more difficult, it needs a mechanical in-
tegrity such as alignment. In addition, sensors are often under harsh environments
like vibration, dust, water, ice, etc. Sensor cabling is another nuisance as the dis-
tance between motor and inverter increases. It forms a noise conduction loop with
the inverter. In some home appliances, cost pressure prohibits the use of encoders.
The capability of flux angle estimation should be provided to establish a field ori-
ented control without a sensor. Usually, observers are devised to estimate the flux
angle.
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5.4.1 Voltage Model Estimator

Most sensorless schemes rely on the stator voltage and current measurements, which
are not hard to obtain. It follows from (4.23) that the stator flux is obtained by
integrating vy, . — Tsigesr 1-€.

;\flqs = / (Véqs - 7ﬁSiflqs) dta (548)

where ;\flqs is the stator flux in the stationary frame. Then the rotor flux is obtained
via

L,

$S $S .
Adqr = L_ (Adqs — aLSléqs) . (549)
m

Finally, the rotor flux angle is estimated such that

X AS
6, = tan! <q> . (5.50)

s

The flux estimator based on the open loop voltage model, is called voltage model
(VM) based estimator or simply VM estimator. This VM based estimator is simple
and inherently sensorless but is marginally stable due to the open-loop integration:
The integrator output tends to grow indefinitely when there is a small DC offset
error. The VM based estimator shows a better performance in a high speed range
where the back EMF is dominant over the ohmic drop or the noise level. In the low
frequency (0 ~ 10 Hz) region, 7sig,s is relatively large among many voltage con-
stituents. Furthermore, the exact value of r4 is hardly known due to the temperature
dependence and the AC effects.

The classic approach to maintaining stability is to replace the integrator with a

low-pass filter. Utilizing a first order filter, ﬁ, we obtain
dAggs | 5o :
To— 5+ Nigs = T0(Vigs = Tsilys)- (5.51)

It is obvious the filter behaves like an integrator for small 75. In particular, the
pseudo integration is effective in the high frequency range greater than 1 / 79. Com-
bining (5.48) and (5.49), the rotor flux can be written directly as

oS L 1 . .
Nigr = LT (g(vflqs — ’I“slfiqs) — 0L51§q5> (5.52)
m
L T . .
~ LT (S — - (Vflqs — ’I“slflqs) - 0L312q3> . (5.53)
m

The whole VM estimator is depicted graphically in Fig. 5.15. But the solution
fails at frequencies lower than several times of the filter cutoff frequency, 1 / 7o [11].
The VM performance can be significantly improved if explicit compensation of the
measurement offset, noise, and inverter nonlinearity is added. In general, it cannot
be used solely in the low frequency region (under 3 Hz) [4].



5.4. IM SENSORLESS CONTROL 175

Vi + 1 Adys+ Le | Mg L
- - > LanT |-
a8+ 1/m _ Im

g w |'.-,.

: :

I. fogs

Figure 5.15: Open loop flux estimator based on the VM.

5.4.2 Current Model Estimator

The current model may also be used for the realization of sensorless observers al-
though it requires the use of angle or speed information. In the rotor frame, the
rotor voltage equation is given by

dXggr

dt

Y o
vdqr - 707“1dqr +

To transform to the stationary frame, we multiply /% . Then, it follows that

, o Y
ejgrvgqr = rre]‘g”"lgqr + eJGTE <e J“’reﬂeugqr)
S
. . dqr
0 = rrlflqr — Jwr}‘flqr + p”
Ty . . dkflqr
= L_(Aflqr - Lleqs) — JWr qu + dt
T
Therefore, the rotor flux in the stationary frame satisfies
del A8 . S8 28
Ty ar + Adqr = .]wT‘TT‘Adqr =+ LmquS. (554)

Note that in the stationary frame the mechanical speed w, appears instead of wy;
Therefore, the rotor flux estimator is constructed such that

+ Aggr = J0rTr Aggr + Linlys- (5.55)

Since it is driven by the current, it is referred to as current model estimator. Note
that Ag,,, being viewed from the stationary frame, includes the rotor speed, w;.
It is unknown, i.e., the estimator includes an unknown parameter. Therefore, the
current model (CM) based estimator cannot be used alone. Instead, it requires
other means to estimate @,.

5.4.3 Closed-Loop MRAS Observer

L sC

We denote by )\Zq,,, the rotor flux estimate obtained from the CM (5.55). Similarly,
<sV

we denote by )\Zq,, the one obtained from the VM (5.53). The model reference
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adaptive system (MRAS) observer utilizes both estimates in parallel [4]. Note that

. . sV {sC . . .
the two estimates must be the same, i.e., /\qu = /\qu if both estimations are correct.
However if they do not match, the CM estimate is regarded incorrect due to error
in the speed estimate, @, in (5.55). Based on this reasoning, the speed estimate, @,
. . . sV ;sC .
is adjusted based on the difference between )\ZqT and /\qu. In particular, the angle
difference of the two vectors is utilized for speed updating [4]:

R 1 1\ <o <
Gy = <K1 + K2;> ey = <K1 + K2;> A = AsEAS), (5.56)

where o v
Qs Qs
ex = Adqr X )‘dqr

:sC | sV ., :sC | sV
. = |Adqr| |Adq7“| sind ~ |)‘dqr| |Adqr|5? (557)
and 9§ is the angle between the two flux estimates. It is equivalently written as
sV sCx
e = Im <)\qu Ao ) , (5.58)

where I'm(-) denotes the imaginary part and superscript * on a complex variable
denotes the complex conjugate. Two flux estimates and & are depicted in Fig. 5.16.

caV

‘}l".{lff,l'.“

Tal! Tl T~

}"-{{{,I'.l' * }"rir; r

Figure 5.16: Cross product of two estimates to derive an angle error.

Fig. 5.17 shows the closed loop rotor flux model: T'wo models yield two rotor flux
estimates in the stationary frame, and the outer product gives the angle difference.
Passing it through a PI regulator, a rotor speed estimate is obtained. The speed
estimate is used to update chTTT)\flg;, in the rotor model, completing a closed loop.
Similarly to the above open loop scheme, this closed loop scheme has a fundamental
limitation in the low speed region, since the VM estimator utilizes the same low
pass filter.

5.4.4 Dual Reference Frame Observer

Many feasible methods of linking two types of observers were studied in [5], [6].
The dual reference frame observer is considered here that employs two reference
frames, so that the speed-dependent terms within the motor model do not appear
in its implementation. Fig. 5.18 shows a Gopinath style observer that utilizes two
models described in different frames [6], [7]. The CM is modeled in the rotor frame,
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Figure 5.17: MRAS for rotor speed estimation based on VM and CM.

whereas the VM in the stationary frame. Therefore, the CM is accompanied by the

coordinate transformation maps, /% and e=% in the upstream and downstream,
where 6, is an estimate of 0.
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Figure 5.18: Gopinath flux observer incorporating the CM and VM via a PI regu-
lator.

In the rotor frame the voltage equation is equal to

s
. d T . dXg
0= rrlgqr + dth = L_:( qu - Lmlgqs) + dth
Therefore, the CM estimator is given as
dX, g L,
= ’"Aqu e 0 (5.59)
T

X, 1, . < .

or = (Lmigy, — Nigr) = —Trilg- (5.60)
T

The estimate in the stationary frame is obtained via the transformation:

2 sC 0,37
Adqr = 6‘7 Adqr' (561)
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The VM is based on (5.48), and the difference between the two estimates is fed to
a Pl-type regulator.

K2 < sC sV
<K1 + ?) ()‘dqr - Aqu‘) (562)

The output of (5.62) is used to correct the signal to the voltage model.
To visualize the convergence between the two flux estimates, we let E(s) =
LL—; (K1 + %) % Then, it follows that

~8Y E(S) :sC 1 LsV
ANy = ————— — Ay 5.63
dqr 1 —|—E(S) dqr + 1 +E(S) dqr ( )
N——— N——
=1-—F(s) = F(s)

Based on (5.63), the dynamic linking between the two estimates is depicted as shown
in Fig. 5.19. Note that E(s) is system Type 2, since it has two open-loop poles at
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Figure 5.19: Dynamic linking between the current and voltage models.

the origin [8]. Thereby its unity feedback system,

1 52

T1+E(s) 2+ F=Kyis + £2 Ky

F(s) (5.64)

suppresses the steady-state error even to a ramp input. It acts as a weighting
function depending on frequency. Fig. 5.20 (a) shows Bode plots of F'(s) and 1—F(s)
when F(s) = s?/(s* + 20s + 100). Note that F(s) is a high pass filter, whereas
1—F(s) is a low pass filter. However, their sum is equal to zero. Thus, the resulting
closed-loop flux observer provides an automatic transition between the two open-
loop flux observers. Since |1 — F(jw)| ~ 1 and |F(jw)| =~ 0 for small w, the CM is
weighted more than the VM in the low frequency region. It looks reasonable, since
the VM is inaccurate in the low speed region. But as the frequency increases the
VM is weighted more gradually. Finally, |1 — F(jw)| ~ 0 and |F(jw)| =~ 1, i.e., only
the VM estimate is respected in the high frequency region. The crossover frequency
can be determined by PI gains, K7 and K>s.

However, the weight, F'(jw) is not real number, so that |1—F(jw)|+|F(jw)| # 1
for intermediate frequencies. For example, see |1 — F(jw)| and |F(jw)| at 10 Hz
shown in Fig. 5.20 (b). Kim et al. [7] proposed a method to make the transition
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Figure 5.20: Frequency based weighting function: (a) Bode plot and (b) contour.
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contour straight. They suggested a phase compensation e~/ to make F(jw)e /@
real number for all w, i.e., ZF(jw)e™7® = 0. The desired a can be easily calculated

as
1 Ly Kiw
a=m—tan " | 70— | . (5.65)
L':;L Ky — w?

To make 1 — F(s) real, a feedforward path of 1 —e~7% is added. Fig. 5.21 shows the
angle compensation blocks. Then, the trajectory contour becomes a straight line as
shown in Fig. 5.20 (b). For other types of observer integration, see [9] and [10].

Voltage Model

Al
v

Current Model F#)

>

Figure 5.21: Combination of CM and VM with a phase compensation.

Exercise 5.5  Consider block diagram shown in Fig. 5.21. The input to output
relation is given by ;\ZZ/T = A(s)szs; + B(S)j‘fl;/r'

a) Find A(s) and B(s).

b) Show that both A(s) and B(s) are real and A(s) + B(s) = 1 for all s.

5.4.5 Full Order Observer

An adaptive observer is different from a classical state (Luenberger) observer [12]
in that it contains a parameter adaptive scheme. The full order observer is based
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on a complete IM model in the stationary frame. Since the system matrix contains
a rotor speed estimate, it requires a speed adaptation algorithm.
Using the stator current and rotor flux in the stationary frame, a stator vector
is defined such that .
X = [lflsqs] e R,
dqr
Recall from (4.56) that the IM dynamics are given in the stationary frame as

d S
X = A (wr)x + Bvy,,, (5.66)
iflqs = Cx (5.67)

where
Ay Ap — <T—S + (1_0)> I —Lm <iI — er>
A - = — oL oTr oLyLs \ 7 , 5.68
(w ) |:A21 A22:| [ %I _TLI‘FCL)TJ ( )
.

B = []?)1] _ [o%s ] , and C=1I 0]. (5.69)

Note that the stationary frame IM model contains w,. Now, w, is regarded as
the only unknown parameter in the system matrix, and an adaptive observer is
constructed to estimate @,. A full order observer for (5.66) and (5.67) can be
constructed such that

d A . .

X = A(@r)x + By, + G(ig,s — C%), (5.70)
where G € R**? is an observer gain matrix. The state observer copies the target
system dynamics, and also contains output error injection term, G(iflqs — Cx). The

. . . ? . ~ :sT
current estimation error, ij & — ig . is used to force [123;, )\dqr]T to converge to

[iflq:’;, }\fl;";]T. Let the observer error be defined by Ax = x — % [13]. Then, the error

equation turns out to be
d

A% = (Awr) - GC)Ax + (A(wr) — A(Gr)%,

= (A(wy) — GC)Ax + Aw,

Lo ~8

_WSJAW] : (5.71)
dqr

where Aw, = w, — @,. By using G, the poles of error dynamics can be assigned to

any desired location in C if (A, C) is an observable pair [14]. That is, a gain matrix

G can be selected such that all the eigenvalues of A — GC have negative real parts.

Then, the convergence of the autonomous part of (5.71) is established.

Lemma. An equilibrium, 0 of Ax = (A — GC)Ax, is uniformly asymptotically

stable, if and only if there exists a positive definite matrix, P € R™*" satisfying
(A-GC)'P+P(A-GC)=-Q (5.72)

for a positive definite matrix, Q € R™*™. Here, a symmetric matrix Q is said to

be positive definite if xT Qx > apx'x for all x # 0 € R™ and some ag > 0. If
xT'Qx > 0, then Q is called positive semi-definite [14].
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Speed Update Law in Full Order Observer

The following theory is developed with the assumption that w, is constant. Assume
further that there exists a positive definite matrix, P € R*** such that (5.72) holds
for a positive definite matrix Q € R**4. Choose a Lyapunov function candidate
such that

V = Ax'PAx+ isz ,
2y

where v > 0 is a constant. Then,

. Lm
Vv = —AxT QAX—}—QAwTAXTP{ oLjLsJ] Aqu—lAwer (5.73)
gl

To make the right hand side less than or equal to zero, it should follow that

AxT 0’£ J L. _
2Ax° P j" /\qu—;wT—O.

That is,
T sa=d
Wy = 27Ax" P [ "LjLS ] >‘dqr (5.74)

Further, assume that there is no error in the rotor flux estimate, i.e., Xflqr = Aggr-
Then, the third and fourth components of Ax are equal to zero. If P is an identity
matrix, (5.74) is simplified as [13]

o = | = B) N — (i — i) N | (5.75)

where v/ = 2yL,, /(0 L,Ls). Further, (5.75) can be extended to

t
Br = [ (i3 = BN — (G5 — 150N | +7/ /0 (i3 = 3305 = (i3 — i35, | dt.
(5.76)
where v > 0.

Remark. The speed update law, (5.74), yields
VY = -AxTQAx < 0.

Note that V is not negative definite in the augmented space [AxT, Aw,]T € RO,
Therefore, (5.74) does not guarantee asymptotic convergence. For asymptotic con-
vergence, we may need LaSalle’s theorem [15].

5.4.6 Reduced Order Observer

Reduced-order observers estimate only the stator or rotor flux. Reduced-order ob-
servers can be made inherently sensorless i.e., the speed does not appear in the
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observer equations. Such an observer is decoupled from the speed estimator, and it
is expected to provide an increased accuracy in a wide-speed-range operation [10].

The reduced order observer is constructed by using a half of the state variable
such that

) zqr = A225‘2q7‘ + AQlizqs + GT(iflqs - izqs)' (577)

Note that iflqs — iflqs is utilized, instead of ig,, — izqs, as the driving term for the
observer. By incorporating the voltage model

d ;s

Eldqs = A125‘2q7~ + Allizqs + Blvflqs (578)

the observer is written equivalently as [16]

d

E <Xflqr - GTiflqs) = A225‘2q7‘ + AQliflqs - GT(A125‘ZQT + A11i2qs + Blvflqs)?

(5.79)

or
oS .s t N .s N 28 s
Adqr = Grldqs+ [A22>‘dqr+A21ldqs_GT‘(A12>‘dqr+A111dq5+B1vdqs)] dt, (580)
0

Note that the flux observer (5.77) can be implemented in the form of (5.79) or
(5.80) without any differential action. Also, the reduced observer does not involve
any speed estimation algorithm. Thus, it is a kind of inherently sensorless observer.
The block diagram is shown in Fig. 5.22.

.'|'r||-. + 1
Aoy - GrAq O - |

My
'“—> —G.B: Asn — Gy s

Figure 5.22: Reduced order observer.

5.4.7 Sliding Mode Observer

A sliding mode observer is a high gain observer that utilizes only two extreme
positive and negative values depending on the observation error polarity. In the
sliding mode observer, an appropriate switching function is defined, and a switching
rule is set that enforces the observation error to reach the sliding surface [17]. It is
inherently robust to the parameter mismatch and to disturbances. Other advantages
of sliding mode observer are its fast dynamic response and simplicity in design and
implementation [18], [19]. Unlike the sliding mode controller, it is easily realized
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without incurring a high cost because a high gain setting is done only by software.
But, it has a chattering problem.

The sliding mode observer is applied to detect the rotor flux in the IM sensorless
control. From the perspective of dynamics, the back EMF is a disturbance for the
stator equation, since it has nothing to do with the electricity. Thereby, the back
EMF is usually ignored in the sliding mode observer. As a result, it does not
require a speed estimation or update algorithm. Therefore, it is a kind of inherently
sensorless observer.

Consider the IM dynamics in the stationary frame that utilizes the stator current
and the rotor flux as the state variables.

d. Ty l1—-0 L., 1 1

Elflqs = - <O’Ls + 0_—7_T> dqs + oL.L, ( I- WTJ> flqr + O_—stcslqs (581)
d 1 L
EAZqT = <wTJ — T_TI> Nigr + ’:Llflqs (5.82)

Both equations contain the back-EMF term w,JAg,,.. This term, being considered
as a disturbance, is not considered in the observer:

d.. re l—o L 1 s 1 Lu,
= - e —A — —— Kv (5.83
dtldqs (O’LS + oTy > Yos T T T oLgL, 7, 4" + oL, Vigs T oL,L, v ( )
d oS ]. oS L
EAqu = _T_Aqu p ldqs + KV (584)

s
where K is the observer gain and the correction vector v is the output of a sliding-
5 N
mode controller. Let Aiy o = i, — igps and ANy, = A7, — Agg. Denote by
S =[Sy, S,)7 the sliding surfaces of d and ¢ axis currents. Further, let

sgn(Sd)]
v = sgn(S 5.85
m®) = [0 (5.85)
S = Aig,. (5.86)
It follows from (5.81)—(5.85) that
d r 1—0o Ly, Ly,
—Aiy,, = — 2 — i5 A)\ —JA
i Ligs (O’LS + oT, > Ligs + —F oL.L, T dgr oL.L, dgr
Ly,
S .
i (s), (587
d Lm .S s
= — AN, = A)\qu . — Al + wrJAG, — Ksgn(S). (5.88)
Choose a Lyapunov function candidate V = %STS. Then
. . 1—-0 L
=s's=— (== §7s + —Lm g7 (L Axs, —w,dAy, — Ksgn(S
v <0LS + oTy ) + oL,L, 7, e Wrd Adgr sgn(S)

(5.89)
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Note that STsgn(S) = sgn(Adf,)Ais, + sgn(Aig,)Adgy = |Ady | + [Adgg| = [IS]]1,
where | - || is a one-norm defined by ||x[j1 = >_;-; |@i|. Therefore, it follows that
1
—KSTsgn(S) + ST (T—TA)\QQT - WTJ)\ZW> < |IS|1 ( K+ || A)\qu wTJ/\éq,.Hl) .
Assume that K is large enough such that for some € > 0 and all £ > 0
— || A)‘dqr wrdAggrll1 > €. (5.90)
Then,
Ts l1-0 L
< - STS —e—"—||S[l1 < 0. 5.91
v <0L oTy > EULSLTH I = ( )

The equality holds whenever S = 0. It means that the error state Aiy,  converges
to the sliding surface, Sq = 0 and S; = 0. In case of S = 0, K approximates the
back-EMF, i.e., K = [|w,JAj,,[l1. However, the controller has a limited bandwidth
due to the sampling time. Therefore, chattering takes place along the sliding sur-
faces, which is an undesired oscillation. By increasing the sampling frequency, the
magnitude of chattering can be reduced. As a chattering reduction method, the PI
type is widely used:

Kis\ .o s
S = ( ps + > (ldqs - ldqs)' (592)

The integrating action cumulates the past error history, thereby reduces the number
of switchings significantly.

It was reported in [11] that the above sliding observer was sensitive to stator
resistance detuning and to measurement offset and was insensitive to rotor resis-
tance and magnetizing inductance errors. The instability in convergence can be
understood by considering (5.88). The convergence rate of the rotor-flux error is,
at best,

d

S 1 S
EAAqu — _T_AAqu" (593)

Note however that the right hand side is small since 7, is relatively large. Thus, the
dynamic behavior is almost like an integrator, that causes instability in the presence
of measurement offset [11].

For a more complete analysis, let V = 1A1dq5 iflqs + 2UL I A)\dqrA/\qu Then,

. Ts 1-0 1
yV = - AiTA — —— AXNT AN
<O’LS + o1, ) dqs ldqs ULerTr dqr dqr
L., .
+0L I Ai? idgs ( A)\dqr wTJ)\fqu - ngn(A13q8)>
S
T (wrANGTING,, — KAN T sen(Aiy,,) ) (5.94)
SHr
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To make V < 0, it is required to have A/\Zg;sgn(Aiqu) > 0. It means AAj,, needs

to be parallel with Aij .. However, there is no such a guarantee. Thereby, AAG, .
has a weak convergence property. Nonetheless, some successful experimental results
were reported in [10] and [11].

5.4.8 Reduced Order Observer by Harnefors

Harnefors and Hinkkanen [20],[21] constructed a reduced observer utilizing a neat IM
model. Their IM model has a kind of inverse I' model containing a generalized back
EMF, e, as shown in Section 4.2.3. Their observer is simple, while encompassing
both voltage and current models.

The stator-current equation is derived from the upper half of (4.54) as

dig ) . Li(1-o0), Ly (1
O’LSWQS + weULSJICequ = qus_rslzqs — STIZQS — L_’,:/ <T_TI — qu]> Aéelq’f‘
. L L . 1
— vflqs—rslflqs — L—T <L—Trrlflq8—7_—r flqr+wTJ)‘flqr> .

-~

=e€

(5.95)

Note that e here is identical to (4.76). Fig. 5.23 shows an equivalent circuit based on
(5.95). Now, we have two estimates of e based on voltage and current information:

1€
VM: e = v, —7sif, —oLs ;tq — D0 Ly Ji,, (5.96)
L, [L 1 ce
CM: & = 2 |2ri,. — (=I-0,DA 5.97
e Lr Lr 7a7“1dqs (Tr Wr ) dgr | » ( )
where @ is an estimate of w.
Since we = wg + w,, the back EMF is rewritten as

L L,,. 1

L;e = T_:ngs — T_T)‘flq’“ — wad G, + wed NG, (5.98)

From the second row of (4.54), the rotor flux equation follows such that

e

d)‘dqr o Lm ie e

T dgs — M
dt T, 5

— WIS, (5.99)

-+

Vlr;'r_.'.-: (

Figure 5.23: IM voltage model with back EMF, e.
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Subtracting (5.98) from (5.99), it follows that

d>‘dqr LT‘
= —e. 1
G eI Ny = e (5.100)

It is the rotor flux equation driven by the back EMF. Based on (5.96), (5.97), (5.100)
a reduced observer for rotor flux is derived such that

je
dAdqr ~ NG Lr

o + @Ay, = —€ + —K(é—¢), (5.101)

Lm Ly

where K is an observer gain. Note that all terms on the right hand side of (5.101)
are available for measurements except )\qu.

It looks different from the previous reduced observer that employs iflqs - iflqs.
Selecting K = I, the CM estimate follows from (5.101) and (5.97) such that

dAggr

o + cDSle\ZqT = —rpigy, in the synchronous frame,  (5.102)
dj‘gqr or .
— = g in the rotor frame. (5.103)

Note that (5.103) is identical to (5.60). The VM in the stationary frame is obtained
by selecting the null matrix, i.e., K= 0 :

X, L , dis,
Tqr = L; <v§qs — 1l — 0L d;”) : (5.104)

which is the same as (5.52).
In order to utilize (5.102) it is necessary to have a slip estimate. It is obtained
using
Lo 155X,
Wy = % (5.105)
Tr ||Adqr||

Note that Af, = 0 and A\j. = [|Ag,, || in the rotor field oriented control. Then,

&
lquJAqu . LquS

T Al TG

which is the same as (5.11). The gain can be structured as [20]

e el

) Adqr >‘dqr '

K= (I + goJ (5.106)

H dqr”2

~eT _ ~
Since )‘qu‘] /\qu = 0, the dependence on w, disappears from Ké. Specifically, it

ceT ceT
is reduced as /\qué = LT—;"AZqTizqr. Then the observer (5.101) turns out to be
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inherently sensorless in the stationary frame. If the rotor flux oriented frame is
e A
used, then Ay, = [AG,, 0]7, and (5.106) is further simplified to

K = [g; 8] . (5.107)

Further, Harnefors and Hinkkanen [20], [21] proposed a reduced-order observer aug-
mented with a stator-resistance adaptation algorithm, and derived stability condi-
tions.

Exercise 5.6 Show that

s ss \TTX°
(qus B Tsldqs) J)‘dqs

R o
Solution.
e _d (A_) N i NI, .
A \N, ) T NN Al

5.4.9 Robust Sensorless Algorithm

Various sensorless approaches are introduced in the above. But all the algorithms
are marginally stable in the low speed or frequency range due to the open loop
integration or its similar nature. The disturbing elements in practical applications
are the measurement offset, noise, coil resistance variation, and inverter nonlinearity.
Typical inverter nonlinearities are the IGBT on-drop, which changes during the
current transition and the dead time interval provided to prevent arm-short. They
are compensated, although calculation based, to increase the accuracy of a VM
based estimator [23].

The accuracy of coil resistance, r, affects the performance of sensorless control
algorithm especially in the low speed region. Note that the exact value of ry is
hardly known due to the temperature dependence and the AC effects. The coil
resistance increases by 50% when the temperature increases from 25 to 150°C. The
AC effect refers to the resistance increase due to the current localization caused by
the skin and the proximity effects [22]. Due to the proximity effects, the current
displacement occurs in the slot conductors: More current tends to flow near the
forefront of air gap, and the reason was studied in Section 3.5.

Many sensorless algorithms were compared experimentally by the author, and
the one appeared in [24] looked most robust in the low speed and heavy load condi-
tion. It is developed based on a stator flux estimator, in which the flux magnitude
and angle are compensated depending on the polarities of speed and the g-axis
current. It is being used in commercial drives.

In the stator field oriented frame, the reference axis is aligned with stator flux

Adgs- Thereby,
Vgs = Tslgs + PAGs (5.109)

Vgs = Tslgs T WeAgs: (5.110)
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In [24], a robust sensorless algorithm was proposed considering the change of 7.
The flux is estimated via

Nigw = N+ 3830 = [ (Vi = Patys) de = Xyl G.111)

where 6, = tan_l(ﬂgs/j\fls) and 7 is an estimate of stator coil. Also, recall flux and
slip equations from (5.22) and (5.23):

14+omp . oT, .
ds = ﬁ( slds) — ﬁ(stsﬂ;s) (5.112)
oLgp+ L= .
= ———7 5.113
Wsl )‘23 — O-Lsiceis Lgs ( )
The torque equation is given by
3P
Te - 55)‘25i25 (5114)
D-Axis Current Controller
Equation (5.112) can be rearranged such that
1 L , .
PAGs = —T—T)\fls + (T—: + 0L5p> igs — astsllf]S (5.115)
Substituting (5.115) into (5.109), it follows that
€ € 1 )\Ceis € €
Plas = —Qlgs + = T\ 7 + o Lswsitys + vy (5.116)
where aw = (rs + Ls/7,)/0Ls. The d-axis controller can be designed such that
e* 1 et e 5‘cels A Ze
05 = | kp + k:ZI—) (15 — 155) — Fale 0 LsWspigs (5.117)

where wy = <0Lsp + £—j> / (5\25 - aLsigs) igs- The value with superscript * de-

notes a command value. Here, )‘T‘f and ULsdjsﬁgs are considered as disturbances
and canceled out by their estimates. The PI gains are chosen to be sufficiently
high, so that the transfer function 4§ /i is approximated as unity.

Flux Regulator

When 457 is a constant, (5.112) turns out to be

e
e Ads oTy

lds = LS + m(wsligs). (5118)

To let 5\25 track )\f[; while keeping the relation (5.118), the d-axis current command
is chosen such that

- -1 A 2.
igs = (karkiE)( ﬁs—Afzs)JrL—;me

OTy

(@il (5.119)

where k, and k; denote proportional and integral gains, respectively.
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Figure 5.24: Flux regulator and current controller along with an auxiliary d-axis
current estimator.

Auxiliary Current Estimator from Stator Flux

Rearranging (5.112) for i, an estimate can be defined such that

~ 1+7p Afl oTr o
¢ =— = e e 5.120
lds = 7 + o7,p ( L, + 14+ o7p (w8ﬂq5) ( )

in which the flux estimate is utilized. In addition, we define d-axis current error by
subtracting it from the measured value, 7_:
i = i5, — 15, (5.121)
Note that the measured value is denoted with ~, since it is a value based on the
estimated synchronous frame.
Due to the high gain property of the current controller, we treat 132 = 1i5,. Then,
subtracting (5.120) from (5.119), we obtain

. - -1 N 1 * 1+7p ¢
=1k k;— € — A — [N\, — ———=-)\¢ 5.122
( < p zp>( ds ds)+Ls ( R ds> ( )

. *
Further, since A\§, is constant, we presume

b LETP (N (5.123)
Ly 1+4+o7mp \ Ls '
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Next, the current error is written in terms of )\e* — 5‘33 such that

1 1+7p

0i= |k k: —_—
! ( + +L 14+o7mp

) 0 - 34 (5,120
This equation states the relation between the flux tracking error and the value of
d1. It shows the possibility of compensating the flux error by means of §i. Fig. 5.24
shows the block diagram containing flux regulator, d-axis current controller along
with an auxiliary d-axis current estimator.

5.4.10 Relation between Flux and Current Errors

In order to differentiate the motoring mode from the regenerating mode, an index

is defined by
Py = sgn(weiys), (5.125)

where ‘sgn’ is the sign function. Here, torque is assumed to have the same sign as
igs- Then, Py = 1 implies that the signs of torque and flux rotating direction are the
same, i.e, the motor is in the motoring mode. On the other hand, Py = —1 implies
the motor is in the regenerating mode. Define flux angle error, flux magnitude error,
and current error by

60(k) = 0.(k) — 0.(k), (5.126)
GA(k) = U)‘s(k)HjHS\s(k)H? (5.127)
Si(k) = 5, (k) — %, (k). (5.128)

Note that the auxiliary current estimate is utilized in 7. There are four different
operating modes depending on the directions of rotation and power flow. We let
we > 0 when the field rotates counterclockwise, whereas w, < 0 when clockwise.
Kim et al. [24] observed that Arg affected the flux and current errors differently
depending on the operation modes; versus motoring/regeneration and rotating di-
rections. For example, if Ar, > 0, 02 > 0 and 6\ > 0 when Py = 1, w, > 0, However,
if Arg < 0, 6i < 0 and A < 0 in the same environments. The extended results
are summarized in Table 5.2. It is desired to access unknown flux error via the

Table 5.2: Relation between flux errors (66, 6A) and current error (7).

‘ Quadrants H Arg >0 ‘ Arg <0 ‘
Quad. I (igs >0, we >0) || 60 >0, A >0, 6i >0 | 60 <0, A <0, i <0
Quad. II' (igs >0, we <0) || 66 >0, 06X >0,0i <0 | 66 >0, 0X <0, i >0
Quad. IIT (igs < 0, we < 0) || 60 <0, 6A >0, 6i>0 | 60 >0, 6A <0, 6i <0
Quad. IV (igs <0, we > 0) || 60 <0, 6A >0, 60 <0 | 660 <0, 6A <0, i >0

current error d¢ which is obtainable by (5.120). The various polarity combinations
in Table 5.2 are simplified as
ON- [Py -6i] >0 (5.129)
30 - [we - 7] > 0. (5.130)
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The two inequalities are sorted in the (if,, we) plane as shown in Table 5.3. Note
that it is similar to the four quadrants of torque-speed plane.

Table 5.3: Separation of cases by the polarities of (i, we).

Quad. I (igs > 0, we > 0) || 6A8i > 0, 666i > 0
Quad. 11 (igs > 0, we < 0) || 6Xdi <0, 666i <0
Quad. 111 (igs < 0, we < 0) || 0A0i > 0, 600i < 0
Quad. IV (igs <0, we > 0) || 0A0i < 0, 600i < 0

Error Compensation Rule

The stator flux is estimated via ;\flqs =/ (Vflqs — 7sig,s) dt in the stationary frame,
and from which the flux angle is estimated by 6, = tan_l(j\f]s/j\fls). Based on this
angle estimate, currents are transformed into the reference frame, and a controller is
implemented. However, precise value of r¢ is hardly obtainable, which governs the
accuracy of the flux estimate. Ultimately, resistance error, Arg = 7 — rs dominates
the performance of a whole sensorless algorithm. Furthermore, there are unmodeled
errors.

To improve the performance, the effects of Arg; have to be compensated in the
flux estimation. For this purpose, v, and 7y are defined as the flux correction terms
such that

Nigs = (1Al + ) €7 Ot0), (5.131)

where 5\2;1: is an updated flux estimate. Note that the magnitude is compensated
by v, and the angle by ~g.

Table 5.4: Flux magnitude and angle compensation rule depending on torque-speed
quadrants.

‘ H Magnitude comp. (7,) ‘ Angle comp. () ‘

Quad. I (igs >0, we > 0) K1 0% Ko 0@
Quad. I (igs > 0, we < 0) —K1 0% —Kg 01
Quad. IIT (igs < 0, we < 0) K1 0% —Ko 0@
Quad. IV (igs < 0, we > 0) —K1 01 Ko 01

Table 5.2 gives us a guide for the flux error correction, since magnitude and angle
errors of 5\2(15 are assessed indirectly by di. Specifically, if §i > 0 in Quadrant I,
then dA > 0 and 60 > 0 meaning that the flux estimate’s magnitude and angle need
to be increased to get closer to the real flux, Ay, ,. Therefore, it is useful to set the
compensation in proportion to di, i.e., vy = k107 and Y9 = k20i, where k1 and ko
are positive constants. According to (5.129) and (5.130), the signs of compensating
terms are determined depending on the operation modes as shown in Table 5.4.
Fig. 5.25 shows a stator flux estimation algorithm with the quadrant compensation
rule.
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Quadrant Compensation
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Figure 5.25: Stator flux estimation algorithm with the quadrant compensation rule.

Table 5.5: Specifications of IM under test.

Vims | Lrms Power | Poles | Frequency | Rated speed

415V | 35 A | 18.5 kW 4 60 Hz 1465 rpm
100% Load Applied Load 100% Load Applied Load
(Motoring) Released (Regenerating) Released
\2

Estimated Speed [100rpm/div]

.

50rpm — — aw_a..wm\\ i - l"" ___M__;
r Measured Speed [100rpm/div]
2s/div
. [
/ iy [20A/div]
8L HH ! e
OA —>temimannm st ] | = e
:_‘ ' | | | ISR

™ Phase Current [20A/div]

Figure 5.26: Speed control response under £100% (120 Nm) step load change at
50 rpm.

Experimental Results

Specifications of an IM under test are listed in Table 5.5. Fig. 5.26 shows the speed
control performance when a 100% step load was applied at 50 rpm. The maximum
speed error was about 100 rpm. Note that the synchronous speed of a four pole
motor is 1800 rpm. Therefore, 50 rpm is 0.028 p.u. Previously, it was stressed that
the low speed performance was important. It showed a fairly good performance
since it undertook 1 p.u. load at 0.03 p.u. speed.
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(Motoring) Released
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Figure 5.27: Speed control response under 200% (240 Nm) step load change at
300 rpm.
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|
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Figure 5.28: Speed control responses under +£200% (240 Nm) step load change at
300 rpm.

Fig. 5.27 shows the speed control performance under a 200% step load change
at 300 rpm. The maximum speed error was about 250 rpm, however it did not show
any instability.
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If a regenerating load is applied at the low speed, the slip frequency is almost
nullified. In that case, DC voltage and DC current are supplied to a motor. Since the
signals are DC, the flux estimator is easily saturated by a small DC offset. For exam-
ple, a small error in Arg would deteriorate greatly the stability of whole system along
with the inverter nonlinearity caused by dead time and switch on-drop. Fig. 5.28
shows such an empirical evidence. It displays speed and current responses when
a 100% load changed its polarity at 30 rpm. Correspondingly, the motor changed
its operation mode from motoring to regeneration. During the motoring load, the
proposed sensorless algorithm worked well. However, in the generation mode, the
electric frequency became nearly zero and control was lost after speed fluctuation.
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Problems
5.1 Consider an IM with the parameters
Rated power 10 hp (7.46 kW)
Rated stator voltage 220 V
Rated frequency 60 Hz
Rated speed 1160 rpm
Number of poles P=6
Stator resistance, 7 0.33 Q
Stator leakage inductance, L;; | 1.38 mH
Rotor resistance r;, 0.16 ©
Rotor leakage inductance, L. | 0.717 mH
Magnetizing inductance, L, 38 mH
a) Determine the rated current if the power factor is 0.86 and efficiency
is 0.84 at the rated condition.
b) Assume that the motor is in the steady state with the above con-
ditions. Suppose that the d-axis current is regulated to be I, = 10 A.
Calculate I,5 at the rated condition.
c) Calculate I and A4, and draw a current vector diagram.
d) Using the dg currents obtained in b), calculate the slip, s at w, =
377 rad/sec when the motor is controlled with the rotor field oriented
scheme.
e) Calculate the rated torque.
5.2 An IM is controlled with the rotor field oriented scheme. Let 7., be the

nominal rotor time constant. Suppose that the rotor resistance increased
two times from the nominal value. Then, the rotor time constant is halved.
However, the slip is calculated with the nominal value, 7,,. Then, an error
will take place in the rotor flux angle estimation. This angle error affects all
controlled variables.

a) Let A, = f. — 6., where 6, is the real rotor flux angle and 6, is the
calculated angle based on 7,,. Determine whether Af, > 0 or Af, < 0.

b)  The rotor flux magnitude does not change immediately with a
misalignment, since the rotor time constant, 7., is relatively large. As-
suming that \j, is constant, show that the IM model is approximated
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in the misaligned coordinate system (ée) as

- 1 1 _ L., 1 -
ZZS = <0’TU§S + We——F L L sm A6 > mwelgs,
oLs s oLg
(5.132)
—e 1 1 _ L 1 —e
lgs = s+ UTLSS <0’LS ’Ugs —We—F 7 L L - COS Af ) ﬂwelds.
(5.133)

¢) Let A€, =iy, —i¢, and Adg = EZS —igs. By subtracting (5.13) and
(5.14) from (5.132) and (5.133), show that in the steady state

L oL
AiG, = we——\5, sin A, + weAl
SLT
L oL
G, (1 — cos Aee) - =

A, = we——
rsLy Ts

qs

weAlg,.

It is assumed that the applied voltages are the same in both cases, i.e.,

376 — €
Vi, = Vag-

d) Neglect the coupling term effects for small we. Based on the results
obtained in c), explain why the field oriented control does not lose the
synchronism even though there is an angle error.

5.3 Show that I
A: = L—T( 23 - O'lezs)'

m

5.4 Consider equations (5.22) and (5.23) for the stator field oriented scheme.

a) By setting p = 0 and eliminating 74, , derive a quadratic equation in
Wl

b) Obtain a relation so that the discriminant is not negative.

¢) Using T. = 3EXe i i¢,, calculate the upper bound of |T,|/|As]?.
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5.5 Consider the IM in Problem 5.1. Assume that I, = 33 A. Calculate the
maximum torque at w, = 377 rad/sec by utilizing (5.24), (5.29), and (5.30).

5.6 Consider a 220V (line-to-line), three phase, four pole IM. The parameters of
the IM are r; = 0.2 Q, Ljs = L;, = 2.3 mH, and L,,, = 34.2 mH. Assume that
the rotor field oriented control is achieved with i§ = 14 A and ig, = 20 A at

60 Hz.
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5.7

5.8

5.9

REFERENCES

a) Draw a voltage-current vector diagram, and obtain power factor angle,
¢.

b) Obtain torque T, when i§, = 14 A and igs = 20 A. Suppose that
the motor shaft speed is 1740 rpm. Calculate the mechanical power,
P, =T, X wy.

c) Calculate the motor efficiency using n = P,/ (Vigslags cos ¢).

Suppose that rotor flux is not aligned with an estimated reference frame. The
estimated d-axis is behind the actual rotor flux by Af.. See angle error,
Af, = 0, — 0, shown below and assume that it is maintained to be a constant.

Let 5\6 = meig and wg = %%’11 When A6, is small, develop expressions

for AN, = §r o and Awg = Wy — wg in terms of Af,.

Ay Rotor Flux
Py

=
ar
Reference frame

0. A5

o

(Flying start) Construct a Simulink IM model and a current controller as
shown in Fig. 5.7 and Fig. 5.8, respectively. Be sure that the IM model is
built in the stationary frame. Note that the controller is constructed based on
Luie, and 5, + 55, = €% (X5, + 15,

Use the IM parameters shown in Table 5.1.

0, = fo Swy + Wg)dt, where Wy =

Assume that the IM shaft is rotating at 1000 rpm by another machine
while its own inverter is not activated. Apply current commands, i5; =
8us(t) and igy = 20us(t — 0.01).

a) Plot current responses, 5, and iqs and torque, Te.

b) Plot wg = We — gwr.

c) Plot X5, and A§,

Consider a 220V (line-to-line), three phase, four pole IM. The parameters of
the IM are rs = 0.2 Q, L;s = Lj, = 2.3 mH, and L,, = 34.2 mH. Assume that
the rated torque T¢ = 40 Nm is produced when i, = 14 A.

a) Determine i¢, at the rated condition.

b) Assume that the current limit is determined by the rated current, i.e.,
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5.10

5.11

5.12

5.13

5.14

I, = \/igg + 1282 Let the phase voltage maximum be V,,, = 220\/5/\/3
Using Excel spreadsheet, find the boundary speed w, between field weak-
ening region I and II.

¢) Find the maximum power, the maximum power factor, and the cor-
responding speed.

Consider a 220 V (line-to-line), three phase, four pole IM. The IM parameters
are rs = 0.2 Q, Ljs = L = 2.3 mH, and L,, = 34.2 mH. Build a stator field
oriented controller using MATLAB Simulink. Construct a torque controller.
Plot current and torque responses to a step torque command, T = 40u(t —
0.01).

Consider an IM with the following parameters: P,geq = 7.5 kW, P=4, ry =
028 Q, L;s=14mH, r. =0.15 Q, L;, = 0.7 mH, L,,; = 39.4 mH.

a) Show that the MTPA condition is satisfied on the line, i = ig..

b) Let I,, = 32 A be the current limit. When a voltage limit curve intersects
the MTPA point on the current limit circle, find we.

¢) Determine w, at which an MTPV point intersects the current limit.

d) Find the maximum power factor and its operation point (ig,ig) on the
current limit curve.

Consider an IM with the following specifications: P = 4, r; = 0.55 Q, r. =
0.75 Q, Ly, =5 mH, L, = 5 mH, L,,, = 63 mH, J = 0.0179 kg - m?.

a) Build an IM dynamic model in the stationary frame using MATLAB/
Simulink similarly to Fig. 5.7.

b) Construct a current controller similarly to Fig. 5.8 based on the rotor flux
oriented scheme. Determine PI gains, K;. and K. such that the current
control bandwidth is equal to [0, 200] Hz and current overshoot is about 15%.
c) Construct a speed controller and determine PI gains, K, and Kjs so that
the speed bandwidth is [0, 20] Hz and that no overshoot takes place.

(Continued from Problem 5.12)
a) If Ty, = 50 Nm, plot the speed response to the following speed reference:

—50, if t<04
wi(t)=4 125¢t — 100, if 0.4 <t < 1.2
50, if 1.2<t

b) Plot the current responses i4, iy, and ic.

Consider the dual reference frame observer discussed in Section 5.4.4. It is
desired to make F(jw)e 7 real for all w, where F(s) = 1/(1 4+ E(s)) and
E(s) = LL—; (K1 + %) 1. Show that

L
1 L""Klwe
J— m
a=m—tan T |-
Ko — w?

Lm
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5.15 The observability is determined by

rank [ c A((Jwr)] =4 (5.134)

Check the observability for (5.68) and (5.69) when w, # 0 and w, = 0.

5.16 (Continued from Problem 5.12) Construct a full order observer using MAT-
LAB Simulink based on (5.68)—(5.70) and (5.75). Note that 2w, should be
used in (5.68) instead of wy, since the number of poles are P = 4. Plot the
real speed, @, and speed estimate, w,.

5.17 (MTPA and MTPV)
a) Show that the tangential intersection between a torque curve and a voltage
limit ellipse is laid on the line, %igs = lgs-

€
qs

e

b) By using (5.36), derive the power factors when i, = i¢, and 1i§, = igs-

Check whether they are the same.



Chapter 6

Permanent Magnet AC Motors

Neodymium and cobalt-samarium magnets are widely used in the permanent mag-
net synchronous motors (PMSMs). They have very suitable properties for motor
use; high remnant (residual) flux density and high resilience against demagnetiza-
tion threat. Since the field winding is replaced by PMs, the PMSMs have low rotor
inertia and high power density. Further, since there is no secondary copper loss,
the PMSMs have a higher efficiency than IMs. In addition, PMSMs are more favor-
able in incorporating the reluctance torque especially in the field weakening region.
As a result, PMSMs have a wide constant power speed range (CPSR). Because of
such advantages, PMSMs are popularly used in industrial drives, home appliances,
and electrical vehicles (EV). Fig. 6.1 shows a taxonomy of AC motors. They are
classified by the synchronism and the structure.

Radial Flux
AC Motor by structure Motor

w. slip w/o slip
[ Axial Flux
[ Asynchronous ] [ Synchronous }
[ \ |
Permanent Magnet Elec. Excited || Reluctance
Motor SM Motor
Squirrel Doubly
Cage Fed Trapezoidal Sinusoidal None sinusoidal Sinusoidal current
Induction Induction EMF EMF current
Motor Motor
BLDC PMSM Switched Synchronous
w. slip ring Motor Reluctance Reluctance
Surface Interiorw PM Assisted
PM PM Synchronous
Motor Motor J Reluctance

no mag. saliency mag. saliency

Figure 6.1: Taxonomy of AC motors.
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6.1 PMSM and BLDCM

A three phase AC motor can be described simply as a three phase circuit consisting
of inductors and EMF’s as shown in Fig. 6.2. In the motor equivalent circuit, the
back EMF's are denoted by e4, €, and e.. Further, it is assumed that the motor
is connected to a three phase voltage source, (vq,vp, vc). The neutral points of
the voltage source and motor are denoted by ‘n’ and ‘s’, respectively. As discussed
in Section 2, the two neutral points are virtually connected, as far as the source
voltages and the load impedances are balanced. Hence, the three phase circuit can
be seen as a cluster of triple single phase systems.

e r. i
3phase l ' \
AC motor /

Figure 6.2: Simplified equivalent circuit of three phase motors.

PM motors can be roughly divided into two categories according to the patterns
of back EMF's. One category is characterized by sinusoidal back EMF, and the other
category by trapezoidal or square back EMF. The former is called PMAC motor
or PMSM, and the latter brushless DC motor (BLDCM), They are compared in
Fig. 6.3. The back EMF patterns are shaped depending on the magnet arrangement
and the coil winding structure.

6.1.1 PMSM Torque Generation

Both PMSM and BLDCM have the same design goal, which is to establish a linear
relationship between torque and the phase current magnitude, independently of the
rotor angle. Fig. 6.4 shows how a constant torque is made from the PMSM. It
is assumed that a two pole PMSM rotates at a constant speed w, and that the
back EMF is sinusoidal: [eq, €5, €c] = [E cos(wt), Ecos(wt — ), E cos(wt — 4?”)]
Assume further that the power source (inverter) provides balanced three phase
sinusoidal currents that are in-phase with the back EMFs: [iq, i, i.] = [ cos(wt),
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PMSM or PMAC BLDC
Control method Vector control to the field Current level with
weakening range. phase angle adjustment
Applications High power/precise Small power/low cost drives

motion control

Back EMF \ / N T/

Current \/\ J—\_\_II

Figure 6.3: Classification of PM motors according to the back EMF.

Icos(wt — 2%), I cos(wt — 4F)]. Then, the total electrical power is equal to
Pt = eqiq + epip + ecic
2 4
= El[cos?(wt) + cos?(wt — ?Tr) + cos?(wt — %)]
EI 2w 4 SET
= 7[1 + cos Q(Wt) + 1 + cos 2(&)1; — ?) —+ 1 + cos 2(wt — E)] = T

Note that each phase power is not constant, but the sum turns out to be constant.

Eir Fa = gala = El C"-"SE et
“la
- i = Fo 4= My o+
. 2:.— 1
~ P, = ey = EF cos<{wt — =—)
'i-||,| ) Epis L0ET 3
......................... i e M -

o= e = BT cos {wt — _.17}

2 ' 3

Figure 6.4: Constant power generated from three phase sinusoidal currents and
sinusoidal back EMFs.

All the electrical power, Py = €4iq + €pip + €cic 18 assumed to be converted into
the mechanical power in the motor. Then, the shaft torque is given by dividing the
motor power by the mechanical speed:

P 3EI
=t : (6.1)

T o=
¢ w 2w
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Further, since the back EMF is proportional to the rotor speed, we may let £ = kyw
for some constant, k; > 0. Therefore, it follows from (6.1) that
3k
T, =227, (6.2)
2
That is, the torque is proportional only to the current magnitude independently of
the angle, like in a DC motor.

Exercise 6.1 Consider a PMSM which has the following back EMFs: [e,, e, €]
= [Ecos(wt), Ecos(wt — 2), Ecos(wt — 4F)]. Assume that an external power

source supplies balanced three phase sinusoidal currents: [i4, iy, ic] = [I cos(wt—¢),
Icos(wt — 28 — @), I cos(wt — 2T — ¢)]. Determine the total electrical power and

torque when the rotor speed is w.

Solution. Electrical power is
. . . 3ET
Piot = €qla + epip + €cic = —5 €os o.

Thus torque is equal to T, = 32EI cos ¢ = %I cos . |

2w

Hall
sensor

Hall sensor

Figure 6.5: Four pole 6 slot BLDCM with 120° coil span in electrical angle.

6.1.2 BLDCM Torque Generation

Fig. 6.5 shows a schematic diagram of a typical four pole BLDCM with 120° coil
span in electrical angle. If the PMs cover the whole rotor surface, the back EMF
would exhibit a trapezoidal waveform with 120° flat top and bottom. Suppose that
an external power source provides a square wave current with a constant amplitude
in accordance with the back EMF. Specifically, the phase current keeps a nonzero
constant amplitude in each interval where the back EMF is flat top or bottom.
Further, assume that the current polarity is the same as the back EMF, and that
current is zero during the EMF transition. Then, each phase generates periodic
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square power. The nonzero power lasts during 120° a half period. Since each phase
is shifted 120°, the sum of phase powers turns out to be constant. In every moment,
a phase power is zero, while the other two are equal to FI. Fig. 6.6 shows the back
EMF along with the phase current. It also shows how a constant power sum is
made. Therefore, the torque is proportional to the current:

P 2FT
T, = =% _ = 21

Wr Wy

Figure 6.6: Three phase trapezoidal back EMFs and square wave currents making
a constant power.

Position Sensing and BLDCM Control

The BLDCM has a simple winding structure: Each stator tooth has a concentrated
winding. In the BLDCM, three Hall sensors are positioned at the slot openings, to
monitor the rotor position. The back EMF states are identified by the Hall sensor
signals, (Hy, Ha, Hs). Fig. 6.7 shows the location of three Hall sensors in a four pole,
6 slot BLDCM, which are displaced by 120° in mechanical angle. The Hall sensors
are discrete type and each Hall sensor detects the radial field of PMs. As the rotor
rotates 180°, three Hall sensors provide six sets of signals: (H;y, He, H3)=(1,0,1),
(1,0,0), (1,1,0), (0,1,0), (0,1,1), and (0,0,1). Fig. 6.7 shows instances when the sensor
signal transition occurs. Note that the signal combination changes each moment
of back EMF transition. Specifically, consider a state shown in Fig. 6.7 (a). The
stator tooth of a—phase winding sees only a PM south pole during first 30° rotation.
Then PM flux linkage to the a-phase coil will be constant, thereby e, = 0 for 60°
in electrical angle.

Fig. 6.7 (b) shows a rotor position at 60°. In the next 30° rotation, the south
pole is replaced by the north pole steadily over the stator tooth of a-phase winding.
Then PM flux linkage to the a-phase coil increases, thereby e, < 0 by the Lenz law.
Similarly, Fig. 6.7 (c) shows a period during which e, = 0.
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i (100) | (110)
0 60

(H1,H2,H3)

Figure 6.7: Three Hall sensor signals with the EMFs and applied currents.

(010) ! (011)

120

| (001)! (101)!

180

Each set of the Hall signal indicates one of six sector positions, based on which
the gating signals are generated. An inverter circuit and PWM signals for a BLDCM
are shown in Fig. 6.8. Consider the interval of (101), where e, > 0 and e. < 0. Since
gating signals to PWM3 and PWM2 are active, 4, > 0 and i, < 0. Thus, positive
torque is generated. The current level is determined by the on-duty interval of the

101

100

110

010

011

T

001

[t

PWM.
Hall
Sensor
Signal
PWM1 PWM3 PWM5
o PWM1
Yol —— a L
AT |
b PWM4 !
e
Vo —— PWM3
- T PWM4 PWM6 PWM2 c
- PWM6
PWM5
PWM2

TR

Figure 6.8: Inverter and PWM gating signals for the BLDCM.
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Exercise 6.2 Consider a BLDCM with a fractional pole coverage shown in
Fig. 6.9. The pole coverage ratio is defined as a = 7/ /7, where 7 is the PM arc
length and 7, is the pole pitch.

a) Sketch the a-phase back EMF;

d

Figure 6.9: Fractional PM coverage of BLDCM rotor (Exercise 6.2).

4

b) Assume that each phase current has a typical rectangular shape with 120° con-
duction. Sketch the a-phase power.

Solution. See Fig. 6.10.

|
|
|
|
a-phase / | \ / \
Back EMF / 1;
b
|
|
|
|
|
|
|
|

a-phase
curren

150 210

a-phase
power ‘ ’

Figure 6.10: A-phase back EMF and power of a BLDCM with a fractional PM
coverage (Solution to Exercise 6.2).

Torque Ripple of BLDCM

In case of BLDCM, the torque ripple gets bigger as the speed increases. It is because
the current cannot change sharply as shown in Fig. 6.6. The presence of inductance
limits the rate of current rise. It takes time to reach a set value I, since the current
increases with a certain slope and the rate is determined by the inductance and the
available voltage. Here, the coil phase voltage minus back EMF is can be used for
current change. Based on the motor model shown in Fig. 6.2, the rate of current
change (for example, a-phase) is determined by

diq
dt

VSC - kewr‘

\
" (6.3)
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- back EMF back EMFH_
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Figure 6.11: Torque ripples of a BLDCM depending on speeds: (a-1), (b-1) back
EMF's and phase currents; (a-2), (b-2) power of each phase; (a-3), (b-3) shaft torque.

where k. is the back EMF constant and V. is the inverter DC link voltage. In the

diy

low speed region, Vy./2 > kew, so that |#| can be made large. But in the high
speed region, Vj./2 &~ kew, so that ]%—f\ is low. In such a case, current transition
time becomes long. It can be observed from Fig. 6.6 that constant torque is available
only if the phase current has a sharp edge at each transition. If current changes
with a slope, the torque ripple is maintained.

Fig. 6.11 shows schematic figures that illustrates how the torque ripple is gen-
erated: In column (b), the motor speed is about two times higher than that in
column (a). Therefore, the marginal voltage for current increase is reduced. As a
result, the current slope is low in the high speed operation. Therefore, the power
sum, Pyt = eqiq + epip + ecie, is no more constant. It has dents which deepen as
the speed increases. Fig. 6.11 (a-3) and (b-3) show a torque ripple increase of a
BLDCM with speed.
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6.1.3 Comparison between PMSM and BLDCM

In general, PMSMs are better speed and positional accuracy than BLDCMs. In
addition, PMSMs do not produce torque ripple, as in the case with BLDCM. But
benefits of BLDCM are in the simplicity and cost competitiveness. BLDCMs are
normally used for low cost, low power (less than 5 kW) applications such as blow-
ers, material handling equipments, home appliances, etc. Comparisons between

BLDCMs and PMSMs are listed in Table 6.1.
Table 6.1: Characteristics of BLDCM and PMSMs

BLDCM PMSM
Torque ripple high low
Position sensor Hall sensors (inexpensive) | resolver (expensive)
Stator winding concentrated (less copper) | distributed (more copper)
PM usage large relatively small
Eddy loss in PMs large relatively small
Control complexity | simple complicated
Speed range narrow wide
Inverter price low high

6.2 PMSM Dynamic Modeling

PMSMs are classified broadly into two categories depending on the PM location in
the rotor. If the PMs are mounted on the surface of the rotor, the motor is called
surface mounted PMSM, or in short ‘SPMSM.” On the other hand, if PMs are
embedded inside the rotor core, the motor is called interior PMSM, or ‘IPMSM.’
This classification has more meaning than structural differences. PM imbedding
causes a magnetic anisotropy, which results in the difference in the voltage and
torque equations.

Note that the relative recoil permeabilities are ferrite: 1.05 ~ 1.15, Nd-Fe-B :
1.04 ~ 1.11, and Sm-Co : 1.02 ~ 1.07 [1]. That is, the permeabilities are close to
that of air although the PMs have high residual flux density. Therefore, PMs in the
motor look like the air in the view of the stator coil.

6.2.1 Types of PMSMs

Fig. 6.12 shows cross-sectional views of four pole SPMSMs and IPMSMs in which
the PMs are marked by dark areas. Fig. 6.12(a) and (b) show SPMSMs, while
Fig. 6.12(c) and (d) IPMSMs. In Fig. 6.12 (b), the PMs are inserted on the groove
of the rotor surface. The inset magnet motor, though PMs are on the surface, has
a different magnetic saliency. Specifically, the inset motor has a larger ¢g-axis induc-
tance, like IPMSM. The flux concentrating arrangement is shown in Fig. 6.12(d),
in which the air gap flux density can be increased higher than the remnant flux
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(a) (b)

(c) (d)
Figure 6.12: Typical PMSM structures: (a) surface magnet, (b) inset magnet, (c)
interior magnet, (d) interior magnet (flux concentration).

density of PM. For example, it is possible to achieve 0.8 T air gap field density with
0.4 T ferrite magnets. It is important to note that none ferromagnetic material (e.g.
stainless steel, beryllium-copper) needs to be used at the shaft area to penalize flux
flow through the center part.

Usually the SPMSM has a problem fixing the PM on the rotor surface. Glues
are widely used, but they have aging effects under the stress of thermal cycles and
large centrifugal force. If stainless band is used for fixing the PMs, eddy current
loss will take place on its surface due to slot and PWM harmonics. Further, glass
(or carbon) fiber band is often used for high speed machine, but it requires a larger
air gap. In IPMSMs, no fixation device is required since the PMs are inserted in
the cavities. Further, the steel core protects PMs from the demagnetization threat
caused by stator MMF harmonics and slot harmonics. Differences between SPMSM
and [PMSM are listed in Table 6.2. Fig. 6.13 shows photos of SPMSM and IPMSM
rotors.

SPMSM Inductance

Consider the SPMSM schematics shown in Fig. 6.14. The two diagrams show two
different flux paths corresponding to the different coil groups. Similarly to the
case of IM, the d-axis is determined by the rotor field axis. The lines shown in
Fig. 6.14 (a) denote d-axis stator flux corresponding to the d-axis current. Note on
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(b)

Figure 6.13: Rotors of (a) SPMSM and (b) IPMSM.

Table 6.2: Comparisons between SPMSM and IPMSM

SPMSM IPMSM
PM location surface cavities
PM fixation glue or band | insertion
Field harmonics on PM large small
PM usage large relatively small
Saliency ratio 1 >1
Reluctance torque usage no yes
Power density low high
Speed range (Field weakening) | small large

the other hand that the d-axis winding is positioned at the g-axis. Applying the
Ampere’s law and integrating along the designated loop in Fig. 6.14 (a), it follows
that B . B .
j{ —db=—2hyp +—29+ —Leore = Nig, (6.4)
H 123297} Ho UFe
where N is the number of (effective) coil turns of the d-axis winding, and ppys and
Ure are permeabilities of PM and core material, respectively. In addition, h,, is
the PM height and £, is the total length of flux paths in the steel core. However,
the core permeability up. ~ 4000 ~ 5000 g is so high that %Ewre is relatively
small, thereby neglected. On the other hand since upyr =~ g, the PM height is also
counted as a part of the air gap. That is,

poN
B=—>"——-i4. 6.5
g + o) (0
Further, let A be the air gap area through which the flux passes. In this case,
A= %TI'Drlst, where D, and s are the diameter and stacked length of the rotor,
respectively. Note that N® = NB x A = Lgiq. Thus, the d-axis inductance is
o N?A

Li= 50T (6.6)
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The loops shown in Fig. 6.14 (b) describe the g-axis flux. Note that the flux does
not pass through PMs. Applying Ampere’s law, we obtain L, = % which is
the same as Ly, i.e., Lg = Ly. The presence of PMs does not affect the reluctance of
the stator coils. In other words, the PM is also counted the same as the air, so that
the effective air gap is uniform. Thus, the inductance is the same independently of
the axis direction.

d axis

q axis ‘
. ’ 4 s

fi‘?r; + 4

(b)
Figure 6.14: Flux paths of SPMSM (Lg = L;): (a) d-axis and (b) g-axis.

IPMSM Inductance

The reluctance is different depending on the flux paths in IPMSMs. According to
Fig. 6.15 (a) and (b), PMs are encountered along the d-axis flux, whereas no PM
is found along the g-axis flux. Hence, the effective air gap is 2(g + h,,) along the
d-axis, whereas 2¢g along the g-axis. Therefore, the d-axis inductance is smaller than
that of the g-axis, i.e., Ly < Ly where

/J,()NZA
L —_ 6.7
,U,()N2A
L, = . .

This magnetic anisotropy is quantified by the saliency ratio defined by { = L,/Lg.
Fig. 6.16 shows the FEM simulation results of an eight pole IPMSM with the PM
. Note that the number of flux lines are less with the d-axis current.

Summary

1. The inductance is determined as the rate of flux increase per current,
ie, L = ux MMF / R, where R is the reluctance. The PM materials like
Nd-Fe-B, Sm-Co, or ferrites have as low permeability as air, so that the
PMs are counted as the empty space in the stator inductance calculation.

2. The SPMSM is characterized by a uniform gap height, and the
reluctance is independent of the PM existence or PM magnetization.
Therefore, Ly = L,. On the other hand if the PMs are set inside the
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d axis

q axis

(@) (b)

Figure 6.15: Flux paths of IPMSM (Lg < Lg): (a) d-axis and (b) g-axis.

d-axis current q-a>_<is current

(a)

Figure 6.16: Simulation results of flux lines: (a) d-axis current with PM unmagne-
tized and (b) g-axis current with PM unmagnetized.

rotor cavities, the reluctance differs depending on the direction. The
cavities for PM are seen as an additional air gap to the stator winding.
Specifically, Ly < L4 in IPMSMs.

6.2.2 SPMSM Voltage Equations

The SPMSM voltage equation is described in the abe-frame firstly, and then descrip-
tion in the dgq frame follows. In the synchronous motor, 6, = gQT and w, = gwr.
The theory will be developed for two pole motors (P = 2). Thus, 6 and w are used
instead of 6, and w,.. The rotor PM and the stator currents are sources of the flux
linkage. Note, however, that the PM flux linkage to a phase winding varies as the
rotor rotates, i.e., it is described a function of 6. Fig. 6.17 shows how the PM flux
is linked to a-phase winding: The linking is maximum at § = 0 and zero at § = /2
as shown in (b) and (c). Therefore, the fundamental component is described as
¥ cos B, where 1, is a constant. Considering 120° difference among the phase
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coils, the PM flux linkage is described as ), [ cos 8, cos(6 — 27 /3), cos(6 + 27 /3)] T
It is assumed here that the PM field has no harmonics. The self-inductance of

PM flux linkage

\
\

a
o
\XJ. %

-
(b) (c)

NS

a

=
(@)

Figure 6.17: PM flux linkage variation to the a-phase winding as the rotor rotates.

a uniform air gap machine is described in Section 2.1.2. Taking into account all
contributions, the flux linkage of SPMSM is described as

Ao Lis+ Lis  —5Lms — 2L ia cos 6
Ae —5Lms  —3Lps  Lips+ Lis]| ic cos(0 + 27/3)
= Labcs = 'l,b(e)

Since the SPMSM belongs to the class of uniform machine, Ly is constant in-
dependently of the rotor angle, 8. The inductance element, L,,s is estimated via
(2.20).

Exercise 6.3  Consider a two pole six phase SPMSM shown in Fig. 6.18. Show
that the flux linkage equation is equal to

RZZ] - L\ET l}ﬂ [LZ] + L,,(‘éf(f)%)], (6.10)

where

Pty (6.11)
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Figure 6.18: Two pole six phase SPMSM.

SPMSM Dynamics in ABC Frame

The voltage equation is given by

d d sin 6
Vabe = Tsiabc + a)‘abc = Tsiabc + Labcs %iabc - wd)m sin(9 - 27T/3) . (612)
| sin(0 + 27/3)
In the form of ordinary differential equation,
d sin 0 i
J7labe = 1L dape + WL (sin(0 — 27/3) | + Lo,k vape - (6.13)
sin(f 4 27/3) |
Note that
5 (24+7)2-1  3+4 3+
Libes = 3 3+y  (2+7)*-1  3+y |,

(6.14)

where v = 2L, / L,.s, and it is used in the simulation of SPMSM in the abc frame
Fig. 6.19.

Figure 6.19: A schematic model for SPMSM.
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SPMSM Dynamics in Stationary DQ Frame

Using the transformation map fj, = % [fa(t) + ej%”fb(t) + eij%ﬂfc(t)}, Lopesiope of

6.9) yields Lgi? , as was shown in (4.5). Here, the PM part of (6.9) is transformed
dgq

as follows:

2 .o 2 om 2
§¢m [Cos@ el cos(f — ?ﬂ) +e i F cos(f + %)]

= Dl [+ e (SO 4 IO

- géwm [eje eI 4 ed? 4 e 0=5m) 4 i0 4 ej(‘9+%7r)}
21 . )

= §§¢m3639 = el

That is, the rotor flux vector appears as a rotating vector with a constant magnitude,
¥pm,. Hence, the flux linkage in the stationary dq frame is given by

S0 = Lsidy + tme’? (6.15)
IR IR
)\q )

q sin 0

where L = %Lms + L.
Then the SPMSM dynamics in the stationary dg frame are given as follows:

. d, . ;
Vig = Tsigg + Lsalflq + jwihmel?, (6.17)
Equivalently,
s s d .
vy = rsld—{—Ls%zd — WYy, sin @
vy = Tslg+ Lsaiz + Wiy, cos

Or, we have in the matrix form

d Zfl s ZZ Ymw [—sind 1 chl
dat i T L, i) — 1.4 1
dt |:ZZ:| Ls |:ZZ:| Ls cos + Ls US (6 8)

SPMSM Dynamics in Synchronous Reference Frame

Consider transforming Ay, into the one in a synchronous frame via multiplication by
e 19 ie., Adg = e_jg)\éq. The dynamics will be described in the rotating coordinates
that are aligned with the physical rotor. It follows from (6.15) that

zq = Lsiflq + ¥m (6.19)
)\2 . ZS 1
o B el

q
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Now, we embark on the voltage equation in the synchronous frame:
e*jevfiq = rse*jeiflq + efjepejee*jez\éq
e _ se —j0 j0ye
Vi, = Tsiggte™’ p(e’ )‘dq)
= rsig, + e_jgjwejgz\ﬁq + e_jeejep/\gq
= rsiflq + jw}‘celq + pAzq

d o ,
= 7sig, + Lsaizq + jwLsig, + jwim. (6.20)

Then, the voltage equation for SPMSM turns out to be

vg = Tsig+ Lsaiz — wlygiy (6.21)
d
vy = Tslg+ Lsaiz + wlsig + wibp,. (6.22)

Note again that w,, is the back EMF which depends only on speed, and wLsig
and —wLgig are the coupling terms which are induced while transforming into the
rotating frame. In the ODE form, (6.21) and (6.22) are written equivalently as [2]

d i . w i Umw [0 1 |vg
<\t — | T d| = |Yd] 9
dt [12] [—w —L—] [zg I, 1] T I [ (6.23)

v

Exercise 6.4  Consider an eight pole SPMSM is mounted on a dynamo system.
Open circuit voltage is measured when the motor rotates at 3600 rpm. The funda-
mental component of line to line voltage is read 280 V(peak). Find the back EMF
coefficient, 1,,.

Solution. The electrical speed is equal to w. = 4 x 3600/60 x 27 = 1508 rad/sec.
On the other hand, the phase voltage is equal to 280/v/3 = 162 V. Therefore,
Y = 162/1508 = 0.107 Wh. |
Validity of the model is checked through computer simulation by comparing the
current responses. In Fig. 6.20, two SPMSM dynamic models are compared: one is
constructed in the abc frame, and the other is realized in the synchronous dq frame.
The abe frame model is based on (6.13) and (6.14), whereas the dg model (6.23).
They should yield the same results via coordinate transformations, 7'(6) and T~1(9)
if the input is same. The comparison process is detailed in the following exercise.

Exercise 6.5 Consider an eight pole SPMSM with L,, =1 mH, L,, = 0.05 mH,
Y, = 0.08 Wb, and 7 = 0.1 . Assume that v$, = 150[ cos 377t, cos(377t — 21 /3),

cos(377t — 4 /3)] T applied to the terminal, and the motor runs in synchronism.
a) Using MATLAB Simulink, compute [iq, ip, ic] for ¢ € [0, 0.1] sec using (6.13) in
the abc frame.

b) Compute [i§, ig] for ¢ € [0, 0.1] sec using (6.23) in the synchronous reference
frame.
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; con{eat)
ty, = Vi |COS(wt — &)
i o |l - '{]

Figure 6.20: Block diagrams for SPMSM dynamics in the abc frame and dgq syn-
chronous frame.

c¢) Obtain [i4, ip, ] using the following inverse transformation:

iq 1 0 . .
al = -1 V3 cos) —sinf| [i§
i % 2 5| [sin # cosf ig]
1o _1 _ V3
2 2

Check whether the two current responses are the same.

Solution. See Fig. 6.21. Two current responses match perfectly. |

Summary
1. The fundamental component of back EMF appears as wi),,[— sin 8, cos ]
in the stationary dq frame. On the other hand, it appears as w,,[0, 1]7

in the synchronous frame.

2. While transforming into the rotating frame, the coupling voltage,
—wLSiZ and wLi§ take place additionally.

6.2.3 IPMSM Dynamic Model

In IPMSM, the PMs are buried inside the rotor core. The cavities for PM insertion
rotate while the stator coils are fixed. Correspondingly, the feasible flux routes dif-
ferently depending on the cavity position and it appears as the reluctance variation.
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Figure 6.21: MATLAB simulation model for SPMSM: a) Model in the (a, b, c)
frame, b) model in the (d, ¢) frame and coordinate changes from (a, b, ¢) to (d, q)
and from (d, q) to (a, b, ¢). ¢) plots of i4, i}, and i, based on the abc and dg models.
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25 4 glf) = — _} 53§ 0~ ¥2C0520
2 \ l
1.5
;
0.5
TzIzcz gl 0
180 -120  -60 0 60 120 180

average
air gap

(a) (b)

Figure 6.22: (a) Non-uniform air gap machine and (b) average gap function.

Inductance of Non-uniform Gap Machine

As aleading example, consider a non-uniform air gap machine with a peanut shaped
rotor core shown in Fig. 6.22 (a). The flux lines of the a-phase coil should cross the
air gap in the range of —5 < 0 < 7. The gap to the a-phase coil is shaded as shown
in Fig. 6.22 (a). Here, the average air gap length is the mean gap distance over
[—5, 5]. It varies as the rotor angle changes. Note that the average gap for a-phase
coil is the largest at § = 0, and the smallest at 6 = 5. Based on this observation,
the average air gap length is modeled such that

1

= 6.24
Yo — 72 cos 20 ( )

9(0)
using two constants 7y and o, where 79 > 2 > 0. The air gap function and its
inverse are shown in Fig. 6.22 (b). Note that g(6) is a function of 26, since the same
position is repeated two times each revolution. Assume that the coil has N-turn.
Then, the inductance is equal to

L(0) = %(% — 5 co820) ANZ, (6.25)
where A is the area of air gap.
In the three phase cylindrical machine, the a-phase inductance with respect to
the a-phase coil is

Lo(0) = Lyys + Lis — Ly cos 20, (6.26)
where
4 T lt
Lys = HO; pps kzzuNgh 70 (627)
4 Tplst

Ly = po— » ke N V2 (6.28)
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In (6.27), 1/g is replaced by 7p. Since b and ¢ phase coils are shifted by 2{ and %7’,
it follows that

1 2
Ao = (Lms+ Lis — Lscos26)i, + (—§Lms — Lscos(26 — ?ﬂ)) i

+ (—%Lms — Ls cos(26 — 4%)) ie (6.29)

Repeating the same to other phases, we have the following inductance:

Labes = Liapes — L5Lrlc(9)a (630)
where
cos 26 cos(20 — 2w /3) cos(260 4 27/3)
L,(0) = |cos(20 — 27/3) cos(20 + 27/3) cos 20 . (6.31)
cos(260 + 27 /3) cos 20 cos(260 — 27 /3)

Note that Lgpes is the inductance corresponding to an average uniform air gap while
—LsL,;.(0) represents the reluctance caused by the rotor saliency. This approach
was in the modeling of classical salient pole synchronous motors [2].

Flux Linkage of IPMSM

Consider flux linkage of a—phase winding for different rotor positions shown in
Fig. 6.23. The effective air gap becomes the largest, when the flux lines cross the
cavities at the right angle, # = 0. However, it reduces to a minimum at 6 = 7,
when the lines do not cross the cavities. The effective air gap fluctuates depending
whether the PM cavities are added to the physical air gap or not.

Physical air gap height

t=0 w w ]
2

|<— pole pitch ——>|

Figure 6.23: Effective air gap as a function of 6.
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Similarly to the above peanut type rotor, the average air gap of IPMSM can be
approximated as (6.24). The fundamental component of IPMSM inductance is also
described by (6.30) and (6.31). With the PM flux linkage, the IPMSM flux linkage
is equal to

>\abc - (Labc - LJLrlc(e))iabc + 1;0(0) (632)

Transformation of Reluctance Matrix

Let AX = [A)g, ANy, ANJT = Lye(@)iane. Using f5, = 2[fa(t) + &5 fy(t)

e i% fc(t)], we consider mapping AX into a vector in the complex plane [3]:

[A/\a () + 5 AN (t) + e 5 AN(L)

[SNRN )

_ ;%L(; [(6]29+e—j20)ia+(ej(29—§7r)+€—j(29—§w))ib+(ej(20+§7r)

+efj(29+%7r))ic_i_ej%n(ej(QOf%n) +efj(297§7r))ia +ej%w(ej(20+%7r)
_|_efj(29+§7r))z~b+€j§7r(ej29+efj29)l~c+€fj%7r(€j(29+%7r) +€fj(20+%7r))ia
_|_e—j%7r(ej20+e—j26)ib+€—j%W(€j(20—%w) _|_e—j(20+%7r))l~c

= EL% (36724, + 320787, 4 36057 |

2

3. 992 , ;
= §L56320§ [ia + 6_3%”% + e]%%’c]

3 .
= §L56320(i2q)* : (6.33)

where (iflq)* is the complex conjugate of iflq. Note that the computation result is

remarkably simple. It follows from (6.32) and (6.33) that the stator flux of IPMSM
is described in the stationary dq coordinate such that

3 . |
Nig = Laily = 5Loe" (i3,)" + thme”, (6.34)

where L, = %Lms + Ljs. Based on (6.33), we have the inductance matrix in the
stationary dg frame:

T(0) [Labes — Lirie(@)] T~1(0) = T(0)Lapes T~ (0) — T(0)Lyse(6) T~ (0)

Ls—3Lscos20  —3Lssin20 0
= —3Lssin20  Ly+ 2Lscos20 0
0 0 Lis

Therefore, we have the following in the matrix form:

AN [Ls—3Lscos20  —3Lssin20 | [ig cos 0
[)‘Z] _{ —3Lssin20 Ly + 3Lscos26) |is +Ym sinf| (6.35)

By comparing (6.35) with (6.16), we can see clearly that 3 Lscos20 and 2L sin 20
are originated from the rotor saliency.



6.2. PMSM DYNAMIC MODELING 223

IPMSM Dynamics in Stationary Frame
Using (6.34), the stationary IPMSM dynamic model is obtained as

; d
T‘Slgq + EAZ(]

Y R S
raigg + o (Laidy — 5 Loe"i3) + jtme’” (6.36)

S
qu

Rewriting (6.36) in the matrix form, it follows that

[ug] - [zd] N [Ls—%L(;COSQH —3L5sin20 ] d M

vs il —3Lssin20 Ly + 3Lscos26| dt |if
—sin20 cos20| |i5 —sind
—3wLs [ cos20  sin 20] LZ] +wim [ cos ] ’ (6.37)

This stationary model is useful in developing a high frequency model for a signal
injection based sensorless algorithm.

IPMSM Dynamics in Synchronous Reference Frame

Further transforming flux (6.34) into the synchronous reference frame, we obtain

0. 3 i0es %
G = Lee™igy = SLse" (i3)" + Um
. 3 .
= leflq—iL(g(lzq)*—i—ﬁ)m, (6.38)
Letting
3
Ly = Li—3Ls (6.39)
3
Ly = Li+3Ls, (6.40)
we obtain
g = Laig+ tm, (6.41)
Ny = Lyig. (6.42)

Note that the terms with 20 in (6.35) disappear completely in the synchronous
frame, leaving an asymmetry between L, and L,. Note that

Vi, = Tsigy +PAG, T JwAG, (6.43)
where

jwAg, = —wlgig+ jw(Laig + ¥m), (6.44)
PAdy Lqpig+jLgpig. (6.45)
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Equivalently, the voltage equation is

dif
W = el + Ld% — WLyt (6.46)
dig
vg = Tsig+ Lg— - “g L 4 W45+ wibpm (6.47)
vyl |rs+pLle —wky wm
or [US] = [ WL, +pL +w . (6.48)

Note again that coupling terms, —wLgig and dezd, are originated from rotating
the coordinate and they make an interference between d and ¢ dynamics. In the
ODE form, (6.46) and (6.47) are written as

d fig) | —gy ek | [id] _ wbn [0)
dt |ig —wL—Z 22 iq L, |1
Note that Ls = %(Lq — Lg) causes the rotor magnetic saliency, and Ls/Lys = v2/70-

If Ly = 0, then Ly = L, and (6.49) turns out to be the same as the SPMSM
dynamics, (6.23).

LUS
e vel - (6.49)
Lq'dq

Matrix Formalism
The same voltage equation is derived through matrix formalism. Recall that the
transformation into the reference frame is achieved by multiplying by e 7?. For
example, vy, = e_‘wvfiq. Recall from (4.38) that e‘w% (e79%) = —wJ. With the
use of (6.34), it follows that
d
e I0vS = e J612q+€ edt <€J06—J6)\flq)’

. _j50d
Vig = Tsig, te Gdt < ‘w}\dq)

. _30 d d
— Tsldq + e Jedt < J@) Adq + dt>\dq7

di€
. Li—
= rsig, +wIAg, + dcﬁif ,
adqt
— Ly Ly%d
= g, +w U L 6.50
e 1, 0% Lyt o

Summary

1. In the stationary dq frame, the inductance matrix appears as
L, — %L(gcos 20 —%Lg sin 26
—%L(g sin 26 L+ %L(g cos 26
At the same time, the voltage term associated with the rotor motion is

—sin26 cos 2(9] {zfl]

—3wLs { cos20 sin26
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It should be noted that all the sine and cosine are functions of 26. It
refers to the fact that the saliency does not discriminate the polarity.

2. In the synchronous frame, the complex equations are changed into
a remarkably simple form. In the end, the IPMSM voltage equation is
the same as that of SPMSM in the synchronous frame, except the fact
that Ld 7§ Lq.

Exercise 6.6 Consider a two pole IPMSM. Assume that the permanent magnets
are unmagnetized. The phase flux is calculated via FEM for different rotor angles
when a constant DC current, if,, = [100, —50, —50]7 A is injected. The following
results are obtained:

Na, Moy AJT = [0.029, —0.0145, —0.0145)]7  for 6 =0,
= [0.0305, —0.0175, —0.0130]7  for 6 = %,
= [0.0350, —0.0175, —0.0170]"  for 6 = g
a) Find L, Lig, and Lg.
b) Find Ly and Lj,.
Solution. L,,; =300 uH, L;s = 10 pH, and Ls = 20 pH. |

6.2.4 Multiple Saliency Effect

Other than the fundamental component, there can be a higher order saliency term.
The next high order saliency would be described with functions of 46, i.e., double
frequency of the fundamental saliency. The three phase inductance is described
as [4]

Labcs - Labcs - Lrlc(e) - Lrl4(46)7

where
cos 40 cos(40 + 27/3) cos(46 — 27/3)
L,14(40) = L4 | cos(46 + 27 /3) cos(40 — 2m/3) cos 46 . (6.51)
cos(460 — 27/3) cos 40 cos(46 + 27 /3)

Note that L,;4(40) # L;.(40), i.e., the sequence is different from the fundamental
saliency. In the stationary dq frame, we have

3 —cos40 sin46 0
4 = T(O)Lrl4T_1(0) = —5L54 sin40  cos 460
0 0 1

o

(6.52)

Further, L}, is transformed into the synchronous frame as

—cos60 sin66 0
L¢, = R(OLER(0) = —5Lsa | sin60  cos60 0. (6.53)
0 0 1
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Then the high-frequency voltage model can be obtained such that

(578 _ Ly — %LM cos 60 %LM sin 60 -, Z:Zh ‘ (6.54)
Van 3 Lsasin 60 Ly + 3 Lsy cos 60 i,

Exercise 6.7  Consider an IPMSM with multiple saliency. Derive (6.52) and
(6.52) from (6.51).

6.2.5 Multi-pole PMSM Dynamics and Vector Diagram

Figure 6.24: Structure of six pole motor showing a series connection of three equal
sub-dynamics.

Equations (6.46) and (6.47) describe the dynamics of a two pole machine. Specif-
ically, v and vy are the voltages of a single pole pair winding, and ¥, is the flux
linkage of a single rotor pole pair. Most commonly, the P-pole system is constructed
by connecting P/2-pole pair subsystems in series. Fig. 6.24 shows an example of
six pole PMSM, in which just a-phase windings are depicted. Note that the elec-
trical speed is equal to w, = gw in the P-pole motor, since each pole pair winding
experiences g periodic changes of flux linkage at each rotation.

Consider a P-pole IPMSM in which two pole pairs are repeated P/2-times along
the air gap periphery and the unit windings are connected in series. The P-pole
machine dynamics is developed on the basis of two pole dynamics. Multiplying

(6.43) by P/2, it follows that

P e P N. (P P, d (P,
5vdq = ET‘S ldq+] EUJ E dg +a E dq | (655)
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In the series connected P-pole IPMSMs, the phase voltage, resistance, and flux
linkage increase by a factor of g, whereas the current remains the same. Let 0§ =

(P/2)v5, ¢ = (P/2)vS, Fs = (P/2)rs, La = (P/2)La, Lqy = (P/2)Lg, and ¢y, =

(P/2)t¢y,. Then, we have

- di€ 5

Ug = Tsig+ Ld% — we Ly (6.56)
- dif - -

QNJS = 7:31.2 + qu—: + weLdZs + WeWm.- (6'57)

However, for simplicity, we will abuse the notations in the following: vg, vg, s, La,
Ly, and 1, will be used even in high pole machines, instead of vg, vg, 7s, Ly, IN/q,
and ¢,. Then, the P-pole IPMSM dynamics are given as

di
Ve = el Ld% — weLyil (6.58)
,l:e
Vi = maig+ Lot +weLaif + wethm. (6.59)

That is, the same equation is used for P—pole motor with w replaced by we. The
PMSM equations are summarized in Table 6.3.

Table 6.3: PMSM dynamic equations.

SPMSM in stationary frame

d | _ o re iy _ . tm —sin 6, L1 vy
iy Ls 1y “Ls | cosb, Ls g ] -

IPMSM in stationary frame

val _, [ia] o Lg—3Lscos20,  —3Lssin20. | 4 [if
vl 0L —3Lssin20. Ly + 5Lscos20,] & |i

cos 20, sin 20, cos 0,

d
3w, L [— sin 26, cos 26@] [zfsi] + Wt [— sin 06]
q

SPMSM in synchronous frame

. —Ts r-
d [lé] _ [ L. We ] Zfz] _ . m H L1 [Ufz]
dat el = | — _Trs | [4e €L Ls |.e
iy We T ) s |1 Uy

IPMSM in synchronous frame

. ; Ly r. 1

e _Ts Z4q e I

d (td| _ Ly WeTy| |%a| _ ) vm [V 4 |2V

dt | € —wla s i€ €Ly |1 L e
q €L, L, q Lq 4
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Equivalent Circuit

The rotor flux linkage is equivalently expressed as a product of d-axis inductance,
L4 and a virtual current, iy, i.e.,

Ym = Lgiy. (6.60)
With iy, a PMSM equivalent circuit is depicted as shown in Fig. 6.25.

e i .||.-..I .I;!|' s [F1% [.Lr."!.u.‘ + ;'.'!|r,':|

—ww— )= mv——)
e wf ® 5O Lo ¢

(a) (b)
Figure 6.25: Equivalent circuit of PMSM: (a) d-axis and (b) g-axis.

Exercise 6.8 Consider a two pole IPMSM is running at 3600 rpm in the steady
state. The stator coil resistance is rs = 0.01 ). The operating conditions are

phase voltage v3,, = —100]sin(377¢ + g), sin(377t — %), sin(377t — w)}T,
2 4
back EMF e}, = —125[sin(377¢), sin(377¢ — %), sin(377¢ — g)]T,
5 13
current  i%, = —50[ sin(377¢ + %), sin(377¢ — 1—7;), sin(377¢ — 1—;)]T.

Determine L4 and L.

Solution. Via transformation into the stationary dq frame, it follows that

s —sin (wt + 5) s — sin (wt) s —sin (wt + %)
Vig = 100 { cos (wt+ %) |’ Cag = 1251 o (wt) |’ and ig, =50 | o (wt+ %) |

Thus, in the synchronous reference frame,

v, =50 {_ﬂ , e, =125 m , and ig, = 252 {_11] :

from voltage equation in synchronous reference frame, steady-state condition and
back EMF is only at g-axis

L, - Vg — sl —wm 50 —0.01 x 25v2 125 _ o
wig 377 x (—25v/2) ’
rei§ — oS 0.01 x (—25v/2) + 50/3

wif 377 x 25¢/2

L, = — 6.47 mH. u
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6.3 PMSM Torque Equations

Using the right hand rule, torque is represented as a vector in the axial direction.
With the use of orthogonal unity vectors ¢, j, and k, we have

T. = —— ()\flq X i§q>k

= [tmi — (Lq — Laifis). (6.61)

Note that vy, is the electro-magnetic torque based on the Lorentz force, whereas
—(Lg— Ld)izig is the reluctance torque caused by the Ly — L, asymmetry. Note that
Lq = L, in the case of SPMSM. Therefore, the reluctance torque is not utilized in
SPMSM. Thereby, the PM usage per torque is larger in SPMSM than in IPMSM.

With the lossless model, v = —weLgiyg and vg = welgig + wethm, the total
electric power is

3
Poo= S+ )
3 . e -
= §we(¢m12 + (Ld - Lq)ZleZ)
_ 3r i€ 4 (Lg — L, )i%¢ 2
= 3 wr(wmzq—i—( d 0)idlg)- (6.62)

Torque is derived from the power such that T, = g—i)j. Then the identical result,

(6.61) follows.
Note further that the torque equation is independent of the coordinate frame.

3P . . 3P e . 3P .
T, = TImOZq "Ag ) = Tlm(léqeﬁe e I0eNG ") = Tlm(lflq' g )-
In the stationary frame, the torque equation has the same form:
3P . .
T, = T( flsZZ - )‘ZSZZ)’ (663)

where

. 3 . 5 .
Ay = Lgig— §L5(—zfl cos 20, + i, sin 20.) + Y, cos b,

N, = L

3
P §L5(z’§ sin 20, — iy cos 20c) + Yy, sin fe.
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Summary

1. The torque equation can be derived from the power relation, as the
cross product of flux and current vectors. The forms are the same, in-
dependently of coordinate frame.

2. The torque consists of two parts: magnetic torque and reluctance
torque. the former depends only on if, whereas the later on both 7 and

e
Zq.

3. The SPMSMs do not have reluctance torque, since Ly = L. In case
of IPMSMs, the d-axis current should have negative polarity, i.e., it is
necessary to let § < 0 in order to utilize the reluctance torque.

Exercise 6.9  Consider a case where there are cross coupling inductances [5], Lgq,

and Lgq such that
[)\3] B [Ld qu] [ig] [%] '
Ag Lya Lg| |G 0

Show that the corresponding torque equation is given as

3P

Te:T

(¢m¢g + (Ly — L)iGc + LagiS® — quz’ff). (6.64)

Exercise 6.10  Consider the same operation status of an IPMSM as written in

Exercise 6.8. Show via MATLAB simulation that
Uaia + Ubib + Ucic §U2ifl + Ugiz 3P

T: = [ —
‘ W 2w 272

(VYmiy + (La — Lq)igig).

6.4 PMSM Block Diagram and Control

Suppose that J is the rotor inertia, and B is the friction coefficient, and T}, is a
load torque. Then, the mechanical equation is given by

dw,

dt

Based on (6.46) and (6.47), the IPMSM dynamics can be depicted as shown in
Fig. 6.26.

The typical control block diagram is shown in Fig. 6.27. To implement the
current controller in the synchronous reference frame, measured currents should be
transformed into the synchronous frame. For such transformation, the flux angle, 6,
is required, and the angle is obtained from the position sensor, e.g. absolute encoder
or resolver. In case of resolver, resolver-to-digital converter (RDC) is required to
convert the resolver signal into position and velocity data. In some home appliances

J—" 4 Buw, =T, —TJ,. (6.65)
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_____________________________________________________________

i Reluctance Torque
i x .||...|: .II..H_]
: +
' GH)—|

s - 1 Yy i 3P _'_+.®_’ 1 i

~ | Lgs s + a Js4+ B

Elctro-mag. Torque

Figure 6.26: Block diagram representing the PMSM dynamics.

—iii} —if} —i[:l}
R K

Inverter -
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.':-; _’i @~ Pl | @ - i
1 1
1 1
: dq I'-.'.l.u E
i Bl E
i < i
1 . - 1
: N abc| fes +v' |
N\ L@ :
bygs Pl P® i
' - + i, i
i i
i . J RDC le'|
I 2 1

________________________________________________________________________

Processor board

Figure 6.27: Control block diagram of PMSM using the coordinate transformation
map.

where precise control is not necessary like blowers or compressors, or the system
cost is critical, (speed) sensorless control is often utilized.

In general, PI controllers are used for current regulation, since the current ap-
pears DC in the synchronous frame. The current controller involves decoupling and
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back EMF compensation:

vg = (PI)(ig" —ig) — wlgiy, (6.66)
vg = (PI)(ig" —1g) + wLaig + wibp, . (6.67)

The decoupling and back EMF compensations are needed in the high speed range,
because they grow with speed and become dominant. For current sensing, Hall
sensors are most widely utilized. Usually, two phase currents are measured by
current sensors. The third one is made according to i, = —(i, + 45). The space
vector modulation is a pulse width modulation method that converts the voltage
vector (vg, vg) directly into switch turn-on duties.

6.4.1 MATLAB Simulation

IPMSM parameters for simulation are listed in Table 6.4, and PI gains are Kp =
1.07 and K; = 350 for current control and Kp = 20 and K; = 40 for speed control.
Fig. 6.28 shows a speed response and the corresponding dg currents when a step
load torque (212 Nm) is applied at ¢ = 10 sec. Fig. 6.29 shows the phase currents
when the speed changes from 500 rpm to —500 rpm.

Table 6.4: PMSM parameters for MATLAB simulation.

Number of poles 6 Ts 6.5 m
Ly 0.538 mH Lg 0.824 mH
PM flux linkage (,,) | 0.162 Wb
Inertia (J) 0.1 kgm? || Damping coeff. (B) 0
3800
RPM
rpm] 3600 —\/____7
3400 L L L L L
9.5 10 10.5 11 11.5 12 12.5
300 T T T T .
Load 200} =
Torque
[Nm] 100 - B
0 L L L L
9.5 10 10.5 11 11.5 12 12.5
400 T .
d-axis
current 200 B
[A]
0 A L L L L
9.5 10 10.5 1 11.5 12 12.5
400 T T T T .
g-axis
current 200 - b
[A]
0 L L L L
9.5 10 10.5 11 11.5 12 12.5
Time [s]

Figure 6.28: Speed and current responses to a step load applied at t = 10 sec.
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500

RPM
[rpm] 0
_500 1 1 1
19.5 20 20.5 21 215
10 T T T
a-phase
current 0
_1 O 1 1 1
19.5 20 20.5 21 21.5
10 T T T
b-phase
current 0
-10 1 1 1
19.5 20 20.5 21 215
10 T T T
current 0
[A]
-10 1 1 1
19.5 20 20.5 21 215

Time [s]

Figure 6.29: Phase currents when the speed changes from 500 rpm to —500 rpm.

Exercise 6.11 Based on the block diagram obtain abc-phase currents at zero
crossing.

a) Construct a Simulink block diagram for the SPMSM model in the abc frame with
the parameters: Number of poles = 6, ry, = 20 m§2, L,,, = 0.3 mH, L;s = 0.02 mH,
Yy = 0.6 Wh, J = 0.1 kgm?, and B = 0.0001 Ns/m.

b) Construct a current controller and a speed controller based on Fig. 6.30. Estab-
lish current and speed controller based on the SPMSM dg model;

¢) Obtain speed and current responses when the speed changes from -1000 to

1000 rpm.

Current A~ i | Speed + L
controller [~ controller %

'U\T;li IJ:rJ'.

IR R T it \
| e Vi | sPMSM T o ot 21| freses s
Vig > o > [-% _%J >|(abc) model b d e
Tf.l [.'T i
i [T w Mechanical [ ™ | 27 .
s model S
| SPMSM | Wim

(dg) model

Figure 6.30: (Exercise 6.11) Speed control block diagram for the SPMSM in the
abc frame.



234 REFERENCES

References

[1] J. R. Hendershot and TJE Miller, Design of Brushless Permanent-magnet Mo-
tors, Oxford Science Publications, 1994.

[2] P.C. Krause, O. Wasynczuk, and S. D. Sudhoff, Analysis of Electric Machinery,
IEEE Press, 1995.

[3] D. W. Novotny and T. A. Lipo, Vector Control and Dynamics of AC Drives,
Clarendon Press, Oxford 1996.

[4] P. L. Xu and Z. Q. Zhu, “ Comparison of Carrier Signal Injection Methods for
Sensorless Control of PMSM Drives,” Proc. of IEEE ECCE, pp. 5616—5623,
2015.

[5] I. Jeong, B.G. Gu, J. Kim, K. Nam, and Y. Kim, “Inductance Estimation of Elec-
trically Excited Synchronous Motor via Polynomial Approximations by Least
Square Method,” IEEE Trans. on Ind. Appl., vol. 51, no. 2, pp. 1526—1537.
Mar./Apr. 2015.

[6] M. L. Woldesemayat, H. Lee, S. Won and K. Nam, “Modeling and Verification
of Six-Phase Interior Permanent Magnet Synchronous Motor,” IEEE Trans. on
Power Electron., Early Access, Dec. 2107.

[7] Z.Q. Zhu, Y. Li, D. Howe, C.M. Bingham, and D. A. Stone, “Improved rotor
position estimation by signal injection in brushless AC motors, accounting for
cross-coupling magnetic saturation,” IEEE Trans. Ind. Appl., vol. 45, No. 5, pp.
1843—1849, Sept./Oct. 20009.

Problems

6.1 Consider a two pole machine that has air gap length, g, average air gap
diameter, D, and stack length, L. Suppose that the stored energy in the air

gap is
MoTrDL

Wiig = (MMF? + MMF? + 2MMF ,MMF, cos 6) .

Determine the torque, 7.

MME

MME,
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6.2 Consider a six pole IPMSM section shown below. It is assumed that the rotor
without a PM rotates when 40 A current flows through the a-phase windings,
ie., i, = 40 A and 4 = i, = 0 A. The corresponding flux ], of a-phase
winding is plotted in the right side.

a) Assuming that the leakage inductance is equal to zero, determine Ly
and Ls.

b) Determine Ly and Lj.

"7~ a-phase windings

011+
YAN: - 0104
™y

|§ ® f 0.09-
® 1 .
e L ) \ 0.08-]

0.07
0.06
0.05+

Flux linkage (wb)

0.04-
T ' 0.03-
002
001

- ) 000 T T T T 1
! 0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Time (sec.)

(a) (b)

6.3 Figure below shows the back EMFs of phase windings at open terminal at
6000 rpm. The number of poles is 4, and Ly = 1.2 mH and L, = 2.3 mH.
Suppose that the motor is running at 6000 rpm when ig = —6.6 A and g =
37.5 A.

a) Estimate the back EMF constant, t,,.

b) Construct a voltage vector diagram for the lossless model.
c¢) Calculate torque.

d) Calculate power factor.

2

1 II|_,.I.I.-|—'|'5|I_I_IIIII.

. I."A".I .."“'..I i \ r"-.'.. .-'-\'. . I_..--\.'L _.".l".l .-'I“-'\ ) Y r_r""."I _r'li\l'l. i '__I .Ir""-l.. .'IIF\'\ ¥
FIRVERY f0 Y ]u';\r oMY '

fl I 1' : | '!I || Illll \! | '|i| :ﬁ r K Illrll I::_ || Ii :l'l
|l" |['| ll iy _||, AN .'II lllrl' I'l1 I.'- l,'lll |l i i|||I I|I ]

)

1
—
—

1 L L i [ A L Ll L L
L ol o s o

-
=
g
.
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6.4 Determine whether L, > L4 or Lq > L, for the PMSMs shown in Fig. 6.12.

6.5 Consider a SPMSM depicted in (a) of the following figure. Each phase coil is
concentrated in two narrow slots displaced by w. The PM coverage is 0p,y,
and the PM field is modeled ideally as a square function as shown in (b). Let
the maximum flux linkage denoted by ),,.

The PM flux linkage to the a-phase coil, ¥, (wt) is given as

Y, 0 < wt < T=gru
29m m —0 Opn—
Ya(wt) = § —Fomut 4 Fom, T=EPM < p < SRMT
_wma —ephgiw <wt <.

(a) Show that 14 (wt), Yp(wt), and 1.(wt) are expanded in Fourier series such

that
1
Yo(wt) = oYl Z ﬁcos(ywt),
v=1,35,
no— 1 y 27
Yp(wt) = Yy, Z ﬁCOS(V(w —?))’
v=1,35,--
Ye(wt) = Z icos (l/(wt—4—ﬂ—)).
e vt 3

/ B8Ym
where 9, = WéiM.

(b) Transform [t,, ¥y, ¥c|T into the stationary dg frame to obtain (13, Vg)-
(c) Transform (¢, 1;) further into the synchronous frame (1§, ¥g).

(d) Let Oppr = %’r and and the peak flux linkage be 1, = 0.1 Wb. Find the
fundamental component of the flux linkage.

Neturmn codl u el

(a) (c)

6.6 Consider an IPMSM with the following parameters: Ls; = 0.8 mH, Ly =
0.1 mH, r, = 0.036 mf2, ¥,,, = 0.2229 V-s. The IPMSM model is developed
using the two coordinate frames as shown below: one is in the synchronous
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frame, the other in the stationary frame. However, the current controller is
constructed in the synchronous frame with PI gains, K, = 30 and K; = 40,
and current commands, (i§*,4g") = (—2,10) A. The voltage, (v, vy) of the
stationary frame is obtained from (v§, v§) via coordinate transformation:

vil  |cosf —sind| [v§
ve|  |sin@ cosf | [vS|
Let w = 15 rad/sec.

Show that mapping of (i3, i7) into the stationary frame yields the same vector
as (ij, i;), i.e., the two calculation paths, ) and (2 yield the same results.
Utilize Rounge-Kutta fourth method with step size h = 0.00001 sec to solve
the ODE. It is recommended to program (6.37) and (6.49) into M-file of
MATLARB as follows:

function xx = rook(t,xy,h,w)

xXytemp=xy;

kk1= ex45fc(t,xytemp,h,w);

kk2= ex45fc(t+h/2 xytemp+kk1*0.5*h,h,w);
kk3= ex45fc(t+h/2,xytemp+kk2*0.5*h,h,w);
kkd= ex45fc(t+h,xytemp+kk3*h,h,w);

xx = xytemp-+h* (kk1+2*kk2+2%kk3+kk4) /6;

||' + 'rl'-.l + |'r
Ay ®
IPMSM Dynamics K-
o :> Synchronous Frame :> i
- (6.49) -
___________ ~
~ - [ -
CosE —s5ing @ 1 | COSE —S5ind
| sinf cosd I |sing  coséd
®
\4
_______________ >
IPMSM Dynamics K>
2 [ > | Stationary Frame —> e
- (6.37) -

6.7 Consider a two pole IPMSM with N = 4, A = 300mm?, vy = 0.0lmm™!,
72 = 0.05mm 1.
a) Calculate the L,,s and Lg.
b) Using the result of a), find the Ly and L,. Assume the L;; = 0.
c¢) Suppose that the PMs are unmagnetized, and that current of magnitude,
1= \/z% + i?l = 100A is injected. Find the maximum achievable reluctance

torque.
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Derive the stationary IPMSM model (6.37) from

. . 3 i2gesk . ;
qu = 7ﬂsléq + _(leflq - §L56’7291§lq) + meeje-

The six phase motors considered in this paper have two sets of three phase
windings which are separated by m/6 in electrical angle. The first group is
named abc and the second group is zyz. The following figure shows schematic
diagram of two pole six phase IPMSM. Rotor angle 6 is defined by the angle
between the direct axis of the rotor PM and the a phase current axis. The
abc coil has flux linking with the zyz coil, as well as the rotor PM.

30

X [ ¥
Clon N
) '-__/I
_T; & '9 o T
XN\ /o
NN /ZOF
Yo o Tx
o Fai

Let the current of xyz coil is denoted by iz,. = [ix, by, iz]T. Then the flux
linkage of abc coil [6] is described by

. . . ..
Aabc - Labcslabc + Mla}yz - LJA(Q)labc - LJA(Q - E)lxyz + 1;0(0)7

where 1(0) = 1y, [ cos 0, cos(d — 2X), cos(f + %)}T’

cos 26 cos(20 — 2F)  cos(20 + )
A(0) = |cos(20—2F) cos(20 + %) cos 20
cos(20+ 3F)  cos(20)  cos(20 — )

(a) Find M.

(b) Let the flux linkage of zyz coil denoted by Ay, = [)\x, Ays Az
an expression for Agy. in terms of iy, igpe, and Y (0 — §).

(c) Dual coordinates are also used in the dg stationary coordinate: («a, ) for

the abc-frame, whereas (v, o) for the xyz-frame. Use the same transformation
T _

}T. Derive

matrix, T for both abc and xyz variables, and let A5 = [)\7, Aoy O]
TAzy: and iy = [iy, o, O}T = Tigy,. Assuming that iy . and ig,, are
balanced, disregard the third component and let Ay, = [)\7, )\U]T and i, =

o]
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Show that in the stationary rectangular coordinates

Aaﬁ = Lg(e)iaﬁ + Mg(e)i'ya + 1an2(9)’
VIUNR . T
o = L0 D M 00— ),

where
_ [Lm—3Lscos20  —3Lssin20 |
Ly(0) = I —%L(g sin 20 Ly + %L(g cos20| Lyt = LsG(0),
M,(0) — 3Y8Lms _ 315 c0s(20 — T)  —3Lms _ 3[;5in(20 — T)
I 3Lms — 3L5sin(20 — ) 73\/§4Lm3 + 3Lscos(20 — %)
[ 3 T
= |M;—-LsG(0 — —
i S 0 ( 12>:| )
3 V3 -1 cos20  sin 20
M, = ZLmS [ 1 \/5] and - G(0) = [sin2¢9 — cos 29] ’
(d) Let >‘¢elq1 = [Mas Zl]T =R(0)Aas, >‘celq2 = [A2> ZQ]T = R(0)Ay,
g = (i1 iél]T = R(0)iap igg0 = (152 iZQ]T = R(0)iys, and
cosf) sinf
R(0) = [— sinf cos 0] ’
Derive the following flux linkage in the synchronous frame:
2(11 - qulicelql + Mfi§q2 + ¢2q17
celq2 = LdQZifqu + M?iqu + wflq%

where 95,1 = R(O)Y'(0) = Yy [1, 0]7, 95 = ROW (0 — T) = [,
_%]T7 Ly = %Lms + Ly,

Ly —3Ls o ] _
{ 0 Ly +3Ls) = Lo
3 3v/3 T
Ly —qLs = Ls — Ly,
37\/5% Ly + %La_ !
§ |:\/§(Lms - Lé) _(Lms - LJ) | - M
4 (Lms + LJ) \/g(Lms + Lé)_ f

6.10 Consider the PM flux linkage with the following harmonic components:

)‘abc = (Labc - L(SLrlc(Qe))iabc + 'l.bPM

where

Ypym =
cos 0 cos 50 cos 76
U | cos(0 — 2w /3) | + Vs [cos5(0 — 27w/3) | + Y7 |cosT(0 — 27 /3)
cos(f + 27/3) cos 5(0 + 27 /3) cos7(0 + 27 /3)
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a) Using the transformation matrix T(0), derive the following expression
in the stationary dq frame:

M1 [Ls—3Lscos20  —3Lssin20 | [i

| —3Lssin20 Ly + 3Lscos26]| |i
cos 6 cos bl cos 76

+m [sin 0} +Usm [— sin 56} +97m [sin 70] ’

b) Using the rotational transformation, R(6) derive the following equa-

‘ 0on:
)\q

c¢) Using the previous result, obtain the torque equation below:

3p
23|

Lg 0| |4 " U + Ysm cos 60 + 17y, cos 660
0 Lgj |ig — 5, SIN 66 + 7, sin 66 |

T, = VYmig + (La — Lq)igiq + (Ysm + rm) cos 60 ig + (Ysm — 7m) sin 66 ig).
d) Assume that Ly = 0.4 mH, L, = 0.8 mH, P =4, ¢, = 0.1 Wb , 95,

= 0.05 Wb , ¥z, = 0.02 Whb. Let [iz,iZ]T = [-10,50] A. Using Excel,
plot the torque over one revolution period.

Assume that an IPMSM has a cross coupling inductance [8] which appears in
the abc—frame as
9 sin 26 sin(20 — 27/3) sin(26 + 27/3)
Lcn(20) = ngq sin(20 — 27/3) sin(26 + 27/3) sin 260
sin(260 + 27/3) sin 26 sin(20 — 27/3)

a) Show that in the stationary frame

s _ —sin260 cos 26
Lim = T(0)Len(20)T7(0) = ~Lay [ cos26  sin 20] '

b) Show that in the synchronous frame

e __ s —1 _ 0 qu
¢) The cross coupling inductance, L., (#) can be added to (6.30). Then,
it follows that

Labcs = Labcs - Lrlc(e) - Lcm(e)

Using the result of b), show the voltage equation is obtained in the
synchronous frame such that

{03] _ {7“5 +pLg—wLgy, —wLg +p Ly ] {zg] n [ 0 ]

vg wLq +p Ly Ts + P Lg+wlyq| |ig Welm
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6.12 A multiple rotor saliency can be described by [4]

Labcs = Labcs - Lrlc(e) - Lmu(e)v

where
9 cos 46 cos(40 + 27/3) cos(46 — 27/3)
Ly (0) = = Lsy |cos(40 + 27/3)  cos(46 — 27/3) cos 46 , -
cos(40 — 27/3) cos 46 cos(460 + 27 /3)

a) Show that in stationary frame

L5, = T(0)Ly TH(0) = Loy [— cos4f  sin 49] |

sin40  cos46

b) Show that in synchronous frame

LY., = R(Q)LsmuRﬂ(e) — Lss [— cos66 sin 66] '

sin6f  cos 660
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Chapter 7

PMSM Control Methods

In the IPMSM, torque also depends on the d-axis current. Therefore, like the
induction motor, there are many ways of combining dg currents for a constant
torque production. But, the loss is different for each current set, (i, if). The
maximum torque per ampere (MTPA) is a current minimizing control technique for
a given torque, thus it is a copper loss minimizing control.

When the motor speed increases, the back-EMF approaches the maximum avail-
able terminal voltage from the inverter. To extend the speed range, negative d-axis
current is applied to weaken the air gap flux. Otherwise, the torque would drop
rapidly due to the voltage limit. In other words, field weakening is a high speed
solution within the voltage boundary.

It is necessary to extend the constant power speed range (CPSR) for high speed
applications. This chapter discusses various control methods to ensure high perfor-
mance over a wide speed range under voltage and current limits.

7.1 Machine Sizing

Consider a single pole section of a P-pole PM motor shown in Fig. 7.1, where D,
is the rotor diameter, 7,(= 7D, /P) is the pole pitch and I is the stack length.
Assume that the rotor PM yields a sinusoidal field distribution in the air gap, and

that the rotor speed is w,. Then air gap field density by the PM is modeled as a
traveling wave, B, sin (%x — gwrt .
Let Npj, be the number of coil turns per phase and k,, be the winding factor.

As shown in Fig. 7.2, the average level of sinx over 7 is equal to % Note that PM
flux %Bm cos gwrt passes through g—?gkw—turn coil over the area, l57,. Therefore,

the PM flux linkage to the stator coil is

Nph ™ A P
Apole = P—I/?kal“/o By, sin <T—px - Ewrt> dx (7.1)
N, P
— P—%kwlstTp;Bm coS iwrt. (7.2)

243
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PM flux density

By, sin Zx

Stator coil .

/ Stack length

I_l‘:I \
EMF(rms) 4

per pole S A—"

I [ Rotor diameter
Figure 7.1: A single pole section of a PM synchronous motor.

1 2

l/ \Vi I

Figure 7.2: Average of a half sine wave.

Since (7.2) is the flux linkage of a phase winding per pole, the phase voltage
follows from the Lenz law such that

d P P .
ef = _EEApOle = Nphkwq)fEWT sin w,t, (7.3)
where & = lstTp%Bm. Therefore, the rms value of the induced voltage is equal to
1
E; = E%rfe “Nppky®y = 4.44 fe Nppky @ g, (7.4)
where f. = g‘;—; is the electrical frequency.

The electric loading is defined as the ampere-turn per circumferential length of
the stator bore:

A = 2mNphImaaz o 2mNph\/§Irms 7 5)
me P, - nD, ’ (7.
where m is the number of phases and I,.,,s is the rms phase current. Note that
2mNyy, is the total number of conductors in the all slots. The electric loading
is a description of current sheet along the air gap periphery, and it is limited by
the ability of heat dissipation from the conductor bundles. In the following sizing
equation, the electric loading is utilized instead of current.
Apparent electromagnetic power that crosses air gap is equal to the product of
induced voltage and current:

A,mD,

Pgap = mEf[Tms = m\/ﬁﬂ'feNphkw(bfm
ph

L
= —ky——(P B, A,.,D
2kwp/2( Tp)lst maAmr
- kaDflSthAmwT. (7.6)



7.1. MACHINE SIZING 245

Table 7.1: Magnetic and electric loadings.

Machine type Magnetic loading | RMS electric loading

Binas (T) Am/V2(A/cm)
IM (air cooling, ~ 10 kW) 0.6~1 100~ 350
IM (air cooling, 10 ~ 1000 kW) 0.6~1 350~ 550
PMSM (air cooling, ~ 10 kW) 0.8 150
PMSM (water cooling, 10 ~ 100 kW) 0.8 ~ 700

In deriving the third equality, 7D, = P71, and f./(P/2) = w,/(2m) are utilized.
It is assumed here that all the air gap power is converted into mechanical power.
Since torque is obtained as T, = Pyqp/wy, it follows from (7.6) that

T. = kamAmVOI(mtor)7 (7'7)

where Vol(,t0r) = %D%lst denotes the rotor volume as depicted in Fig. 7.3. Here,
B,, is called the magnet loading. Torque appears as the product of electric loading,
magnet loading, and the rotor volume. It is an important motor design equation.
In order to maximize the torque per volume, the maximum electric and magnet
loadings must be utilized. Therefore, B,, and A,, are almost fixed once the motor
type and cooling method are determined. Then, the remaining factor is rotor vol-
ume. Then, torque is proportional to the rotor volume as depicted graphically in
Fig. 7.3.

j'_.j_l"'

. —

'i.l.f.

Figure 7.3: Torque is proportional to the rotor volume.

Ranges of electric and magnetic loadings are A,,/v/2 : 150 ~ 2000 A/cm and
Bpur : 0.6 ~ 1 T. High electric loading leads to a large heat generation in the
coil. If the cooling method is more efficient, a higher electric loading can be used.
For example, A,,/v2 = 150 A/cm for a totally enclosed PM servo motor without
a fan. But with water cooling, it can be increased to 700 A/cm. Typical ranges of
magnetic and electric loadings are listed in Table 7.1.

7.1.1 Machine Sizes under Same Power Rating

Since Pyqp = Tew,, there are two ways of increasing the motor power: to increase
torque or to increase speed. For the same power, the rated torque decreases as the
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rated speed increases. Since the motor volume is proportional to torque, the motor
volume reduces as the rated speed increases. That is, a high speed motor has a
smaller volume.

Torque Torque
A Same power

/

: Reduction
High Motor | Goar Motor I
max.
torque

Smaller volume

Speed Speed

Figure 7.4: Size comparison for the same power.

Fig. 7.4 shows two motor operation regions marked by shaded areas. Note that
the two parabola curves, which represent a constant power, are identical. That is,
Motor I and Motor II have the same power levels. There is a trade-off between
maximum torque and maximum speed. Motor I has a high maximum (starting)
torque but a low maximum speed, whereas Motor II has a lower starting torque but
a higher maximum speed. Based on (7.7), Motor I obviously has a larger volume
than Motor II.

Note, however, that the high speed motor can be fit into a desired operation
range with a reduction gear. Hence, a high speed motor along with a reduction gear
could offer a reduced volume. For this lower volume, there is a tendency to utilize
high speed motors in electric vehicles (EVs) [1].

7.2 Current Voltage and Speed Limits

To control the motor current, the inverter voltage should be larger than the motor
terminal voltage. On the other hand, the DC link voltage is limited. The steady
state model for PMSM dynamics is given as
vg = Tsig — welqgig (7.8)
vy = Tslg+ welgig + Wethm. (7.9)

Based on (7.8) and (7.9), the steady state current and voltage vectors are depicted
as shown in Fig. 7.5. Two cases are compared during motoring when 75 < 0 and
i% > 0. It is observed from Fig. 7.5 (a) that the negative d-axis current reduces the
motor terminal voltage since weLgi§ < 0 is laid on the g-axis. This coupling voltage
cancels out the back EMF, w,, which grows with the speed. Thereby, it extends
the speed region.
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Figure 7.5: Voltage magnitude and power factor depending on 1§ polarities during
motoring: (a) i§ < 0 and (b) i§ > 0.

On the other hand, positive d-axis current increases the voltage vector. The
terminal voltage cannot be larger than the inverter limit. Comparing the two, one
can find a great difference in power factor. In Fig. 7.5 (a) both voltage and current
vectors are in the second quadrant, and the angle difference, ¢ is relatively small.
If 4§ > 0, the current and voltage vectors are in different quadrants as shown in
Fig. 7.5 (b). Thereby, the power factor is small.

In summary, negative d-axis current increases the power factor while limiting
the voltage growth. Note that the reactive current just increases the loss while not
contributing to torque generation. Therefore, a high power factor means high motor
efficiency.

The benefit of field weakening control can be seen from the perspective of torque
production. Here it is assumed that Ly < L,. Then, a negative d-axis current gives
a positive reluctance torque, i.e., it yields %P(Ld — Lq)izig > 0. Thus, more torque
is added to the magnetic torque. In some well designed IPMSMs, the former is as
large as the latter component in some high speed range.

Finally, the ohmic voltage drop, rsIs is parallel to the current vector. Thereby
it increases the terminal voltage. Since it is normally small, it is often omitted for
simplicity.

Fig. 7.6 shows similar vector diagrams in case of regeneration. If i¢ is negative,
then the shaft torque is negative. It absorbs external mechanical power and converts
it into electrical power, i.e., it works as a generator. The two cases are compared
when 75 > 0 and i < 0. The same result is observed with regard to the magnitude
of the terminal voltage. The terminal voltage is smaller with i§ < 0. In case of
regeneration, it is desired to achieve —1 as the power factor, i.e., PF = —1 or
¢ =~ 180°. In this perspective, the case with i < 0 is better. Unlike motoring, the
ohmic voltage drop helps to reduce the terminal voltage.

The benefits of the field weakening are summarized below:
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Figure 7.6: Voltage magnitude and power factor depending on 7§ polarities during
regeneration: (a) i§ < 0 and (b) i§ > 0.

Summary

1. To increase the motor speed under a voltage limit, it is necessary
to use negative d-axis current. It helps to reduce the motor terminal
voltage.

2. High power factor is achieved if i§ < 0.

3. When i < 0, the reluctance torque is added in the case that Lg < L,.
4. The use of the reluctance torque is related to the increase in the power
factor. High power factor is a desirable attribute for high efficiency.

5. The same goes for the regeneration. Therefore, a negative d-axis
current is also necessary during generation mode.

7.2.1 Torque versus Current Angle

Fig. 7.7 shows a vector diagram of a lossless model. Note that the current angle
is measured from the g-axis by convention. With the polar description, it follows
that

i = —Ising, (7.10)
i = Icosp, (7.11)

where I = /i§%+i¢? and f = tan~!(—if/i%).

Substituting (7.10) and (7.11) into the torque equation, we have

3P

T, ="
7

Yl cos B+ %(Lq — Ly)I*sin2f]. (7.12)
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Figure 7.7: Current angle, 5 and power factor angle, ¢.

Note further that the magnetic torque, %Mnl cos (3 is a function of cos 3, while the
reluctance torque, % % (Ly—La)I?sin 28 is a function of sin 23. In order to make the
reluctance torque positive when L, > L4, current angle should be larger than zero,
i.e.,, B > 0. It means that the d-axis current needs to be negative. Fig. 7.8 shows
torque versus current angle when L, > Lg4. The relative magnitude of reluctance
torque is not small for a medium S value. Note that the peak torque is achieved

around S8 = 40°.

Torque sum

Magnetic
torque

Reluctance
1 torque

Figure 7.8: Torque against the current angle. The torque components versus cur-
rent angle for Lg < L.
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7.3 Extending Constant Power Speed Range

Let the magnitude of maximum voltage denoted by V,,. Then the voltage limit is
described by

Vg2t <V (7.13)

The rotor flux was described with a virtual current source iy i.e., ¥y, = Lgiy. It
mimics the wound field synchronous motor. A simplified steady state IPMSM model
is obtained from (7.8) and (7.9) by dropping the ohmic voltage such that

vg = —welyiy (7.14)
vy = welgig + wetm. (7.15)

Then, it follows from (7.13) that

ig ? (i +if)*
g A 7.16
VEJ(wiLy)? T V2 (L) = (7.16)

It is an equation of ellipse. Note that the major and minor axes are functions of the

speed. Since Lq < L, then the major axis is horizontal. It is obvious from (7.16)

that the ellipses shrink to (—if, 0) as shown in Fig. 7.9 when the speed w increases.
Meanwhile, the current limit is a fixed circle:

G2+ < I2,. (7.17)

Feasible maximum power solution is found at the intersection between an ellipse
and the circle.

Speed  g-axis |,
increase i TN

Voltage limits ~ ~~--1--

Figure 7.9: Current limit and voltage limits for various speeds in the current plane.

Fig. 7.10 shows torque-speed curve along with current contour. At the base
speed, often called rated speed, the terminal voltage reaches the maximum with a
rated load (current). The rated condition is marked by A on the current limit circle.
As the speed increases further, the voltage limit shrinks. Thus, the maximum power
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Figure 7.10: (a) Torque, voltage, and current versus speed and (b) the correspond-
ing voltage and current contours.

solution moves down to the horizontal axis along the circle. Fig. 7.10 (b) shows a
sequence of operation points B, C, D, and E when the speed increases. A larger
(negative) d-axis current needs to be supplied to meet the voltage requirement.
Specifically, we L4i§ counteracts the growing back EMF, wet),,,, and a larger ¢§ (in the
negative direction) is obtained at the expense of reducing the g-axis current. Those
marked intersections in Fig. 7.10 (b) belong to the contour of constant (apparent)
power P, =V, X I, since the voltage and the current are kept constant. Most of
the electrical power will be converted into the mechanical power P,, = T, X wy,, if
the loss is small. If the power factor is almost unity, the contour, BE characterizes
the constant power speed range (CPSR).

7.3.1 Torque Speed Profile

The CPSR is determined by the relative magnitudes between v, and Lgyl,,. They
are the field strengths of rotor PM and stator coil. Since if approaches zero as we
becomes large, it is obvious from voltage limit equation (7.16) that

2 v
15+ < T 7.18
( d f) (dee)2 ( )
For sufficiently large we, the right hand side of (7.18) vanishes. Therefore, it should
follow that i§ — —if as we — 00. As was observed in [2], the ability of producing
power at infinite speed is determined by the criteria

Um < Lalm - (7.19)

It means that the demagnetizing flux, Lyl,, by the stator coil must be larger than

the PM flux, v,, to extend the speed range indefinitely. Fig. 7.11 shows three
cases with the voltage and current limits and power plots versus speed. Specific
illustrations for the three cases are summarized in the following: [3]
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Voltage limits o=

Power Power
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® Speed Speed Speed
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Figure 7.11: Current contours and power versus speed for three cases: (a) ¥, >
Lalyn, (b) ¥y = Lgly, and (¢) ¥, < Lalpy,.

i) ¥ > Lgl,, : This corresponds to the case where the rotor flux is larger than the
maximum field that the stator current can provide. Above the rated speed, the
power drops drastically. Since the ellipses center, —iy lies out of the current
limit, there will be no more intersection above the critical speed defined by

Vin
We= —————— . 7.20
‘ wm - LdIm ( )
That is, the current limit and voltage limit curves are separated for w, > we,
so that no proper solution exists.

ii) Ym = Lglm : This is the case where iy = Ip,. Since the ellipse center lies
on the current limit circle, intersection always exists for any arbitrarily large
w. Thus, the constant maximum power can be extended to the infinite speed
theoretically.

iii) ¥y, < Lgly, : The constant power range will be extended to the infinite speed,
too. But, the output power is lowered after peaking. This design setting is
most widely used.

Summary

1. The current limit appears as a fixed circle, whereas the voltage limits
are represented by a group of shrinking ellipses.

2. The voltage ellipse can be defined with a virtual current, ;. Then the
voltage limits are centered at (—iy, 0) in the current plane. If Ly < Ly,
the ellipses are pressed to the horizontal direction.
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3. If ¥, > Lgl,,, then no intersection between the current and voltage
limits will be found above a certain speed. In such a case, the power
drops quickly. To prevent it, the PM usage should be limited in accor-
dance with the current capability, i.e., iy < I,.

7.4 Current Control Methods

Since there is no magnetic saliency in SPMSMs, the torque is determined only by ¢-
axis current. In contrast, the reluctance torque plays an important role in IPMSMs.
Thus, numerous combinations of (i, i) are feasible for a fixed torque generation.

7.4.1 Maximum Torque per Ampere Control

The motor loss consists of copper loss, iron loss, mechanical loss, and stray loss. In
the low speed area, the copper loss takes about 80% of the total loss. The max-
imum torque per ampere (MTPA) is a control method of maximizing the torque
for given magnitude of current. It can be stated equivalently as “the current mini-
mizing solution for a given torque.” Thus, the MTPA is very useful for copper loss
minimization.

To obtain the desired solution, we take the differentiation of T, with respect to
B: It follows from (7.12) that

oT, 3P

08 T[_wmlsmﬂ—i_(Lq_Ld)I20052ﬁ]:0.

Equivalently,
2(Ly — Lg)Isin? B 4 by, sin f — (L, — Lg)I = 0.
Thus, we have

MTPA ie
contour \\ d

\

Constant
current
contours
Constant
torque

curves

Figure 7.12: MTPA contour.



254 CHAPTER 7. PMSM CONTROL METHODS

1 | =¥m + VYR + 8(Lg — La)*T?
= sin 7.21
b [ 4(Lg — L)l ( )
Equation (7.21) gives us the loss minimizing current angle for a given current mag-
nitude /. Further, since iy = —1I sin 3, we have
. 1 \/
f = — — 2 +8I2(L, — Lg)? 7.22
Zd 4(Lq _ Ld) <¢m wm + ( q d) ) ) ( )
ig = \JI?—if. (7.23)

The dotted line in Fig. 7.12 is the MTPA contour when the current magnitude
increases from zero to I. Note that it is the set of points, (—Isin 3, I cos 3) that a
torque line intersects a (current) circle tangentially as shown in Fig. 7.12.

Different Derivation Using Lagrangian

The MTPA is viewed as the torque maximization under the current constraints.
Consider power maximization problem under the current limit (7.17):

max T, under i22—|—i§2—12§0.
ig> 1
Let the Lagrangian be defined by [4]
. - 3P . . . .
L(i§, i) = Ve (wng + Lg(1 — f)zgzg) + p1 (12 2 4 zf] 2_ IQ) ,

where £ = L, / L, is the saliency ratio and p; is a Lagrange coefficient. Necessary
conditions for the optimality are

oL 3P " .

8_1'2 = T(l — f)Ldlq + 211 = 0, (7.24)
oL 3P

— = —Lg(iy+ (1 -8y + 2,LL11'§ =0. (7.25)
o1 4

Then we obtain from (7.24) and (7.25) that
(- &) (55— i5?) — ifig = 0.

Since the solution is found on the boundary, we utilize the boundary equation,
15 24 ig 2 _ I? = 0. Then, we have the following second order equation:

2(i)2 + —L i — 12 = 0.

(1-¢)
Of the two, the meaningful solution is given by
e 1 [ 2 112
ig = T (zf \/zf—i-SI €-1) >
= . Um, — \/¢2 +8I2(€ —1)2L2) . (7.26)
4€-1)Lg \'™" m d

This result agrees with the previous solution (7.22).
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Exercise 7.1 Consider an eight pole motor with the following parameters:
Ym = 0.103 Wb, Ly = 234 pH, and L, = 562 pH. Plot the torque versus current
angle, § and the MTPA points in the current plane for I = 100, 200, 300, and
400 A.

Solution. In general, the MTPA solutions are found experimentally and used

arcue (Mo :i-'l |'&J
400 500

400
300
300
200
200

100
100

0 10 20 30 40 50 60 70 80 90 -500 -400 -300 -200 -100 0
Aleleg) iy A

(a) (b)

Figure 7.13: Torque versus current angle for different currents: (a) Maximum
torque versus  and (b) MTPA contour in the current plane (Solution to Exer-
cise 7.1).

after writing them into a lookup table (LUT). The main reason is that inductance
changes depending on current magnitude [5]. Fig. 7.13 suggests a method of finding
the MTPA points by experiments: For a given current magnitude, measure the
torque while changing (’s as shown in Fig. 7.13 (a). Record the peak value and
the corresponding current pair in the lookup table. For example, i§ = —215 A and
ig = 330 A are recorded for T, = 340 Nm. Repeat the process for different currents.

However, note that the MTPA control is not feasible in the field-weakening
region due to the voltage limit. Online MTPA searching algorithms were proposed
by [6], [7]. The MTPA method is also applied in the direct torque control (DTC)

8], [9]-

7.4.2 Transversal Intersection with Current Limit

It is considered here a non-tangential (transversal) intersection with the current
limit. Assume that a constant torque line defined by 2 (Ymil + (Lg — Lq)iSic) =
Tp intersects ig 2 + i 212 =0 at two points as shown in Fig. 7.14. The two points
A and B have the same current magnitude. But, B is preferable since the voltage
magnitude is smaller.
Combining torque and current equations, a quartic polynomial is obtained such
that
iy 4+ A1id + Byi3 + Cyig + Dy = 0, (7.27)
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Figure 7.14: Transversal intersection with the current limit circle.

where
2
Al - wm )
(Ld - Lq)
U
B =
YN AEEY
20y, I?
Ci = —2—, and
(La — Lg)
1 1678 5
Dl = (Ld—Lq)2<9P2 —Isﬂ)m .

Lodovico and Ferrari derived a general solution to quartic polynomials [10], [11],
[12]:

iq = —% +, % + % (7.28)
where
o = % (34,01 — 12Dy — BY) (7.29)
B = 2—17 (—2B + 94, B,C; + 72B1 Dy — 27C} — 2TAIDy) (7.30)
B;

51 O‘l \/ ﬁ% O‘:{)
= —= \/— —1 Y A s 7.31
7 + \/ + + o7 + 1T 57 (7.31)
m =\ Z —Bi+m (7.32)

3 1
o= \/ZA% — = 2B s (441 By - 801 - AD). (7.33)
1
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It should be noted that two + should have the same sign, while the sign of 4, is
independent. Let rq, ro, 73, and 74 be the solutions of a quartic polynomial. Then,
the discriminant is defined as [14]

D= (’I“l - 7“2)2(7“1 - 7“3)2(7“1 - 7“4)2(7“2 - 7“3)2(7“2 - 7“4)2(7“3 - 7“4)2. (734)
The discriminant tells us about the nature of roots [13]:

if at least two of the roots coincide, then D = 0;
if all four roots are real or complex conjugates, then D > 0;
if two roots are real and two are complex conjugates, then D < 0.

In the case of (7.27), the discriminant is equal to

D = 256D} —192A,C, D} — 128B D3} + 144B,C: Dy — 27C} + 144A3 B, D}
—6A2C%D, — 80A, B*C, Dy + 184, B,C} + 16B{ D, — 4B3C?
—27TAID? + 18A3B 01Dy — 4A3C3 — 4AIB} D, + AIBICE. (7.35)

Fig. 7.14 shows a case of four real roots. Note that two other roots are in the fourth

quadrant. Thus the discriminant is positive. Point B is obtained with the minus
sign from +; and +:

A1 m M1 ?58
N . 7.36

Summary

1. In the case of IPMSM, the d-axis current plays a role in the deter-
mination of torque. Question is how to minimize the current magnitude
while generating a desired torque. The MTPA yields the current mini-
mizing solution. Thus, it is an essential technique for minimizing copper
losses and widely used in practice.

2. The MTPA solution is found at a tangential intersection between
torque and current curves. It is nonlinear so that it is used practically
on the basis of a lookup table.

3. The MTPA is independent of the speed. However, the voltage limit
adds an additional constraint above the base speed. The MTPA is, in
general, not used in the field weakening range.

7.4.3 Maximum Power Control

Motors are designed, in general, to reach the maximum voltage at the rated speed
under rated load. Above the rated speed, the voltage limit causes an increase in the
current angle, which means more d-axis current and less g-axis current. Thereby,
the airgap flux is weakened and torque decreases. With the lossless motor model
(7.14) and (7.15), the power is given by

3 . . 3 . .y
P, = 3 (veif +vgig) = QWe (Vmig + (Lg — Lq)igis) - (7.37)
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More formally, the power maximization problem in the field weakening region is
stated as follows:

max P, under ¢y (ig, i) <0, e2(ig, ig) <0,
15,15
where
c1(ig, i) = ¥ +iS? — 17, (7.38)
2
. . . 2. 2 ¢m V,
62(12’ 12) = 5 Z; ( tq + L_d) - wgzz' (739)

It is obvious from the geometric viewpoint that the maximum power is found at
an intersection of the two curves, ¢; = 0 and ¢o = 0. Intersection points of the
current and voltage limits make a locus of maximum power versus speed. That
is, the maximum power is obtained along the current limit circle ¢ (i, ig) = 0.
Substituting ig 2712 — 15 2 into equation ¢y = 0, it follows that

m
V2
0=(1-—¢%)i2 2w—’”€ 22— —m_, 7.40
( f)ld + de+ L2 +£ ng?i ( )

Since the intersection point in the second quadrant is meaningful, we just need to
consider the negative i solution. Thus, we have

1 m 2 Vi
R (%‘\/ B 1T - ) ) (ray)

Y O A i (7.42)

This characterizes the maximum CPSR, when the power factor is close to unity.
However, if I, < iy, the power curve drops rapidly. See the following example.

Exercise 7.2 Consider an eight pole motor with the following parameters:
Y = 0.053 Wb, Ly = 234 pH, and L, = 562 pH. Assume that V;,, = 180 V and
I, =450 A.

a) Using (7.22) and (7.23), calculate the MTPA point, (ig,, ig,) for I,, = 450 A.
b) Find the maximum feasible speed we, when V;,, = 180 V at the point, (ig,, ig,),

e., determine we, so that Vp, = 4/vg 24 1)82 180 V while current is given by
(1, iga).
c) Using (7.40), find the speed we, when the maximum power point reaches (ig*, i¢*) =
d) Using Excel, plot power and torque along the current limit circle for we, < we <

Wel -

Solution.
) 5 = gy (Ym — V03 + S (Lg — La)?) = —2804 A,

it = /T2, — 5 = 352 A.
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— Vin, — : 836.2 _
b) we = V(A= i 908.1 rad/s, i.e, 3382 x 60 =2167 rpm.

c) Inserting i = 0 and i = I, into (7.39), we have

Vin 180
LL) = =
" Lgly +m 234 x 1076 x 450 + 0.103

= 3442 rad/s, i.e., 8221rpm.

d) See Fig. 7.15.
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Figure 7.15: Contour along the current limit: (a) current trajectory and (b) torque
and power (Solution to Exercise 7.2 (d)).

7.4.4 Maximum Torque per Voltage Control

This control strategy is valid in the high speed operation of IPMSMs when I, >
¥m/Lq. It is a case where the current limit circle includes the center of the voltage
limits. Thus, infinite speed operation is feasible without reducing power to zero.
But if we follows the current limit circle, the motor power drops at a finite speed
as shown in Fig. 7.15.

At a certain speed, the operation point must deviate from the current limit circle
and should follow another contour that converges to the center of voltage limits.
In other words, there is a break point, namely w.;, in the speed range as shown in
Fig. 7.16. For lower speeds, w, < wep, the maximum torque is at an intersection
with the current limit circle. However for higher speeds, we > wep, it is located at a
tangential intersection with a voltage limit curve.

In the following, a method of calculating the tangential intersection is considered.
Note that the flux equation follows from the voltage limit, (7.16):

(Lqgig)? + N3 = (Vin/we)?, (7.43)

where Ag = Lgi§ + 1r,. Substituting (7.43) into torque equation (7.12), it follows

that ) ) ) )
T2: (E) <>\d_Lq)\d_¢m> (Vm/we) _)‘d.

¢ 4 Ly L2
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Current limit
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Figure 7.16: Maximum torque per flux solutions.

Taking differentiation with respect to Ay and making it equal to zero result in [15]

—Latbm + [ L33, +8(La = Lq)* (Vin fwc)?
A = oL : (7.44)

Using (7.44), the torque/flux maximizing current command is determined at

-e )‘d - wm

(Vin/we)? — A2
i = - a (7.46)
q

It is the maximum torque solution for a given voltage. Thus, it is often called
maximum torque per voltage (MTPV).

Exercise 7.3 Consider an eight pole motor with the following parameters:
Y = 0.053 Wb, Ly = 234 pH, and L, = 562 pH. Assume that V;,, = 180 V and
I, =450 A.

a) Using Excel, find w,p at which the MTPV line intersects the current limit circle.
b) Using Excel, plot the current contour, torque, and power based on the MTPV
for wep < we < 3442 (8221 rpm). Fill the rest interval, 0 < w, < wep with the results
obtained in Exercise 7.2. Compare it with the one shown in Fig. 7.15.

Solution.

a) Two i§’s are calculated based on (7.41) and (7.45). wep is found when the two
15’s agree. The result is wpe = 1939, i.e., 4630 rpm.

b) Differently from the case of following the current limit circle, high power is
maintained up to 8221 rpm.
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Figure 7.17: Contour along the MTPV: (a) current trajectory and (b) torque and
power versus speed (Solution to Exercise 7.3).

MTPYV Solution Using Ferrari Method

To find the solutions of (6.61) and (7.16), we are faced with the following quartic
polynomial:

i+ Agid + Bai? + Caig + Dy = 0, (7.47)
where
2 L
Ay = _2m 9_ 4
Lq— L, Lg
B, — Vi n 44, YV
(Lo —Lg)*  La(La—Lg) L7  w2Lj
o, — 2wm< LS - SN >
Lo \(La—Lg)*  Li(La—Lq) wgLi(La— Lq)
P Y A B
2 (La—L? \ L2 L2 9P w2 L)

Differently from the previous method, (7.44)—(7.46), it can also be found using
the discriminant. The discriminant for (7.47) is

256 L2(Lq—Lg)*  Tg (
729 Lo PS8

(Ty + 6Ty + o), (7.48)
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where
¢ = 4096wsLiLy(Lq— Lg)*
§ = —l44P*w LiL2(—pweLly 4+ 2000,w2VELIL2 + 8V, Ly — 32V, L L,

HABVLILY — 32V LgL3 — 4002 w2V LyLy + 2097wV Ly + 8V, L)
o = SIPW2A(V;Lg — wetbmLy — VsLg)>(VsLa + wethm Ly — VsLy)®.
Since D = 0 at the tangential point, we find from (7.48) that

_ 2 _
Ty = \/ 0+ VQ‘Z o _ g (7.49)

Equations, (7.45) and (7.46) give the location in the current plane, whereas (7.49)
gives directly the torque solution, Ty;. Note that Ty is the maximum available
torque for a given speed. If (7.45) and (7.46) are substituted into the torque equa-
tion, (6.61), then the result should be the same as (7.49).

Exercise 7.4 Consider an eight pole motor with the following parameters:
Y, = 0.053 Wb, Ly = 234 pH, and L, = 562 pH. Assume that V;,, = 180 V and
I, =450 A. At 12,000 rpm, find the maximum feasible torque based on (7.45) and
(7.46). Also find it based on (7.49) and check both results are the same.

Solution. Using (7.44)—(7.46), (i3, ig) = (=372, 19.8) at we = 5026.5. Corre-
spondingly, T, = 51.9 Nm. On the other hand, we have

¢ = 0.053712
6 = —-117.77
o = —72925.96
The classical MTPV method also yields the same result, 7T = 51.9 Nm. |

7.4.5 Combination of Maximum Power Control Methods

Fig. 7.18 (a) shows a control sequence as the speed increases: Starting from an
MTPA point, the current set points move along the maximum power, and maximum
torque/flux contours, sequentially. Table 7.2 shows the parameters of an IPMSM.
Within the base speed range, current is set at A, an MTPA point. Beyond the
base speed (4550 rpm), the maximum power is tracked following a segment, AB
of the (rated) current limit circle. From point B, the operation points follow the
maximum torque/flux line, BC. Fig. 7.18 (b) shows the corresponding torque and
power plots over AB and BC. As mentioned previously, the power changes in AB
due to the PF variation, even though the maximum voltage and current are used.

Exercise 7.5 Consider an IPMSM with parameters in Table 7.2.

a) Determine a maximum MTPA point, A of Fig. 7.18.

b) Determine torque at A and compare it with the case of (i§, ig) = (0, 40)A.
c¢) Estimate the speed at K of Fig. 7.18.
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Figure 7.18: (a) Combination of control strategies for IPMSM and (b) torque and
power plots.

Table 7.2: Specifications of an IPMSM.

No. of poles 6 || Power (peak) 15 kW

DC link voltage (Vi) 300 V || Base speed 4550 rpm

Inductance (Lg) 3.05 mH || Rated current (I,,) 40 A

Inductance (Lg) 6.2 mH || Flux (¢p,) 0.0948 Wb
Solution.

(a) Putting I = 40 into (7.22) and (7.23), it follows that (i3, ig) = (—21.74, 33.57) A.
(b) Then

T, = 328 % [0.0948 x 33.57 + (3.05 — 6.2) x 1073 x (—21.74) x 33.57| = 24.7 Nm.
On the other hand, T, = 258 x 0.0948 x 40 = 17.1 Nm for (i, ig) = (0, 40) A.

(c) The voltage equation at K is

L
= Vnlba Vg5
iS4+if  —Lgi§+vm
Therefore, the speed at K is 35197 rpm. |

Exercise 7.6 Consider an IPMSM with parameters in Table 7.2.

a) Determine the d and ¢ axis current yielding the maximum torque under the
voltage constraint at 20000 rpm.

b) Determine torque, power, and power factor at that point. In calculating the
power factor, assume that the motor is lossless.

Solution.
a) we = 20000 rpm (25) x 3 = 6284. Using (7.44), it follows that Ay = —0.011 Wh.
Therefore, we obtain from (7.45) and (7.46) that i§ = —34.7 A and i5 = 7.5 A.
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b) T, = 4.5 x [0.0948 x 7.5+ (3.05 — 6.2) x 1073 x 7.5 x (—34.7)] = 6.88 Nm. The
shaft power is equal to P, = T, X w, = 6.88 x 6284/3 = 14.4 kW. The apparent
electrical power is P, = %Vm[ = 1.5 x 300 x v/34.7%2 + 7.52 = 16 kW. Therefore, the
power factor is equal to cos ¢ = 14.4/16 = 0.9. |

7.4.6 Unity Power Factor Control

Depending upon the combination of i4 and 4,4, the unity power factor (PF) can be
obtained in the high speed region where large —if is utilized. With the unity PF,
the voltage magnitude can be minimized along with a minimum current. Thereby
it is related to the minimization of iron and copper losses. Subsequently, the unity
PF condition is derived and interpreted geometrically. From the geometry shown
in Fig. 7.7, it follows that

¢ weL i
5 = tan_l (%) = tan_1 <#) (750)
q e eldly
_ —1 (i
/8 = tan (?) . (751)

The unity PF condition is satisfied when current angle and voltage angle are the
same, i.e., 6 = . Therefore, it follows from (7.50) and (7.51) that

Sig _ —ig

= . 7.52
iy +1§ ifl ( )
Rearranging (7.52), the unity PF condition is given by
i€ 2 ¢+ 1FN\2
d Ga+3)” 4 (7.53)

(3%)? (%)

That is, the unity PF condition is described as an ellipse with center (—%f, 0) that
passes through the origin and (—if, 0). Since the minor axis is QZ—\%, the shape of
unity PF ellipse is pressed as the saliency ratio, &, increases.

The MTPA, unity PF, and max torque/flux solutions are compared in Fig. 7.20.
Three points are on a same constant torque line: An MTPA point is marked with P,
and it is the smallest current solution. However, the voltage magnitude is the largest.
Specifically, Vi,p > Ving > Ving. On the other hand, the tangential solution, R is
the solution with the least voltage magnitude. Thereby, R is a solution of the
minimum iron loss. However, it requires the largest current magnitude, incurring
the largest copper loss. Finally, ) is the solution of unity power factor. It is an

intermediate solution, causing neither excessive iron nor copper loss.

Max Torque Satisfying Unity PF

The maximum torque, while satisfying the unity power factor, is found when the
torque curve meets the unity PF ellipse tangentially. Substitute T, = (3P/4) (¢, +
(La — Lg)ig)ig into (7.52) and apply the double root condition.
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Figure 7.20: Current magnitude comparison of MTPA, unity PF, MTPYV solutions.

The other approach is to utilize the gradient vectors. The level curves of unity
PF and torque are characterized by £i&2+i5%+ifi§ = ¢1 and il +(Lg— Lg)i%il = ¢
for some constants, ¢; and co. Note that the gradient vector is orthogonal to the
tangent vector at each point of the level curve.

At the tangential intersection point, the gradient vectors of the two level curves
must be parallel as shown in Fig. 7.21. According to the definition in Section 1.1,
the gradient vectors are obtained as

V(€82 + 452 + ipiG) = [2i5 + iy, 2€i5)T (7.54)
V(s + (La — Lq)isis) = [(La — Lg)i, m + (La — Lq)id)". (7.55)
The parallel condition requires

(2ig +ig) (Ym + (La — Lq)ig) = 26(La — Lq)ig”. (7.56)
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e2 _ 2

p —isi5, it follows that

Utilizing again the unity power condition, ¢ —ig

(2ig +ip)(if + (1 —wi)ig) = 26(1 — 5)@'22 —2¢(1— 5)(@'22 +igig). (7.57)

Rearranging (7.57), the second order equation follows:

e 1 3 . e Z?c _
i + (72(1 — Z) irig g = (7.58)

Utilizing the quadratic formula, the desired solution follows.

Vil + (Lg — Lo)iGit) V(€52 452 +ipi)

<
"'r]'

f'-_,r

Figure 7.21: Gradient vectors to torque and unity PF curves.

Exercise 7.7 Consider an eight pole motor with the following parameters:
Y, = 0.053 Wb, Ly = 234 pH, and L, = 562 pH. Assume that V;,, = 180 V and
I, =450 A.

a) Using Excel, calculate torque while current (i3, i) follows the unity
PF ellipse for —iy < i < —iy/2. Find 4§ that maximizes the torque.

b) Using (7.57), find 4§ of the maximum torque. Check the results of a)
and b) are the same.

¢) Mark the area in the torque-speed plane where unity PF operation is
feasible. Utilize the maximum torque-speed curve obtained in Fig. 7.17.

Summary

1. The MTPA solution gives a solution of minimum copper loss at the
expense of a large voltage. Thus, it could cause a large iron loss.

2. The tangential intersection between torque and voltage equations
yields a maximum torque for a given flux level. It can be stated equiva-
lently as the minimum flux solution, i.e., the solution of minimum iron
loss for a fixed torque and speed. However, it requires a large current
magnitude, i.e., large copper loss.
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3. The unity PF contour appears as an ellipse with end points at the
origin and (—,,/Lq, 0). The unity PF solution gives an intermediate
solution between the above two. It is a solution that minimizes both
copper and iron losses at the same time.

7.4.7 Current Control Contour for SPMSM

In the case of SPMSM, the d-axis current has nothing to do with the torque and
can be only used for field weakening. The MTPA locus is simply a segment of the
g-axis. Fig. 7.22 shows a contour for the maximum torque operation. Above the
rated speed, the maximum torque is determined at the intersection between current
and voltage limits (AB). Note that point ‘B’ is an intersection with the vertical
line passing (—t.,/Lg, 0). But after point ‘B’, the maximum torque is found at an
intersection between a torque line and the vertical line.

r'.‘"
4 A Current limit
"
N
B
e Constant
Voltage torques
limits. / I d
g um ©
F

Figure 7.22: SPMSM maximum torque contour.

Exercise 7.8 Consider an SPMSM with the data: P = 6, 9, = 0.0948 Vs,
and Lg = Ly = 3.05 x 1073 H. Assume that V,,=180 V and I,,, = 40 A.
Plot the maximum torque, power, and the current contour for speed up to 12000 rpm.

Solution. See Fig. 7.23. |

7.4.8 Properties when 1, = Lyl

With ¢, = Lgls, the voltage limit is described by an ellipse with the center at
(=I5, 0):

(i) (i + I)*
VE/(we€Lq)?  VZ/(weLlq)?

1. (7.59)
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Figure 7.23: Maximum power for an SPMSM: (a) current contour and (b) torque
and power (Solution to Exercise 7.8).

Thus, the ellipse shrinks down to the point (—/g, 0) as w increases. Then, the CPSR
can be extended to infinite speed theoretically. In this section, some properties
are investigated theoretically. First, we consider the Kuhn-Tucker theorem, which
provides necessary conditions for optimality under inequality constraints.

Kuhn-Tucker Theorem [4]. Let f: U — R be a C! function on a certain open
set U € R, and let h; : R* - R, i=1,...,¢, be C' functions. Suppose z* is a
local maximum of f on the set D =UN{x € R" | hi(z) <0, i=1,...,¢}. Then
there exist u7, ..., u; € R such that

i) pi <0, fori=1,..,¢
ii) pihi(z*) =0, fori =1,...,4;

iii) 5 f (@%) + iy mf hile) = 0.

The coefficients p1,--- , ug are called Kuhn-Tucker (K-T) multipliers and have
the similar meaning to the Lagrangian multipliers. Note that x* is on the boundary
or interior of D. Hence, condition ii) states that either z* is a point of the boundary
h; = 0, or an interior point of a region specified by h; < 0. If h;(z*) < 0, it should
follow that p; = 0. Therefore, it is called the complementary slackness condition.

Since the power optimization is considered under voltage and current con-
straints, the Lagrangian is set as

Lligigpnz) = viil+vgif + BHE2 4+ i = 1) + B + 052 = Vi2)
= we [~ Laifia + (¥m + Lait)ig] + 5657 +i5% - I2)

M2 .e e
+5 [(Laig)® + (m + Lai)* = V]
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Then it follows from Condition éii) that

oL . . . ,

5 = wWel=Lqlg+ Laig) + pig + p2(¥m + Laig)La = 0,
d

oL . . )

Jic we[(La — Lq)ig + tm] + pig + peLyi, = 0.
q

Rearranging, we have

ig (Ym +Ldi§)Ld] [m] o [ (Lq — La)ig
ig Liig f2 “(Lg — La)ig — ¥m
From the Cramer’s rule, it follows that
(Lg — La)L3i3* — (¥m + Laig)[(Lq — La)ig — ¥m]
(L2 — L2)igie — ¥ Lai§
(Lqg — La)(ig® — ig?) — mig
(LG — L3)igiG — m Laig

H1 = We

H2 = We

Note that (LCZI - Lz)izig — ¥mLqig < 0 in the second quadrant. On the other hand,
(Lg — La)L2i&? — (Ym + Lqi§)[(Lg — La)i§ — ¥m] > 0 is satisfied sufficiently in
the second quadrant. Also, (Lg — Lg)(i5? — ifIQ) — iy > 0 for at least 3 > 45°.
Therefore, it follows that 1 < 0 and puo < 0. Then from Condition i), the solution
should be found on ¢;(if, ig) = 0 and ca(i, i) = 0. That is, u1 < 0 and pz < 0
imply that the optimal solution is found on the boundary of the current and voltage
limits: Thereby, the intersection, (7.41) and (7.42) is the power maximizing solution.
This proves the following theorem:

Theorem 1. Suppose that i§ < —Im/\/i, ig > 0, and that £ > 1. Then for
we > 0 and 8 > 45°, the intersection, (7.41) and (7.42) of curves c1 (i, ig) = 0 and
ca(1§, ig) = 0 maximizes P, = 3 (0% + vgig) subject to ¢; <0 and ca < 0.

Remark. Equivalently, 8 > 45° is stated as i < —1I, / V2. According to Theo-
rem 1, the maximum power versus speed moves along the intersection of the voltage
and current limits. The loci may be represented by {max;, c,<o Pe(we) | wp < wel,
where wy is a base speed. As far as the operating point is on that loci, V,,, and I,
remain the same. Hence, power depends only on the PF.

Power Factor

If ¢y, = L4l the solutions, (7.41) and (7.42) reduce to

1 V2
ig = €21 (Im - \/5417271 - W?L2 -1 ) (7.60)
2

272
de

1 2
- 2 v
w?L

(&2 —-1)+ 2[m\/§4IﬁL - (&2 —1).(7.61)

2
d
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Solution pair (7.60) and (7.61) are the power maximizing solutions for a given speed
w.

For simplicity, only a case where ,, = Lgql,, is considered. Then the voltage
limit has the center at (i, i) = (—In, 0).

(i5)? (i + In)?
V2 [(we€La)? V2 /(wela)?

With the above polar coordinate representation, power is equal to

1. (7.62)

P, =

g (veig + vgig) =

3 L;,—L
2 <w€¢mlm cos 3 — we%lﬁb sin 25) . (7.63)

Let V and I be the voltage vector and current vector, respectively. Note from
Fig. 7.7 that

V = VipZd+90° = vg + jug,
I = [,/B8+90° =i+ jic.

Utilizing the notion of inner product, (7.63) can be expressed equivalently as

P, = ;V I= ;VmIm cos ¢, (7.64)

Theorem 2. Consider lossless PMSM model (7.14) and (7.15) with current limit,
c1(ig, ig) < 0 and voltage limit, ca(i, 7g) < 0. Assume that v, = Lgl,,. Then,
the PF converges to unity as the speed increases. Correspondingly, the maximum
power is obtained at infinite speed, i.e.,

lim { max P.(we)} = ngIm.

We—00 ¢1,c2<0

Proof. As speed increases, the voltage ellipse shrinks to the center, (—1I,,, 0). Since
the maximum power is given at the intersection, the solution follows the current
limit circle and converges to (—I;,, 0). That is,

lim I=1I,,/180°. (7.65)

We—>00

On the other hand, it follows from (7.14) and (7.15) that

Vin = 1/ (v)? + (v§)? = weLalm/ (1 — sin 8)2 + €2 cos2 . (7.66)

Note that

Vi
L2312,

= w2[(1 = sin 8)® + € cos? B] = w2 (1 —sin B)[2 + (€2 — 1)(1 + sin 3)].
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Note that the left hand side is a positive constant, whereas the right hand side
contains variables, w, and . Therefore, the right hand side converges to a constant
as we — 00 and 8 — /2, i.e., it should follow that

Jim W 2(1 —sinB) = q, (7.67)
B*}Tr/2
where o = W' Utilizing (7.67), we obtain
Jim vg = — Jm weLgIy, cos B8
55 /2 B2
= — lim weLglpy/1—sinfy/1+sinf =—V2aLyly =—Vp,.
B—m/2

Therefore, it follows from (7.66) that limy, 0o vy = 0. This, in turn, implies that
voltage angle § converges to 90°, i.e.,

lim V = V,,/180°. (7.68)

%000
Hence together with (7.65), the PF convergence to unity is obtained. On the other
hand, it follows from (7.63) and (7.67) that

3
lim P, = lim — [weLdI cos f(1 —sin ) + weL, I2, sin (3 cos ﬁ]
55000 45000 2

3 [L4I2 cos Ba

we —00 2 We

+ quglwe sin 81/1 — sin? 8 ]

7.4.9 Per Unit Model of PMSM

For a given quantity (voltage, current, power, impedance, torque, etc.), the system
quantities can be expressed as fractions of a defined base unit quantity. The per-
unit value is the number related to a base quantity. The base voltage is chosen
as the nominal rated voltage of the system. Once the base power and voltage
are chosen, the base current and impedance are determined by the electrical laws of
circuits. The per-unit system is widely used in the power system industry especially
for transformers and AC machines. Calculations are simplified, and the machine
characteristics are easily identified even if the unit size varies widely.

One’s are assigned as per unit stator current and per unit flux at per unit speed
when a rated current gives the maximum (rated) torque. The scaled values are
denoted with subscript, n. The DC link voltage of the inverter is denoted by V..
The maximum voltage is reached when the rated torque is produced at the base
frequency. Thus, the base voltage, V;, is calculated as the phase voltage that can
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be obtained at the base speed under the rated current condition. Other base values
are defined as follows:

_ Vi
V3

current : Iy = 1/i£21b + igb

flux linkage : 1 = \/(%Z)m + Lgiqy)? + (Lqiqb)2

voltage : V

Vi
frequency : wp=—
Wy
inductance : Lj = ﬂ .
I
A normalized dg model is
Ud WeéLdiq WedeZ.q .
Vip = — = — =— = —wnéLgnt
A Wty wp LIy néLanian
Vg weLgiq + wethm weLgiq =~ wethm .
Vo = — = = = wyLgnt w
"V wWyp wpLply — wpthp nLanbdn + Wntfn,
where
We
wp, = —
Wy
I Ly wyLyly I L,  wyLgly
dn — Lb - Vb ) qn Lb - Vb )
b U o Y
dn — va qn — be
tdn = Ib, gn Ib,
Ym
Yo = 2
" (o

Since Pep, = Vanldn + Vgnign and T, = Pe, / Wy, the final normalized dg model turns
out to be [3]

Vdn = _anLdniqna (7'69)
Vgn = WnLdnidn + wnin, (7.70)
T, = Ynign — (& — l)Ldnidniqn. (7.71)

The normalized torque equation, (7.71), indicates that 1, can be traded partially
with £. If € increases, then ¢ should be reduced correspondingly. That is, the use of
permanent magnet can be reduced as the saliency ratio increases. Since the cost of
PM material, typically neodymium or samarium-cobalt, is high, it motivates us to
design high saliency ratio motors. But, due to the mechanical strength requirements
and manufacturing complexity, it is not easy to increase & arbitrarily high.
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Exercise 7.9 Consider an IPMSM-A with the following parameters: six pole,
L; =3 mH, L, = 6.2 mH, ¢, = 0.146 Wb, w;, = 816.8 rad/sec, and iz = 22 A,
i = 34 A.

a) Calculate the normalized model.

b) Show that v}, + vz, = 1 when w, = 1.

Solution.
a)
0.0062
£ = =2.07
0.003
vy = /(0.146 — 0.003 x 22)2 + (0.0062 x 34)2 = 0.225
Vi = wyp = 816.8 x 0.225 = 183.78
I, = /2224342 =140
wpLgly  816.8 x 0.003 x 40
Ly, = — =0.533
dn v, 183.78
Y 0.146
= O =—"—"=0.649
¥ vy 0.225
Van = —11wpign,
Vgn = 0.533wyian + 0.649w,,
T, = 0.649, — 0.57igyign.
b) v3, +v3, = (1.1 x 0.85)* 4 (0.649 — 0.533 x 0.55)% = 1. [ |

7.4.10 Power-Speed Curve

If the rotor flux is strong such that ¢, > Lglp, then the speed range cannot be
extended indefinitely. The critical speed, w,, is defined by the speed at which power
drops to zero. At w,, the g-axis current is equal to zero, while if = Ij,. Therefore,
it follows from (7.20) at the critical speed

wcwm wchIb Lb 1
—_ e — = — l / = 7.72
wbwb ‘/b % wn dn Wen ’ ( )

where wg, = z—; It should be noted that the critical speed is inversely proportional
to ¥, — Lgn.

Exercise 7.10 Consider IPMSM-A whose parameters listed in Exercise 7.9.
Determine w, in rpm.

Solution.
1

Wen = Jrop = ogi—o53 = 862 Thus, we = 8.62 x 2600 = 22412 rpm. u
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Exercise 7.11 Consider IPMSM-B whose parameters are the same as those of
IPMSM-A except 1, = 0.16 Wh.

a) Determine we,.

b) Plot the power curves of IPMSM-A and IPMSM-B.

Solution. = 0.16 = 0.693
¥n /(0.16—0.003%22)2+(0.0062 x 34)2 ’
_ 1 _ 1 _ _ _
Wen = 3r=To. = 0693053 — 6.25, and w, = 6.25 x 2600 = 16250 rpm. [ |
F.,, [pul
1+
IPMSM-A
e = 0.146 Wb
IPMSM-B
= 0. 16 VD
Wietp Wi
\ \ T T :
2 4 6 8 Lty [pu]

Figure 7.24: Normalized power curves for [IPMSM-A and IPMSM-B.

7.4.11 Wide CPSR

High torque capability and large CPSR are the trading requirements when the
voltage and the current are limited. The power-speed profile is determined by both
saliency ratio and PM flux linkage. Their proportion determines the power profile
shape. If the proportion of PM flux linkage is dominant, the power has a sharp
peak in the low speed range and drops quickly, so that the CPSR is narrow. On the
contrary, if the reluctance proportion is large compared with PM linkage, a broad
CPSR is obtained with a sacrifice in the peak power.

Fig. 7.25 shows a guide to balance PM flux and saliency ratio. The vertical axis
represents saliency, whereas the horizontal axis is the normalized PM flux. Each
point in the plane represents a specific motor design. The optimal combination is
indicated by a solid line [3]. It is a separatrix between high peak power and wide
CPSR. The upper region is characterized by a group of motors that have high peak
power, whereas the lower region a group of motors that have wide CPSR. It should
be noted that the power factor is close to unity along the optimal combination
line. It tells us that the unity power factor is required to extend the CPSR without
lowering the power level. On the other hand, the unity power requires a balance
between the PM flux and stator flux. While L, is fixed, the saliency ratio is equal
to

LI L Ly, . . .
S b — = ¢ =""" with normalized variables. (7.73)

S AT o
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It looks like a parabolic curve of the form y = c¢/z, when = = 1, changes. It
supports the rationale why the separatrix has a curved decreasing function shape
as shown in Fig. 7.25.

Optimal constant power

design curve P
g= 1o
Lo /
e P
‘§ 157 h
s >
2 . 1 /
. ) Limitedspeed /|
i iy S 10t region D .
fi G / X :
«—X / c
T s [ x -
P s F 'E B
/ ~__—|X  Unlimited X A
/’: " speed region X
g 1 1 1 1 1 1 \ 1
= 0 01 02 03 04 05 06 0.7 08 09 1
Normalize PM flux linkage Wi

Figure 7.25: Optimal design curve for wide CPSR and power profiles.

Design B, C, and D that belong to the upper right region are the cases with
different saliency for the same PM flux. Power of design D drops off quickly, because
the PM flux is too high compared with the current capability. In general, the power
profile becomes sharpened as the design point moves up away from the optimal
design curve.

On the other hand, a motor belonging to the lower left region can maintain a
constant power to a very high speed. But the torque, as well as the power, is low.
Design F is a very desirable profile which has the peak power just after the rated
speed and then keeps almost constant level. Such designs are found in a narrow
band of the optimal design curve.

Exercise 7.12 Draw a power profile curve with the normalized variables using
Excel. The voltage limit is determined by

! \/i - (Ldnidn + wn)2

Yoy = ————
qn
éLdn W%

Let Lg, = 0.9 and v,, = 0.75. For & = 2.5, find the intersections with izn + ign =1
while increasing w,, > 1. For each intersection, calculate

Pen - wnTn - wn[wniqn - (€ - 1)Ldn7ldn7lqn]

Draw a curve (wy,, Pe,) for w, > 1. Repeat the above process for £ = 5 and 10.



276 REFERENCES
References
[1] Y. Mizuno et al., “Development of New Hybrid Transmission for Compact-

[2]

[10]

[11]

[12]

Class Vehicles,” Proc. of SAE, Paper No. 2009-01-0726, 2009.

D. W. Novotny and T. A. Lipo, Vector Control and Dynamics of AC Drives,
Clarendon Press, Oxford 1996.

W.L. Soong and T.J.E. Miller, “Field-weakening performance of brushless syn-
chronous AC motor drives,” IEE Proc-Electr. Power Appl., vol. 141, no. 6, pp.
331—340, Nov. 1994.

D. G. Luenberger, Linear and Nonlinear Programming, 2nd Ed., Kluwer Aca-
demic Publisher, Norwell, 2004.

A. Consoli, G. Scarcella, G. Scelba, and A. Testa, “Steady-state and tran-
sient operation of IPMSMs under maximum-torque-per-ampere control,” IEEE
Trans. Ind. Appl., vol. 46, no. 1, pp. 121—129, Jan./Feb. 2010.

S. Kim, Y. D. Yoon, S. K. Sul, and K. Ide, “Maximum torque per ampere
(MTPA) control of an IPM machine based on signal injection considering induc-
tance saturation,” IEEFE Trans. Power FElectron., vol. 28, no. 1, pp. 488—497,
Jan. 2013.

A. Ahmed, Y. Sozer, and M. Hamdan, “Maximum torque per ampere control
for buried magnet PMSM based on DC-link power measurement,” IEEE Trans.
Power Electron., vol. 32, no. 2, pp. 1299—1311, Feb. 2017.

T. Inoue, Y. Inoue, S. Morimoto, and M. Sanada, “Mathematical model for
MTPA control of permanent-magnet synchronous motor in stator flux linkage
synchronous frame,” IEEFE Trans. Ind. Appl., vol. 51, no. 5, pp. 3620—3628,
Sep./Oct. 2015.

A. Shinohara, Y. Inoue, S. Morimoto, and M.Sanada, “Direct calculation
method of reference flux linkage for maximum torque per ampere control in
DTC-based IPMSM drives” IEEE Trans. Power Electron., vol. 32, no. 3, pp.
2114—2122, Mar. 2017.

Stewart lan, “Galois Theory”, Chapman and Hall/CRC, 2003.

Gerolamo Cardano, “The Rules of Algebra: (Ars Magna)”, Dover Publications,
2007.

Daniel Zwillinger, “CRC Standard Mathematical Tables and Formulae”, CRC
Press, 1996.

Ronald S. Irving, “Integers, Polynomials, and Rings: A Course in Algebra”,
Springer, 2003.



REFERENCES 277

[14] Blinn J. F., “Quartic discriminants and tensor invariants”, IEEE Computer
Graphics and Applications, vol. 22, no. 2, pp. 86—91, Mar./Apr. 2002.

[15] S. Morimoto, Y. Takeda, T. Hirasa, K. Taniguchi, “Expansion of Operating
Limits for Permanent Magnet Motor by Current Vector Control Considering
Inverter Capacity,” IEEE Trans. on Ind. Appl., vol. 26, no. 5, pp. 866—871,
1990.

[16] T. Jahns, “Getting rare-earth magnets out of EV traction machines,” IEEE
Electrification mag., vol. 5, no. 1, pp. 6—18, Mar. 2017.

Problems

7.1 It is desired to design an IPMSM whose rated power is 36 kW at the base
speed, 3000 rpm. Assume that k,, = 0.96, B, = 0.8 T and 4,, = 550 A/cm.
Calculate T, and the stack length, I, when the rotor diameter is D,, = 11 cm.

7.2 Plot the magnet and reluctance torque components for I, = 30 A versus
speed above 2600 rpm for the IPMSM listed in Table 7.2.
Repeat the same when Lj; = 2.2 mH.

7.3 Consider an IPMSM with the parameters: Number of poles, P = 8, ¢, =
0.0927 Wb, Ly = 289 uH, L, = 536 uH, I, = 240 A.

a) Draw the voltage and current vector diagram at 6000 rpm when
B = 70.6°, and at 12000 rpm when 8 = 80.5°. Determine whether the
phase voltage is acceptable when the inverter DC link voltage is 360 V.
(Hint: The inverter DC link voltage is equal to the peak of the maximum
line-to-line voltage.)

b) Determine the maximum current angle, 8 under V,,, = 360/v/3 when
the (braking) torque is -100 Nm at 6000 rpm. Draw the voltage and
current vector diagram at that moment.

7.4 Consider an IPMSM designed for integrated starter and generator. The motor
parameters are; Number of poles, P =8, Lg = 20 uH, L, = 60 pH. The peak
(phase) back EMF is 60 V at 16500 rpm. The inverter DC link voltage is
48 V and the maximum current is I,,, = 240 A. Plot the maximum torque and
power versus speed up to 16500 rpm.

7.5 Obtain the per-unit model for the IPMSM listed in Table 7.2. Note that the
base currents are (igp, ig) = (—21.7, 33.6) A.

7.6 Consider an IPMSM with the following parameters: Motor power: 100 kW,
rated speed: 2600 rpm, rated torque: 300 Nm Ly = 0.1 mH, L, = 0.35 mH, r,
= 26 mf), v, = 0.052 Wb, Rated current: 354 A,..s, rated voltage: 102 Vs,
P=8. The base currents are (igp, i) = (—314, 388) A.
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7.7

7.8

7.9

7.10

7.11

7.12
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a) Determine the normalized model.
b) Show that v3, + v2, = 1 when w, = 1.
¢) Determine the critical speed, we, and w, in rpm.

Consider an eight pole motor with the following parameters: v, = 0.0563 Wb,
Lg =234 pH, and L, = 562 pH. Assume that V;,, = 180 V and I,,, = 450 A.
Based on (7.44)—(7.46), find the break point we, for the max torque/flux
branch from the current limit circle. (Hint: Using Excel find w, that satisfies
e2 e2 IZ

tq + " = m)

Consider an IPMSM with the following parameters: Number of poles, P = 4,
L; = 4 mH, L, = 11 mH, back EMF constant = 200 V/krpm, maximum
phase current = 3.5 A(rms), and maximum phase voltage = 162 V(rms).

a) Find an intersection with the MTPA curve and the current limit
circle.

b) Find the speed, w,, at which the voltage limit passes the intersection
point of a).

c¢) Find the break speed where the max torque/flux contour starts during
max power operation.

d) Plot the maximum torque and power curves versus speed for 0 <
wWe < 2wep. Assume that the motor produces the maximum torque for
0 < we < Weq-

Consider an eight pole motor with the following parameters: v, = 0.103 Wb,
Lg =234 pH, and L, = 562 pH. Assume that V;,, = 180 V. Based on (7.44)-
(7.46), calculate the maximum torque at 14000 rpm. Using the Ferrari’s
method (7.49), find the maximum torque at 14000 rpm.

Consider a PMSM with parameters: 1, = 0.0948 Wb, V4. = 300 V, Ly =
0.00305 H, L, = 0.0062 H, I, = 40 A.

a) Find an MTPA point on i§* +i¢? = I7.

b) Find the electrical speed, w, such that the voltage limit contour intersects
the MTPA point.

c¢) Plot the current angle 8 for I, =20 A, 40 A, and 60 A when the PM flux
¥, changes from 0 to 0.50 Wh.

Consider a six pole IPMSM with the following parameters: Vg = 300 V,
Lq =0.00305 H, L, = 0.0062 H, v, = 0.0948 Wh.

a) Plot the voltage limit contour for w,=7200 rpm when ry = 0 Q.

b) Plot the voltage limit contour for w,=7200 rpm when s = 2 Q.

Consider an eight pole IPMSM with the following parameters: r, = 0.03 €2,
Lq =0.00305 H, L, = 0.0062 H, v, = 0.0948 Wh.

a) Draw the voltage vector in the current plane and obtain the power factor
angle when i = —150 A and 47 = 180 A (motoring).
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b) Draw the voltage vector in the current plane and obtain the power factor
angle when i§ = —150 A and i = —180 A (regeneration).
c¢) Discuss the role of ohmic drop, rsI; in the magnitude of Vg for a) and b).

7.13 Consider an eight pole IPMSM with the following parameters: Ly = 0.00305 H,
L, =0.0062 H, 1, = 0.0948 Wb, V4. =360 V, I, = 450 A.
a) Using Excel, calculate MTPV points for w, = 12000, 11900, 11800, -- -,
5000 rpm.
b) Find the speed at which the MTPV line intersects the current limit.
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Chapter 8

Magnetism and Motor Losses

The motor loss consists mainly of copper loss and iron loss. Copper loss indicates
the Joule loss of the stator coil, whereas iron loss refers to the core losses. Since
there is no secondary winding in the PMSM, the copper loss of a PMSM is lower
than that of the corresponding IM. For this reason, PMSMs generally have higher
efficiency than IMs. The iron loss takes place in a magnetic material that works
in the alternating field. It is generally separated into hysteresis and eddy current
losses. The former comes from the hysteresis band of the core, while the latter is
caused by magnetic induction. The hysteresis loss is higher than the eddy current
loss below the base frequency. The eddy current loss, however, becomes comparable
in the high frequency range. In this chapter, basics of magnetism are discussed and
the loss models are developed from the perspective of electromagnetics.

8.1 Soft and Hard Ferromagnetism

In most atoms, opposite magnetic spins are paired, such that the net magnetic mo-
ment of orbiting electrons is zero. However, in the atoms of ferromagnetic materials
(i.e., iron, cobalt, and nickel), such a pairing is not complete and results in non-zero
magnetic moments. Furthermore, the magnetic moments are aligned in a small
area. The group of aligned atoms is called domain, and it looks like a small magnet.
A ferromagnetic material looks segmented into many small domains, as shown in
Fig. 8.1. In an unmagnetized state, the domains are random, so that the magnetic
moments are averaged to zero. When an external magnetizing field is applied, the
areas of domains change depending on the degree of alignment: Aligned domains
with the external field will expand, whereas opposite field domains will shrink. If the
external field is very strong, the domains will stay aligned after the field is removed.
That means there is a yielding point after which the state cannot be restored to its
original state. It illustrates the mechanism of generation of permanent magnetism.
Fig. 8.1 shows the domain variation in response to the external field.

Fig. 8.2 shows a C-core with a magnetic specimen in the core gap. An N-turn
coil is wound over the C-core, and the field density, B is controlled by current
change. The permeability of C-core is assumed to be infinite. Fig. 8.2 (b) shows

281
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external field :> external field |:>

m
J «— \ J ‘; |\
" / N - </‘

(a) (b) (c)

Figure 8.1: Domains of a ferromagnetic material. Each area changes under the
influence of an external field: (a) unmagnetized state without an external field,
(b) under the field of a medium strength, and (c) a state of complete magnetization.

a typical B — H curve. An unmagnetized ferromagnetic material will follow the
dashed line from the origin, o. As the field intensity, H increases, more and more
domains tend to be aligned with the external field. Thus, B increases in proportion
to the current, i. Its slope is defined as the permeability, . When H is very high,
almost all magnetic domains are aligned. In such a case, an additional increase
in B is hardly expected. It is a point of magnetic saturation, and represented by
a point, d in the B — H plane. Once the magnet material is saturated, the local
(incremental) permeability is drastically reduced.

B Max permeability
MHanair I

N Remnant
flux density &+ /f ¢

i
Coercive 1 Initial
force_ H. jiirs PErmeability
L] I I'-
H=00
magnet sample _R.
(a) (b)

Figure 8.2: (a) C-core for B — H curve measurement and (b) B — H curve.

If H is reduced from d, the B-field contour does not follow the same path.
Instead, it returns to an interception point, e in the B-axis. It is called remnant
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flux density, B, because some fields remain even though the magnetizing force is
zero. As the current increases in the negative direction, the B-field reduces to zero.
The intersection of H-axis means coercive force, or coercivity of the material. It
represents the force required to remove the residual magnetism from the material.
A high coercive value is an indicator of intrinsic stability of the magnet material. If
H continues to increase in the negative direction, the material is magnetized in the
opposite direction, and will be saturated again. The complete closed loop is called
a hysteresis loop. The whole contour is symmetric with respect to the origin. Three
important terms are summarized in the following:

Remnant flux density (B,) - The residual flux density of a material
when the magnetizing force H returns to zero.

Coercive force (H.)- Amount of reverse H-field required to make the
flux density of a material zero.

Permeability (u) - The rate of field density increase with respect to
the magnetizing force, H.

8.1.1 Permanent Magnet

The coercivity H. represents a resilience against demagnetization. PMs are made of
hard magnetic materials that have large coercivity force. Including natural induc-
tion, the normal induction line of PM appears as a tilted straight line in the second
quadrant, and is called demagnetization curve. Nowadays, the remnant flux density
and coercivity of a sintered Nd-Fe-B magnet reach 1.4 T and 2000 kA /m, respec-
tively. Hard permanent magnets have a relative recoil permeability, pu, =1 ~ 1.1.
Therefore, the slope of recoil line has 45° when the horizontal axis is plotted along
with poH [1].

8.1.2 Air Gap Field Determination

Now consider a C-core including a piece of PM in the middle section as shown in
Fig. 8.3(a). Assume that the PM has a uniform cross sectional area of A,,, the PM
height is ¢,,,. Assume also that the air gap area and height are A, and g, respectively.
Further assume that the core permeability is infinity. From the Ampere’s law, it
follows that

By, A
y{H-dﬂszﬁm+—m—mg:0. (8.1)
Ho Ag
Then we have B,, = —%”j—i(uon). Thus, the permeance coefficient is equal to

B Aylg R P
P=-——"T1 —_9+“ T __J9 8.2
MOHm Am/em 7:\)'g Pm ( )

where Ry, = 1/P,, and R, = 1/P, are the reluctances of magnet and air gap,
respectively. The permeance coefficient is simply given as bn if A, ~ Agy. That
is, the permeance coefficient is determined by the ratio of PM thickness to air gap
height.
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Solving the permeance curve, y =
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_tm

x with the demagnetization curve, y =

x + B;, we obtain the gap field, B, from the intersection. The slope of permeance

PM thickness

increase i,
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(a) (b)
Figure 8.3: (a) C-core with a PM and (b) demagnetization and permeance curves

for air gap field determination.

curve increases with the magnet length, 4, as shown in Fig. 8.3(b). Then the gap
field increases as the intersection moves up.

NT
N4
- Shifting by N i B
T W !\
ol | $r_u Demagnetization B,
I curve ~\ .
moHe Permeancef ot
NI
2] .
(a) o)

Figure 8.4: (C-core with a PM and a winding, and a diagram for air gap field
determination.

Now consider a C-core with a PM and an N-turn coil conducting current I, as
shown in Fig. 8.4(a). Since the current enforces a reverse field, the air gap field
density drops. From the Ampere’s law, we have

Hyply, + Hyg = N1 (8.3)

Therefore,

NI

U,

As shown in Fig. 8.4(b), the coil MMF shifts the permeance curve to the left hori-
zontally. The MMF by ampere-turn, NI acts against MMF by PM, thereby the gap
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field reduces. It illustrates the gap field reduction in the field weakening operation

of PMSM.
N
NI L N
: ,/’_II_III S —
Open circuit R -
s operating point g--------- B,
- p agp M _
Q
Normalload A7\ B,
Demagnetization
curve ™y <+ Load line
N[ g Pc
T
S ‘—é NI
N\
AN ——
¢ Coercive Offset
force by current

Figure 8.5: B — H demagnetization curve of a PM material.

When the demagnetizing current reduces gradually, the flux density returns to
the original point. The minor hysteresis loop takes place in the recovering process
from recoiling. But, it can be approximated usually by a straight line. Change of
operating points along the recoil line is reversible, i.e., the original state is recovered
without a loss of magnetism. Fig. 8.5 shows a demagnetization curve with different
magnet circuits.

Exercise 8.1 Consider a Nd-magnet with B, = 1.3 T and ¢,,, = 5 mm. Suppose
that the air gap height is ¢ = 0.8 mm. Determine the air gap field density.

Solution. The slope of permeance curve is 5/0.8 = 6.25. It is needed to solve
y=z+ 1.3 and y = —6.25z. The solution is equal to x = —0.179. Therefore, the
gap field is equal to B, = 1.12 T. [ |

8.1.3 Temperature Dependence and PM Demagnetization

Fig. 8.6 (a) shows the change of a demagnetization curve of a Nd-Fe-B magnet as
the temperature increases. If thermal energy is added, magnetic moments fluctuate
more causing field reduction. It is described as a depression of the demagnetization
curve as shown in Fig. 8.6. Both the remanent flux density and coercive force
decrease with temperature. The deflection point of a normal curve is called knee
point. It resides normally in the third quadrant for temperature below 80°. However,
as the temperature increases the knee point migrates upward and appears in the
second quadrant.

Permanent loss of PM flux takes place in some parts under a high current loading
and high temperature. It is predicted by the intersection of a load line below the
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Figure 8.6: Temperature dependance of a Nd-magnet: The demagnetization curve
is depressed with temperature while the knee point elevates.

knee point. Consider the 150°C' demagnetization curve shown in Fig. 8.6. Suppose
that the load line is shifted by a current injection and crosses the demagnetization
curve above the knee point, K. Then the operation point recoils to M following
the original curve as the current reduces. It is a reversible process during which no
permanent flux loss occurs.

M
0.43
0.38

0.32
0.22

I -2311-191-167
(kA/m)  .215

Figure 8.7: Temperature dependence of a ferrite magnet.

On the contrary, if the operation point is pushed down to P which is below K,
then the operation point traces back to N following another depressed recoil line,
PN. The original flux density is not recovered even after the magnet is cooled down
to the room temperature. The loss is irreversible, and such a perpetual damage is
called irreversible demagnetization.
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Note from Fig. 8.7 that ferrite magnets have a different temperature dependence.
The coercive force reduces, as the temperature decreases. Thus, demagnetization
takes place at a cold temperature.

8.1.4 Hysteresis Loss

Hysteresis loss is caused by intermolecular friction when a varying magnetic field is
applied to the magnetic material. Fig. 8.8 shows a core and winding to illustrate
the hysteresis loss. The area enclosed by the core flux is denoted by S, and its
boundary is dS. On the other hand, S. and 0S. denote the coil loop area and its
boundary in the transverse plane of the field. Denote by E the electric field between
the terminal. The electrical power delivered to the core via the coil is equal to

P:vxz’:/asc(E-dﬁ)/S/(J-dS), (8.5)

where v is the coil terminal voltage and 4 is the coil current. From the Ampere’s
law, it follows that
iz//J-dSz H - de. (8.6)
4 BE;

Also from the Faraday law, we obtain

U:/asc de_——//B is. (8.7)

Substituting (8.6) and (8.7) into (8.5), it follows that

a8

Figure 8.8: Illustration of hysteresis loss.

Po= —f H.t //— ds
_ / / / ( / H. dB) (vol), (88)
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where (vol) is the core volume. The amount of change in the stored magnetic energy

w=[[] (/OBH-dB> d(vol) (8.9)

vol

is equal to

Therefore, the integral

/BH .dB (8.10)
0

implies the magnetic energy per volume when the flux density changes from zero to

r

(a) (b)
Figure 8.9: Hysteresis loops: (a) soft and (b) hard magnet materials.

7

Fig. 8.9 shows the two different types of hysteresis loop. Note that the area
signifies the power loss per a current cycle. It is called hysteresis loss. Therefore,
the hysteresis loss increases in proportion to the frequency. Soft magnetic materials
are characterized by the small loop area, and suited for AC applications such as
transformer, motor, AC reactor, etc. Meanwhile, hard magnetic materials have
large coercive force, and are used for making permanent magnets.

In general, the hysteresis loss of a soft magnetic material is approximated by

Phys = Cth;;Lw (W/kg)’ (811)

where n = 1.5 < n < 2.5, ¢ is a constant determined by the property of the
ferromagnetic material, f is the frequency of excitation, and B,, is the peak value
of the flux density. The exponent, n depends on the core material but is often given
as 1.6 [2].

8.1.5 Skin Depth and Eddy Current Loss

When the magnetic field that flows through a conductive material changes its
strength, circular currents are induced inside the material in such a way that their
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associated field counteracts the change of the original magnetic field. This weakens
the field density within the material, while causing Joule loss. The field density
decreases exponentially with increasing depths in the conductor.

H. = Kpcoswt
—_—
OJICJOJOIONOJONMOJOXKO, 1
. EHID f%:':l

o T o0 B
—>B.(x.1) Nt )
» h . o

a = e

Figure 8.10: Eddy current and skin depth.

Look at a current sheet parallel over a conductive material as shown in Fig. 8.10.
It forces a field, B, inside the material. Next if the current varies then it will cause
a current induction in the material and the induced current, called eddy current,
alters the net field [3]. Since the eddy current is interactive with the net field, both
current and field must be considered simultaneously to solve the problem.

The current flowing in the coil is modeled as current sheet Kjcoswt, and the
induced eddy current is denoted by Jy(x,t). Note that J, = 0F,, where o is the
conductance of the material. From the Faraday’s law, we obtain in the steady state

10J,
~% _ _uB., 12
gl pl e (8.12)
Therefore,
Jj 0Jy
B,=——2. 1
wo Oz (8.13)

Together with the Ampere’s law, — 6(% = pJy, the following second order differential

equation follows:

0? ,
ax; + jwpoB, = 0. (8.14)
The characteristic equation for (8.14) is s+ jwuc = 0. Note also that \/j = %

The roots are

o . wpo . A+
s = t+j\/jwuo = +j T(1+])::|:]T (8.15)

5= \/wzw (8.16)

The general solution is obtained as

where

>l8

B.(x) = Cie 5el5 +Chese s, (8.17)
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The second term would go infinity as x — oo. Thus, Co = 0 from the physical
perspective. Therefore,

B.(z) = Bye se7I5. (8.18)

Since |efj%| = 1, the amplitude drops to 1/e = 0.368 at x = 4. At a depth, z =§
from the surface, the magnitude decreases by 63%. The parameter, ¢ is called the
penetration depth or skin depth. Note from (8.16) that the skin depth depends on
the material properties and frequency, not on the magnitude of the field.

Exercise 8.2  The copper resistivity is 0.0168 puQm. Calculate the skin depth of
the copper plate at 2 kHz.

Solution. Note that pg = 47 x 1077,

= 1.459 mm. [ |

5 \/ 2 x 0.0168 x 10~6
V27 x 2000 x 47 x 107

Eddy Current Loss Reduction by Lamination

The eddy current refers to induced circulating currents in a conducting material
when it is subjected to alternating magnetic field. The associated ohmic loss is
dissipated as heat. Along with the hysteresis loss, the eddy current loss is another
large loss component in transformers and motors. For a given time-varying magnetic
field, a decisive measure to reduce the eddy current loss is to laminate the core block
as thin as possible. Then, the cross-sectional area is reduced, and it hinders the
formation of current loops.

' : N L o DY,
MR e BRI i
SV

h

Figure 8.11: Stack of laminated metal sheets and eddy current loops.

Fig. 8.11 shows a lamination stack to which a time varying field is applied along
the z-axis. It is assumed that the surface of each lamination is insulated. To see
the lamination effects, consider a small loop whose area is 4xy in the vertical plane
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of a laminated piece. Then according to the Lenz’s law, EMF around the loop is
equal to

dd 4L ,dB

~dt  W/NT at
Consider the loop of incremental width dz. The loop length is equal to 4(y + z) ~
4y = 4WL/NQU. Then, resistance of the loop is equal to

L T
e
W/N oDdx

Ty =

where o is the conductivity of the core material. Assume that L > W/N. Then
the dissipated power in each incremental loop is

40 LD dB\?
dP(z) = W/N a3da <E> .

Therefore, the power loss, Pspeer in each sheet is

WIN LoDW? (dB\?
Papeet = / dP(z) = L2V ( ) .
0

16N3 \ at

Assume further that flux density is given by B(t) = B,, sin(27ft). The total eddy
current loss of the stack is

w20 LDW?3

Pst:NXPsheet: AN2

f2B2, cos?(2m ft).
Taking the time-average, it follows that

w2aLDW?3 ,

It tells us that the eddy current loss is

1) proportional to the square of frequency; f2

2) proportional to the square of field density; B2,

3) proportional to the conductivity; o

4) inversely proportional to the square of lamination number; 1/N2.

However, (8.19) is not the exact loss estimate, since the secondary current effect is
not taken into consideration. Specifically, the induced current also creates B-field
and it has to be counted together with the external field, similarly to (8.12)-(8.14).
Nevertheless, (8.19) gives a good loss trend. It needs to be stressed that the eddy
current decreases drastically according to 1/N?2.
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8.1.6 Electrical Steel

Iron core is most widely used as a medium for the AC field. As a result, hystere-
sis and eddy current losses occur steadily during operation. It reduces machine
efficiency and creates cooling problems. Alloy with silicon narrows the hysteresis
loop of the material and increases the electrical resistivity of the steel. Thus it is
good for reducing both hysteresis and eddy current losses. Silicon steel is made by
adding 0.5~5% silicon (in weight) to the molten pure steel. However, as the silicon
content increases, the steel becomes brittle and the saturation level decreases. The

advantages of silicon steel are summarized as [4]:

(1) Increases the permeability;

(2) Reduces hysteresis loss;

(3) Increases the resistivity of the material;

(4) Prevents deterioration of magnetic properties when subjected to tem-
peratures of about 100°C over long periods.

Reduction in thickness plays a crucial role in reducing the eddy loss. For trans-
formers and motors, 0.35 ~ 0.5 mm thickness silicon steel is most widely utilized.
Further, the sheet surface is usually treated with an insulating coating using some
organic or inorganic materials. Fig. 8.12 shows the B-H curve of a non-oriented
electrical steel (27PNF1500) used for traction motors. Drastic saturation starts

from B=15T.

2.0
15 e
m Fok
)
= f
% 1.0 |
o /
a f
x 0.5 I|I
= /
01
N ] ] I - o]
0 500 1000 1500 2000

Field Intensity, H (A/m)
Figure 8.12: B-H curve of a non-oriented electrical steel (27PNF1500).

Various soft magnetic materials are made depending on the alloy components
and the crystallization process. If electrical steel is rolled without a special pro-
cessing to control the crystal orientation, magnetic properties are similar in all
directions. Such a steel is called isotropic or non-oriented steel. However, in the
non-isotropic or grain oriented steel, crystallization is optimized in the rolling di-
rection. Thus, the magnetic flux density is increased by 30% in the coil rolling
direction. Isotropic electrical steel is used for the motor core in which the field
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Figure 8.13: Permeability versus magnetic flux density for soft ferromagnetic ma-
terials.

rotates, whereas the grain oriented steel is used in the large power and distribution
transformers.

High permeability helps to reduce the magnetizing current, which in turn reduces
the use of core material, i.e., machine size. High (initial) permeability materials are
good for the core of a noise filter, and high flux density materials are suited for high
current inductors. Fig. 8.13 shows typical soft magnetic materials depending on the
range of permeability and maximum flux density.

8.2 Motor Losses

Iron and copper losses are the main sources of the temperature increase in the
motor. The proportion of two losses changes depending on the supply voltage and
the operating speed. In general, the copper loss is more dominant over the iron loss.

Copper Losses
The copper loss is equal to

3 3 . .
P, = 57”5[2 = 57“3(@3 + zg). (8.20)
Other than the DC loss, a significant amount of AC loss takes place especially in
the bar winding. The AC loss is a high-frequency effect, which is considered to
be a reduction of conduction area. It is resulted from skin and proximity effects.
The skin effect is characterized by the current localization on the surface. Similarly,
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the proximity effect is also a current localization, but the source field is different:
leakage field of a core, the field created nearby parallel conductors, or other stray
field. Fig. 8.14 (b) and (c) shows the proximity effect caused by the slot leakage
field. Current also interacts with the magnetic field of neighboring conductors.

Slot leakge flux

Hi\gh current density Current direction

(a) (b) (©

Figure 8.14: Current distribution — Dark area represents a high current density:
(a) skin effect and (b), (c¢) proximity effect by slot leakage field.

Specifically, the stranded coils in a stator slot experience different level of leakage
field. Stronger leakage field is applied to the bottom part of the coil (slot opening
side), as shown in Section 3.3. Subsequently, current is distributed uneven. Dark
area represents the area of higher current density. The current displacement in the
rotor bar of induction motor is a similar consequence.

The decrease in effective conduction area by these nature is regarded as the AC
resistance. Recall from (8.16) that the skin depth, ¢ decreases as the frequency
increases. Thereby, the AC loss grows as the frequency increases. Nowadays, the
motor speed range is wide and the number of poles is high, so that the AC loss is
high in the stator windings [5]. It is reported in [6] that AC/DC loss ratio is about
2.3 at 800 Hz in a BLDCM.

Consider a slot of an electric machine which is filled with many stranded wires
shown in Fig. 8.15. The wire group has z; layers and the resistance increase is
estimated differently based on the layers. The ratio of the effective AC resistance,
r4c to the DC resistances, rpc is [7):

ok = 72 = p(€) + (k= DY(E) (8:21)
'DC
where
~_sinh(2€) + sin(2¢)
wle) = cosh(2¢) — cos(2¢)
B sinh(§) — sin(§)
ve) = cosh(§) + cos(§)

Note that £ is the relative height of a conductor to the skin depth which is defined



8.2. MOTOR LOSSES 295

\_
/

[]
0 o o ¢

1 o o
~ | DOOO000880
O0O0080008808
1 o [
1 o o

h.t-JL
T

-
N
©

|
| b |

Figure 8.15: A model for the AC resistance calculation in a slot.
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where o, is the conductivity of a conductor. The average resistance factor is ap-
proximated as for £ <1

2
k. — lAC 22 —1 {1 + ths(m&‘l rectangular section
ra

- = 0@+ ) ~ )
"DC | qur #l&) 3 © 1 —1—0.592?—90'254 circular section.

Iron Loss
An empirical formula for iron loss based on the Steinmetz equation is given as
Pje = cse f*Bp, (8.22)

where the coefficients, cs, o and § are determined by fitting the loss model to
curves from measurement data. The above loss model is modified as the generalized
Steinmetz equation that utilizes a single-valued function of B and the rate of change

dB/dt [3]:
1 T
Pfe:?/ Cse
0

An advantage is that the generalized equation has a DC-bias sensitivity [10].

dB|* .
— |B(t)[°~dt, (8.23)
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Another approach is to separate the iron losses into static hysteresis loss and
dynamic eddy current loss:

Ppe = ey, B2 f + ceBL [, (8.24)

where ¢, is the eddy current loss coefficient [9]. It has been proven correct for
several nickel-iron (NiFe) alloys but lacks accuracy for silicon-iron (SiFe) alloys [10].
Including the excess loss, the iron loss of electrical steel is extended to

Pfe = e B2 f 4 ce B3 f2 + cen(Bin )3/, (8.25)

where ¢, is the coefficient of excess eddy current loss. The coefficients are calculated
using the curve fitting of the iron loss data from manufacturers or from material
test data. The above equation is based on the assumption of sinusoidal excitation.

Stray Loss

The stray losses are due to the higher winding space harmonics and slot harmonics.
These losses take place in the surface layers of the stator and rotor adjacent to the
air gap and in the volume of the teeth. The calculation of stray losses is difficult
and does not guarantee a satisfactory accuracy. In practice, the stray losses are
evaluated roughly according to

Py = Cstr(277f)2(ic2i + ’Lg), (826)

where ¢y, is the stray loss coefficient [11].

Friction Loss

The friction loss refers to all mechanical drag forces when the rotor rotates. Typical
motor friction losses are windage and bearing losses. A universal or brushed type
DC motor includes additional losses caused by bushings or brushes. The frictional
losses, in general, are proportional to the rotor speed, whereas windage losses are
proportional to the cube of the rotor speed.

8.3 Loss Minimizing Control for IPMSMs

With the MTPA control, the copper loss is minimized. However, the iron loss
should be also considered to improve the overall efficiency. The loss minimizing
control (LMC) is an optimal control method that minimizes the total motor loss.
The LMC problem becomes often complicated since it requires us to solve a quartic
polynomial [8]. Furthermore, it turns out to be a constrained optimization problem
especially in the field weakening range. Numerous researchers worked on the LMC
problem [8]—[24]. Despite some on-line LMC methods [8], [22], look-up table (LUT)
based control methods are popularly used in practice [23]. In the following, a
Lagrange equation is utilized to find a loss minimizing solution. It is a summary of

[23].
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8.3.1 PMSM Loss Equation and Flux Saturation

In the following, the LMC is illustrated with an electric vehicle (EV) motor. Its
picture and parameters are listed in Fig. 8.16 and Table 8.1.

Figure 8.16: Example EV propulsion motor.

Table 8.1: Parameters and coefficients of an IPMSM for an EV

Input DC link voltage [V] 240
Maximum output power kW] 80
Maximum torque [Nm] 220
Maximum speed [rpm] 11000
Maximum phase current [A] 400
Rated output power [kW] 40
Rated torque [Nm] 133

Rated speed [rpm)] 2600

Rated phase current [A] 216
Number of poles (P) 6
Permanent magnet flux (\,,) [Wb] 0.07
Switching frequency [kHz] 8
Nominal d-axis inductance (Lg) [pH] 375
Nominal g-axis inductance (L,) [pH] 835
Stator resistance (rg) [mQ] 29.5
Coefficient of iron loss (cf.) 2.1 x 1072

The stator flux is proportional to the stator current. However, as the current
increases, core saturation develops gradually. Fig. 8.17 shows the measured values
of fluxes by utilizing the steady state relations:

g = (vg — Tsiq),

1 .
A = —;(vd—rszd).

IS
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But some values corresponding to high currents (/i3 + i2 > 500 A) are extrapolated

based on the data obtained from FEM calculation. Note that almost no saturation
in \g takes place along d-axis current. However, saturation in A\, becomes apparent
as iq increases. Based on the measured values of flux linkage, the inductances are

A4 (measured) )uq (measured)

Figure 8.17: Measured stator flux linkages versus dq axis current: (a) d-axis flux
linkage and (b) g-axis flux linkage.

calculated via numerical differentiation:

OAg AN
Lo = ==~ — ;

aZd AZd ig=const.

oA AN
Ly = H~—"4 8.27
! aiq Aiq ig=const. ( )

Fig. 8.18 shows the inductances versus current obtained by processing the exper-
imental data according to (8.27). The saturation effect is noticeable in L, as i,
increases. As indicated in Fig. 8.18 (b), the variation in L, is approximated as a
linear function in ¢, such that

Ly = Lgo(1 — aiy), (8.28)

where a > 0 is a constant representing the slope.
Substituting A\ = Lqiq + ¥, and Ay = Lgi,4 into the iron loss, the total loss P;
is equal to

P = Pcu+Pfe+Pstr
3 . .
= (§Ts + Cstrw2)(lzl + Zg) + Cfew”(ﬁ + )‘2)

= Kk (w)z?l + kg(w)iz + k3(w)id + k4(w) (8.29)
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Figure 8.18: Measured values of (a) Lq and Ly versus ig when i, = 160 A, (b) L,
and Lg, versus i, when ig = —160 A.

where v = 1.6,
3 Y12 2
ki (w) = 57“3 + cpew? L + coprw”,
3
ko (w) = §TS + Cfewng + Cstrwzv
k3(w) = 2cfew? Lathm,
kyw) = cpewyZ,.

8.3.2 Solution Search by Lagrange Equation

The goal is to find the loss minimizing current set (i4, i,) for a given torque value Tp
and speed w. Further, there are voltage and current limits. The loss minimization
is formulated as

Minimize Py(iq, iq) = (57‘5 + cstrw?) (i3 + zg) + crew™ ((Laiq + Um)? + ngg)
3P
subject to I(wmiq + (Lg — Lq)iqiq) —To = 0, (8.30)
(Laiq + Pm)*w?® +w?(Lgig)? < V2, (8.31)
ig+is <I2. (8.32)

Since the loss minimizing control problem is an optimization under inequality con-
straints, one may need to apply Kuhn-Tucker theorem in Section 7.4.8. However,
the cases are separated depending on whether the optimal solution is found on the
boundary or in the interior of the constraints.
First, consider the optimization in the interior. Let the Lagrangian be defined
by
L(ig,iq) = Pi(ia,iq) + p(Te — To)

where p is a Lagrange multiplier. The necessary conditions for the existence of the
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optimal solution are

OL (i i
% = Briq + 2esw2ia + 2¢ e Lig
1d
., 3P ,
+ 2Cfew dem + ,U/T(Ld - Lq)Zq =0.
(8.33)
OL(ig, i
% = 3Irsig+ QCstrwziq + 2cfew'ngiq
q
3P 3P ,
+ et + e (La = Lg)ia = 0. (8.34)

Eliminate p from (8.33) and (8.34) and replace ig by To/2E (¢ + (Lg — Lg)ia).
Then the following fourth order equation is derived:

fu1y(ia) = Aig + Bi + Cig+ Dig+ E =0 (8.35)
where
27P3
A = ol (Lg — Lq)3(3rs + 2cqrw? + 2cfew7L§)
27pP? 5 ) - X
B = — Ym(La — Lg)* (975 + 6cstpw® + 6¢ew LG + 2(Lg — Ly)cfew” Ly)
C = AL (Lg— Lg)(9rs + 6¢ w? 4 6¢ w7L2+6(L — Ly)cpew? Ly)
- 64 m\&d q s str fe d d q)Cfe d
271P% 4 N )
D = — r, (Brs + 2¢spyw” + 2¢few” Ly 4+ 6(Lg — Lg)cfew? Lg)
27P3 9P 3P
E = 39 w;lanevad — T(Ld — Lq)TSTO2 — 7([1(1 — Lq)cstTWQTOQ
3P

—7(Ld — Lg)csew LT3

Note that all the coefficients A — E contains w, and that only E includes torque 7.

Fig. 8.19 shows the plots of (8.35) for different torques and speeds. They are
close to straight lines in the region where iy < 0, so that it is easy to find the zero
crossing points which were marked by x. The second row of Fig. 8.19 shows the
curves of motor losses P; versus 74 along the constant torque lines. The loss curves
were calculated by utilizing (8.29). It should be noted that P, has the minimum
values where function f crosses zero, as predicted by the necessary conditions (8.30),
(8.33), and (8.34) for optimality. That is, the minimum values of P; are found at i4s
which satisfy f,, 7,(iq) = 0. The third row of Fig. 8.19 shows the plots of constant
torque curves in the current plane with the current and voltage limits. The optimal
points are also marked by x. However, as the speed increases, the voltage limit
curve shrinks. As a result, some solutions located out of the voltage limit, and
marked by x. Those points should be replaced by the points on the boundary.
That is, in such cases, the solution is found at an intersection between a voltage
limit curve and a constant torque line [21]. The solution on the boundary was
marked by ®. An algorithm to construct an LMC look-up table is shown in [23].
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Figure 8.19: Calculated results illustrating how to find the loss minimizing (i4, i)
for three different speeds: (a), (b), and (c): plots of f(iq) for different torques, (d),
(e), and (f): power loss curves along constant torque contours (g), (h), and (i):
constant torque contours in the (iq4, i4) plane.

8.3.3 LMC Based Controller and Experimental Setup

Fig. 8.20 shows a PMSM controller, which includes the LMC table. The LMC table
requires torque and speed as the input variables, and provides an optimal current
command. The LMC table is made under the largest DC link voltage. Thus, the
optimal current may not be used due to a reduced voltage limit in the high speed
range. Thus, a table output should be checked whether or not it is feasible under
a given voltage limit. If it is not feasible, then the output value must be adjusted
according to the following algorithm. It is a method of finding an optimal solution,
(i%, i%) that satisfies the voltage limit:

. L/ . .
i) Let if = i% — Aig;
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Figure 8.20: LMC structure for IPMSM.

ii) Find the corresponding g-axis current utilizing
k! L/
i = 3p13/ (¢m + (La — Lg)i );

iii) Check whether (i%, i%') € U‘j/. If ‘yes’, stop. If ‘no’, let (%, if) = (i, i’;/), and
go to Step i).

As i)-iii) is repeated, the solution point moves to the left along the constant torque
line Té“. Finally, the point reaches an intersection between the voltage limit and
torque curves which is the desired solution.

The experimental environment is shown in Fig. 8.21. It includes the PI current
controllers along with the decoupling and back-EMF compensation. The proposed
LMC were implemented utilizing a floating-point DSP (MPC5554). The PWM
switching frequency was selected to be 8 kHz and the dead time 2 ps. Current
control routine was carried out every 125 us, and torque command was refreshed at
every 1.25 ms.

The PMSM under test was controlled in a torque control mode, and the dynamo
induction motor was controlled in a speed control mode. Inverter output power
was monitored by using a power analyzer. Multiplying a measured torque by the
motor speed, the shaft power, P,,; = T, - w, was obtained. Iron loss coefficient
cfe was selected to be 0.021 based on FEM calculation results around the nominal
operating point, and we let v = 1.5. It was assumed that the mechanical losses and
the windage loss are small enough to be negligible. As a consequence, P; — Pe, — P
would be close to the stray loss, Py,-. Based on this method, the coefficient, cg;
was selected to be 6.5 x 1072, This approximation matches to a rough estimation,
Py = 0.03 ~ 0.05P,,; [11], of the stray loss of small motors.
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Figure 8.21: Photograph of the experimental setup.

8.3.4 Experimental Results

The parameters, as well as loss coefficients, cf. and cg,, of the PMSM used in the
experiment are summarized in Table 8.1. The loss minimizing current sets can be
found by the experimental method that scans the motor losses over feasible mesh
points in the current plane. Fig. 8.22 shows the loss minimizing (i4, i4) under fixed

MTPA Dashed line : LMC ig [A]

Symbols : experimental |
®;=1000 rpm . results
®,=2000 rpm-vﬁ@\

R ~I%\
®:=3000 rpm o S - 200
LMC -0 O———O‘ B
©=4000 rpm ——<>---<>---<>---—-<>i&\ \
<>‘\\ 100

®,=6000 rpm -—-Q’"Q’"Q“-q-‘_q‘ N

. T T T
i [A] -300 -200 -100

Figure 8.22: Loss minimizing (i4, i,) under fixed speeds 1000, 3000, and 6000 rpm,
while torque is increasing.

speeds 1000~6000 rpm, while increasing the load torque. It compares computed
results of the LMC (dotted line) with the results obtained from the experimental
scanning method (symbol). This shows that the two methods agree in a wide area.
Fig. 8.22 also shows the contour of MTPA. Note again that MTPA is independent
of the speed, and thus it cannot reflect the iron loss or the stray loss, which are
dependent upon the speed. The LMC results at 1000 rpm are similar to those of
MTPA. Fig. 8.23 shows the plots of responses to a varying load torque at 2000 rpm.
Note that both iy and 7, change when the torque varies. It also displays the plots
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of measured shaft power and DC link power. The LMC results were compared with
those of MTPA. Note from Fig. 8.23 (¢) that LMC yielded lower loss than MTPA.
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Figure 8.23: Current responses when load torque changes at 2000rpm: (a) LMC,
(b) MTPA, and (c) loss comparision.

Summary

The optimal condition ended up with a fourth order polynomial in i4. A zero
crossing point of the polynomial was shown to be the loss minimizing point. The
calculated minimizing solutions were compared with the values obtained from an
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experimental scanning method. The two results agreed well in a wide torque-speed
range.
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Problems

8.1

8.2

8.3

Consider the toroidal core with N = 20-turn coil shown below. The core
cross sectional area is A = 1 cm? and the mean periphery is £ = 30 cm. As-
sume that AC current, i(t) = 30sin 27 x 100 ¢ A, flows in the coil. With the
schematic hysteresis band shown below, estimate the hysteresis loss. Derive
the energy loss, W), = Al fOB HdB from [ eidt.

Hint. The loss per cycle is W), = A/ f—lfts HdB.

H(A/m)

a) Suppose that a time-varying field B passes through the core from the
front surface. Derive EMF around the loop of radius, r.

b) Derive the resistance of the loop.
¢) Derive dissipated power, dP, in each incremental loop.

d) Derive the total power loss when flux density is given by B(t) =
B,, sin(27 ft).

e) Calculate the total power loss when the core is constructed with N
small cylindrical core whose radius is R/vN.

Find the skin depth of pure copper and aluminum under 100 kHz time varying
field.
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84

8.5

8.6

REFERENCES

Solve the following problem:

Minimize P;(iq, iq) = 57“3(1?1 + zg) + cpew” ((Laiq + Ym)? + ngg)
3P
subject to T(wmiq + (Lg — Lg)iqiq) — To = 0.

The classical eddy current loss is calculated as a sum of harmonic contribu-
tions:

[e.e]
Pee = Cec Z B;(nf)?,
n=1

where B, is the peak value of the magnetic flux density for the harmonic
order n and f the fundamental frequency. Neglect the skin effect of the eddy

current. Show that c.. is written as:
w2d2
6ppe’

Cec =

where d is the sheet thickness, p the sheet density and p. the specific electrical
resistance of the steel.

Consider a PM block shown below. Suppose that J,(z) = i‘ﬁl—]f, where py,
is the specific electrical resistance of the PM. Then the eddy current loss per

unit volume is equal to

b
1 [ 2, (dB\’
b, = — md2(z)de = —2— [ —
bm/%mp oy 12pm<dt>

Derive the total magnet loss when B = By, sin(27 ft).

----------------------

3]




Chapter 9

PMSM Sensorless Control

Rotor position information is essential for the field orientation control of PMSMs.
The position sensors are, in general, expensive and fragile under mechanical shock,
increasing the drive cost. The sensorless control is a signal processing technique
that aims at eliminating the position sensor. It utilizes only measured electrical
quantities such as motor currents and voltages. Since it is an estimation algorithm
set in a processor, it reduces the system cost. Various sensorless control techniques
are widely used in home appliances, transportation system, cranes, etc., where the
cost pressure is immense.

Numerous sensorless techniques have been proposed over two decades: They are
categorized into back-EMF based methods and saliency based methods. Matsui
pioneered the back-EMF based method for SPMSM [1]. Tomita et al.introduced
a disturbance observer for an EMF estimation [2]. Ortega et al. studied several
types of nonlinear observer for SPMSM [3]-[6]. The back-EMF based methods
are advantageous in the medium and high speed regions, and the implementation is
relatively simple. However performance is poor at low speed, and full torque cannot
be handled at zero speed. Further, they are sensitive to the environment change
such as temperature variation and noise.

In the saliency-based methods, a high-frequency signal has to be injected to
detect the rotor position. Corley and Lorenz applied the heterodyne filtering tech-
nique in extracting a desired signal out of the modulated carrier [7]. Zhu et al.
considered the cross-coupling magnetic saturation [8]. Aihara et al. combined a
signal injection technique with a back-EMF based position estimation method [9].
A sliding mode current observer was utilized to find out the position and velocity
estimates [10]. The influence of measurement errors and inverter irregularities in the
performance of the sensorless control was studied by Nahid-Mobarakeh et al.[11].
Bolognani et al. applied the extended Kalman filter and suggested a guideline for
choosing the noise covariance matrices [12]. Recently, PWM based voltage injection
methods are studied widely for fast response and high signal to noise ratio [13]-[16].
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9.1 IPMSM Dynamics in a Misaligned Frame

Since the exact rotor angle is not known, the field oriented control must be con-
structed based on an angle estimate. The PMSM dynamics in a misaligned coor-
dinate frame carries additional terms caused by the angle estimation error. The
additional terms look like unknown nonlinear disturbances to the system. Denote
by 0. an angle estimate. The variables based on 6, are marked by overline. Let

Ab, = 0. —0,, (9.1)
Awe = We— We. (9.2)

Fig. 9.1 shows aligned and misaligned axes, and their difference.

aligned
o d-axis
misaligned 4
q-axis /A misaligned
aligned d-axis
g-axis ©._
h estimated
angle

Figure 9.1: Misaligned (tilted) dg frame.

An IPMSM model based on . is developed in the following. Recall from (6.34)
that the flux in the stationary frame is equal to

. 3 120, + 5% ;
5 = Lsid, — gLéeﬂ@elgq + Pmel?e, (9.3)
where L, = %Lss + L;s. Transforming the flux (9.3) to the frame of ejge, we obtain
_ = o 3 0T rs iy
)\Zq =e Jeekflq = Lge ]‘gelfiq — 5L563(29 96)(12(1) + the IR0,

Defining the current in the reference frame by igq = e 0 igq, we have

xe e 3. e . _janb. —jAG.
Aig = Lsigy — 5Ls(ig,)"e™ + e 770

2
Therefore,
N — R _ 3 € \x —j — _i
jwez\zq = jwelezq - jweEL(g(qu) e 1280 4 G oahy,e IR0 (9.4)
5N a 3 € vk —j . e \x . iy
p)‘celq = LSPIZq - 5L5(plflq) e 1280 +3L6]Awe(lflq) e I2A0 — jAwePme ]Aee’

(9.5)
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where p = E is the differential operator. Substituting (9.4) and (9.5) into (6.20), i
follows that

Ua| _ ig n Ly — 3Lscos 20, SLssin2A0, | d [ig
e N 2 SLssin2A0,  Lg+ 3Lscos2A6,| dt |1,

3_ sin2A6,  cos2A6, | [iy
+(3Aw, — §We)L6 |:COS 2Af, —sin QAHJ [_'e]

—e

sin Af, ] (9.6)

— _Zq
+weLs |: Zfl :| +We¢m |:CO& Ad

Note that if Af, = —0., Awe = —we, and W, = 0, then the misaligned equation
(9.6) reduces to

s

. Ly — 3Lscos 26 —3L5sin26 d

— %L(g sin 26, L+ %L(g cos 26,
—sin20, cos 26, sin 96]

—3wels { cos20, sin20 ] dg T Wetim { cos 0,

(9.7)
which is the same as the stationary IPMSM model, (6.37). That is, if estimated
angle stays at zero, then the synchronous IPMSM model turns out to be stationary
IPMSM model.

On the other hand, if we let Af, = 0, then (9.6) turns out to be

(N M
Sl en ] o

Noting Ly = Ls — %L(g and L, = L, + %L(g, (9.8) is equal to the IPMSM dynamic
model.

9.1.1 Different Derivation Using Matrices

Dynamic model description in a new frame which is shifted angularly by —A#6,, is
achieved by multiplying

e, |cos Al —sin Af, [0 -1
c N Lin Af,  cos A, for —J=1, o |-

to the voltage equation. The voltage and current vectors in the misaligned frame
are given by Vig = e_JAgevgq and izq = e_JAGel . Then, the IPMSM dynamics in
the misaligned coordinate is written as

Vi

| = e~ Ja0 [Ts +pLs  —welyq ] A0 L —IA0 [ 0 ] (9.9)

welLq rs +pL g Welm )
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Note that the autonomous part has a form of the similarity transformation. In some
literature, the following notations are used:

Ld+Lq

Loy = 2 = L,
L,—Ls; 3
L = &t = —Ls.
df 2 5 s
Then,
—3a0. [PLa 0| sape
‘ { 0 PLq] ‘ a
~ Aw Ly sin 2A0, —Lay + Lgy cos 2A0, iy
a | Lav + Ly cos 2A0, — Lqs sin 2A0, EZ
Ly — Lgg cos 2A0, Lgs sin 2A0, 12
+ ; ‘| (9.10)
Ly sin 2A0, Loy + Lgg cos 2A0, zq

Similarly, it follows that

—ane, | 0 —welq| jng.ze
e |:(,L)6Ld 0 :| (& ldq
o _ —Ldf sin 2A96 —Lav — Ldf COS 2A(9€ EZ
= (@ — Aw) {L,w — Lgr cos 2A6, L sin 2A0, gg - (911)
Combining the first part of (9.10) with (9.11), it follows that
Aw Lgs sin 2A0, —Lay + Lgp cos 2A0, EZ
“ | Lavw + Ly cos 226, — Ly sin 2A0, iz
_ —Lgrsin2A0,  —Lgy — Lag cos 2A0,] [iy
+(@e — Awe) [Lav — Lgf cos 2A0, Lgp sin 2A0, EZ

B _ . |sin2A60, cos2A6, Efl _ —EZ
o Ldf(2Aie —e) |:COS 2A0, —sin QAGQ] [EZ] +WeLav [ iy ] - (912)

(38Awe—3w,) Ls
Then, the same equation as (9.6) follows from (9.9)—(9.12).

Exercise 9.1  Show the following identity:

IR0 0 —welLyg QN0 _ — Ly sin 2A0, —Lgy — Lgy cos 2A0,
welyg 0 “ | Lqv — Lgp cos 220, Lgg sin 2A6, '

9.1.2 Dynamic Model for Sensorless Algorithm

Most sensorless algorithms are based on the estimated reference frame. Angle error,
Af. is estimated at each step, and the reference frame is updated incrementally such
that 6 e(k+1) = He(k) + Aﬁe(k) where Af e(k) is an estimate of angle error at step k.
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Angle estimation time is relatively short compared with the speed change.
Thereby, it is possible to let Awe = 0. The dynamic model (9.6) in the estimated
frame is given by

[ﬁz] _ [Lav — Lgg cos 2A6, Lgg sin 2A6, ] d [Eg] W [sin Aee]

[0 L sin 2A0, Ly + Lgg cos 2A0, dt EZ cos Af,

q
-

ifl - sin2A0,  cos2A6, | [iy o ZZ
+7 Ee] WeLag {cos 2A0, —sin2A6,| |i; +@eLs Z’Z : (9.13)

q Zq

Assume that A# is small. Then, sin2A0. ~ 0 and cos2Af#, =~ 1. With such an
approximation,

_ . [sin2A6,  cos286, | [ig] . _ . [
—WeLqs [cos 2A0, —sin 2A6?e] Eé] el [Eg ]

cos 20, —sin 2A0 —i —welLgic
e € € w, —eq =~ ¢ geq . .
(Ldf [— sin 2A0, — cos QAHJ T LsI) We [ ig ] [ weLqiy ] (9.14)

The approximation results in the familiar coupling voltage that appears in the
coordinate transformation into a rotating frame. Note that Af, is hardly obtained
from (9.14) since L, > Lgf = %L(g. Neglecting the terms which are independent of
Af., the voltage equation has the following two Af.-dependent terms:

Lgy — Lgg cos 2A0, Ly sin2A0, d [ig sin A6,
[ Ly sin 2A0, Ly + Lgp cos 2A0. | dt Eg +wetm cos Ab, (9.15)

signal injection back EMF

Sensorless algorithms are classified into two categories depending which terms are
used: The back EMF based algorithms are the methods of utilizing

Welm [sin Af,, cos A, for angle estimation. Since it is dependant on the speed, it
cannot be used in the low speed region. To overcome such a limit, signal injection
methods were developed that extract an estimate of Af, from the inductance matrix.
It should be noted that the signal injection method cannot be used in the SPMSM
where Lgr = 0. Often, some sensorless algorithms are based on the stationary
model.

9.2 Back-EMF Based Angle Estimation

Many back EMF based sensorless algorithms were developed in the estimated ro-
tating frame [1], [2] or the stationary frame [3], [4], [5], [6].
9.2.1 Morimoto’s Extended EMF Observer

Morimoto et al. developed an IPMSM model with an extended back-EMF [18], and
used disturbance observers to estimate the back-EMF'. The extended EMF observer
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is constructed in the estimated frame which rotates synchronously. Consider the
following voltage equation in the aligned synchronous frame:

vg rs +pLg —wely | |ig 0
= . . 9.16
L’Z] { welg 15+ pLe] |ig * Wehm, (9.16)

Both L, and L, appear with the differential operator, p. It can be changed equiv-
alently into the following form:

v rs +pL —welL 15 0
-l s [ 2] 019
where

Eey = we[(La — Lq)ig + tm] — (La — Lq)(Pig)~
Note that only Ly appears in the diagonal with p’s, whereas L, in the off-diagonal:

On the other hand, E.;, called extended EMF, contains the differential operator.
In the vector form, (9.17) is rewritten as

Vg, = [(rs + pLa)l + we L] g, + € (9.18)

V& . 7€ 0
=g E=li] =]

Note that I and J can be handled easily with the rotational transformation. In order
to change the vectors into the misaligned coordinate (6.), it is necessary to multiply
e A% where A, = 0. — ,. Then the dynamics in the misaligned coordinate is

given as

where

Vg = e I8% [(rg 4+ pLa)T 4 weLyJd] eJAaeizq 4 e IAleg, (9.19)
where v, = e~ TA Vi, and izq = e JAb ig,- Rearranging (9.19), it follows that

vg| _ [rs+pLa —welq | [ig] . [&

| = - 9.20

[US] { weLq s +pLal |7 i &g (620
where .
fd . sin Aee _ —iq

|:§q = Fe, cos AG, + (@We — we) Ly R (9.21)

and w, = %ge. It is interesting to see that the dynamic model is also simple in

misaligned frame with the extended EMF. The dynamic model (9.20) can be seen as
a linear system, but disturbed by unknown disturbance, [¢4, £4]7. Normally, there
is almost no speed variation in the short period of angle estimation. Then, we let
We = we without loss of generality. It is necessary to estimate the disturbance, since
it contain angle information. Suppose that we obtained estimates, éd and éq. Then,
the angle error can be estimated such that

Ab, =0, — 0, = tan™" (5—‘1) : (9.22)
&g

It motivates us to use disturbance observers. Note further that it is not necessary

to estimate Ee, since it is canceled in (9.22).
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Disturbance Observer

The disturbance observer was introduced by Ohnishi, and refined later by Umeno
and Hori [19]. It is often used to estimate unknown load torque in the speed loop
of many electro-mechanical systems. Fig. 9.2 shows a block diagram illustrating a
typical disturbance compensator. The plant is denoted by G(s). The compensator
includes the inverse model, 1/G(s), thereby the system G(s) must be nonminimum
phase, i.e., G(s) should have zeros in the left half plane of C. Furthermore, 1/G(s)
is an improper system, i.e., the degree of numerator is larger than that of the
denominator. Thereby, it includes differentiators which are unacceptable practically.
Therefore, a low pass filter, Q(s) must be used and as a consequence, a band limited
solution is obtained. Fig. 9.2 (b) shows a case of practical realization in which Q(s)
and 1/G(s) are combined. Obviously, Q(s)/G(s) should be proper. In general, the
disturbance observer performs satisfactorily for a DC like disturbance.

Disturbance (s} dis)
u'(s) +  uls) .,.KL’f I yls)  w'(s) + . u(s) ‘lj' _ u(s)
9, Gzl U

=) j
. 1

ot 1
T G(s) Qis)
d(s) Inverse model dls) proper filtering
Q(s)
Low pass filter

Figure 9.2: Disturbance compensator: (a) conceptual diagram and (b) equivalent
realization.

Fig. 9.3 shows an angle error estimation scheme utilizing two disturbance ob-
servers for g and ;. In this particular example, the disturbance observers are
applied to the current loop, and £z and §, are assumed to vary slowly. Since the

model is a first order system, a first order low pass filter, siia is used with the unity
DC gain.

Exercise 9.2 Derive the impulse response for the filter, =%~ and show that it

sta
converges to the delta function, 6(t) as a — oo.

s+o

7 e ug(t) dt = 1 independently of cv. [

Solution. £~! ( o ) = ae Yuy(t), where ug(t) is the unity step function. Also,

Angle and Speed Estimation

When an observer is constructed in an estimated frame, &96 is obtained instead
of 0.. To obtain an angle estimate, one may add 6. to Af, i.e., 0. = Ab, + 0.
However, errors and noise are involved naturally in the estimation process, thereby
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IS
I:-I.l. =7
(] '!_ — 3 '.'.r-:
i 04 + 1 i}
Las 4+ _T ~ Las 4y
.-ILII +-'-4_| = —. H e vl f .*—i.j E
yta Welgly 1| s+ s Lo
Eg 4 £
: tan—* |: Ef | kl
A,
_ Ty .
d, i

Figure 9.3: Angle error estimation utilizing disturbance observers for the extended
EMF.

it is necessary to update 6. more conservatively. That is, a certain type of low pass
filter is needed to reduce the noise effects.

Loop filter (Pl regulator)

_____ b

Fastey] [udced]
HOIEACY

Figure 9.4: Angle estimation from Kee that utilizes a tracking filter.

A tracking filter is often used to extract an estimate 0. from 6, — 0. Fig. 9.4
shows the block diagram of a tracking filter [20], [21], which consists of a PI regulator
and an integrator. The estimator is described by

w = ar(fe —0e) + az(@e — @)
0, = .. (9.23)

Note that the denominator of the closed loop system is equal to s? 4+ ags + o = 0.
The PI gains (ag, 1) are selected such that the filter bandwidth is larger than
the signal bandwidth. Due to inherent tracking capability, ée will track 6., as far
as 0. — 0, is correct. For a high gain, the PI controller behaves like a bang-bang
controller, and Jang et al. [22],[23] utilized a bang-bang controller instead of the PI
controller.
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The node prior to the integrator signifies a speed estimate. That is, w. is ob-
tained without a differentiation. As shown in (9.4), the disturbance observer works
with the tracking filter to yield an angle estimate.

Experimental Results

Experiments were performed with an IPMSM developed for an air conditioner com-
pressor. The specifications were listed in Table 9.1. The control algorithms were
implemented in a TMS320vc33 DSP board. The PWM switching frequency was
set to be 5 kHz and the dead time 2 ps. The current control and speed/position
estimation were carried out every 0.2 ms, and the Speed control loop was activated
every 2 ms. Fig. 9.5 shows the responses of 6., He, 0. 6’6, and @, at 500 and

Table 9.1: Motor parameters of an IPMSM used for experiments.

Parameters [Unit] Values Parameters [Unit] Values
Input DC link voltage [V] 540 | Inductance (Lg) [mH] 3
Rated output power kW] 11 | Inductance (L,) [mH] 6.2
Rated speed [r/min] 5000 | Stator resistance (rs) [€] 0.151
Rated torque [Nm)] 21 | Rotor flux () [Wb] 0.09486
Rated current [Ayms] 25 | Number of poles (P) 6
Rated voltage [Vyms] 220

6000 rpm (field weakening region).

Note that the angle error is less than +5° at

500 rpm and £2° at 6000 rpm. Fig. 9.6 shows a transient response to a step speed
command from 3000 to 4000 rpm. At the point of abrupt speed change, the angle
error is developed, but settles down within 0.15 sec. To make the transient response
better, a needs to be increased as much as possible. In this experiment, a = 3450.
Fig. 9.7 shows speed control responses: 500 rpm — 6000 rpm — 500 rpm. This
shows that the field weakening control with the Morimoto’s algorithm is also stable.

iy

"\

[degree]
10 r—.
0y =

-10

3= 500 rpm

[degree]
360

180

it
e iy

\

0 [degree]
2

(@

Figure 9.5: Angle estimation with the disturbance observer: 6., 0., 6.

20msec/div

at (a) 500 rpm and (b) 6000 rpm.

g
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Figure 9.6: Transient response for a step speed change from 3000 rpm to 4000 rpm.
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L e
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Figure 9.7: Speed control responses with the Morimoto’s sensorless algorithm: (a)
500 rpm — 6000 rpm — 500 rpm and (b) a magnified plot of region A.

Summary

1. The Morimoto’s sensorless algorithm was developed for TPMSMs.
The essential part is to make Ly appear in the diagonal part with the
differential operator and L, in the off-diagonal part of the voltage equa-
tion, while driving out the remaining terms into the extended EMF term.
2. The extended EMF based model has a simple structure in the mis-
aligned coordinate. Utilizing the disturbance observer, voltage distur-
bances are detected which carry angle information.

9.2.2 Ortega’s Nonlinear Observer for Sensorless Control

Ortega et al.[3] developed a nonlinear observer for SPMSM in the stationary frame.
Later its performance was demonstrated through experiments [4]. With Ls = 0, the
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P-pole SPMSM stationary model is derived from (9.7) such that

d lig| iy —sind, v
g ] = ] e |+ 2
P
T. = 3T%n(iflcosé?e—iflsinee). (9.25)

The goal is to estimate [— sin 6., cos 0,]” using iy, and Vg The flux in the stationary
frame is given as

005 0 ] . (9.26)

= e[l + o | o

It is an air gap flux which is the sum of stator flux activated by current and the rotor
(PM) flux. It can be obtained by integrating Vg — Tsigy- Letting y = vj, —rsig,
it follows from (9.24) and (9.26) that

S
Ay =Yy

, (9.27)

That is, integration of v¥ — r,i® gives flux. Define a function 7 : R?> — R? by

_ 1y cos 0
n(Agg) = Agy — Ls [ZZ] = Vm [ sine: ] : (9.28)
It is the rotor flux and the Euclidean norm is equal to
InNG)I1? = v (9.29)

Let j\zq be an estimate of Aj,. It can be obtained by integrating (9.27). Nev-
ertheless, the pure integrator is marginally stable, since it is unbounded in the
presence of a DC offset.

Consider a cost

1 a8 2
= (W IR )
Then the gradient is given by
oJ os s
— = —2n(Ag) (Vi — In(Ag)1?)- (9.30)
O,

Utilizing the gradient, Ortega proposed a nonlinear observer with an error injection:

5 g
o=y 2nled — ),

s s Y 19 15
= qu - 7ﬁSldq + 5,’7()‘(1(1)[1:[)72;1 - ||77(Adq)||2]7 (931)

where /\dq € R? is the observer state variable and v > 0 is the observer gain. If an

estimate, >‘dq is correct, it should satisfy (9.29). It states that the locus of rotor flux
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is a circle of radius, 1,,. Thus, the difference, Hn(;\flq)Hz — )2, is an error measure,

thus can be used for steering ;\Zq.

Theorem 9.1 [3]
Consider the SPMSM model, (9.26) and (9.27), and a nonlinear observer defined
by (9.28) and (9.31). The observation error x defined by

1 goocs s
X = —w—e Jbe (Adq — Adq) (932)

m

converges asymptotically to the disk {x € R?||x|| < 2} ast — oo.

Note that x is a normalized flux error in the synchronous frame. The theorem
states that x is bounded in a disk of radius 2 centered at [cos 0., sin f.]7. We may
rewrite )

< I cos 6
A% = L [ g] o { e ] | (9.33)

lq sin 4,

Then, an angle estimate is obtained from Xflq such that
A As — Lyis
0. = tan~! (H) . (9.34)
Ay — Lt
Remark.

Since the above nonlinear observer is constructed based on the stationary model,
it does not require speed information in the construction of an observer. This is
an advantage when it is compared with the observers constructed on a synchronous
frame. See for example [1],[11].

Control Block Diagram

The sensorless control block for a SPMSM, which includes the nonlinear observer,
is shown in Fig. 9.8. The nonlinear observer outputs angle estimate 6, based on
which the field orientation control is synthesized. The conventional PI controllers
are utilized for d and ¢ axis current control along with the decoupling and back-
EMF compensation. The IP type speed controller utilizes w. that comes out from
a speed estimator.

Jansson et al. [17] pointed that the injection of d-axis current enhanced the
robustness of sensorless system against rs variation. However, d-axis current pulses
are more effective as the persistent exciting condition is required for parameter
convergence. Fig. 9.8 shows a voltage pulse train applied to the d-axis [4]. In the
experiment, the pulse frequency was 200 Hz, the peak level was 50 V, and the pulse
duty was 0.2 msec. However, such d-axis current was not injected if |w,| > 100 rpm.

Experimental Results

Experiments were performed with a motor-generator set that was made with two
SPMSMs as shown in Fig. 9.9. All the nonlinear observer and control algorithms
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Figure 9.8: The overall sensorless control block diagram with the nonlinear observer
and the speed estimator.

were implemented in a TMS320ve33 DSP board. The PWM switching frequency
was set to be 8 kHz and the dead time 2 us. The current control algorithm were
carried out every 125 us, and the speed control loop was activated every 1.25 ms.

Figure 9.9: Photo of the experiment setup.
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Table 9.2: Motor parameters of a SPMSM used for experiments

Parameters [Unit]

Values

Input DC link voltage [V]
Rated output power [kW]
Rated torque [Nm]

Rated speed [r/min]
Rated phase current [A]
Number of poles (P)
Rotor flux (¢,,) [Wb]
Switching frequency [kHz]

Stator inductance (L) [mH]
) |

Stator resistance (Rs) [€]

200
0.3
3.0

1000
3.0

8
0.11
8
1.14
0.675

R )
- 1"'-\_\_‘_\_ _y - . '-\\ ) )
A \"\.h,'ff-}-*’
cosé = : = '
U \‘_..,-r; '_';-'-'-"-'-'-. ’
R il BN y
T £ o
= =z ]
wp = 80rpm W
T+ —> [——
20 ms

[+
= 3 U Ur‘;gm

I“\.
T
e - o
y H—tt
| T
e I
— T
—
*,
5
%,
K
—_—
T

Figure 9.10: Comparison between the real and the estimated position data under

no-load condition at (a) 80 rpm and (b) 300 rpm.
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Figure 9.11: Comparison between the real and the estimated position data under
a full step load at (a) 100 rpm and (b) 600 rpm.
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Figure 9.12: Speed and the corresponding torque responses at 1000 rpm when a
full load torque is (a) applied and (b) removed.
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Figure 9.13: Speed control response to the full step load torque.

Fig. 9.10 shows sinf, cosf, and é, along with real position 6 measured by a
6000 pulses/rev encoder under no-load when (a) w, = 80 rpm and (b) 300 rpm, re-
spectively. Note that the position errors at 300 rpm are smaller than those at 80 rpm.
Fig. 9.11 (a) and (b) show behaviors of the position estimates when a full step load
was applied when w, = 100 rpm and 600 rpm, respectively. One can also notice
that the steady state position errors at a higher speed are smaller. Fig. 9.12 (a) and
(b) show the responses of the speed estimates and the corresponding torque at the
time of full load loading and removal when w, = 1000 rpm, respectively. Fig. 9.13
shows a macroscopic view of the behaviors of speed and angle estimates when the
speed changes from w, = 100 rpm to 900 rpm with a full load. Fig. 9.14 shows a
stable performance at 10 rpm (0.01 pu) with a 1.5 Nm (0.5 pu) load. Fig. 9.14 (b)
is an expanded plot of real and estimated angles shown in Fig. 9.14 (a). Note that
the d-axis current has a shape of pulse train.
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Figure 9.14: (a) Experimental results under half load (1.5 Nm) at 10 rpm and (b)
an expanded plot of Region A in (a).

Summary

1. The nonlinear observer is developed for SPMSMs in the stationary
frame. One advantage is that it does not require the speed information,
so that a speed estimator can be constructed separately.

2. Robustness can be enhanced with a d-axis current injection in the
low speed region.

3. It has a simple structure and performs well in the practical system.

9.2.3 Bobtsov’s Initial Parameter Estimator

The initial rotor position estimation is essential for sensorless control of synchronous
machines. If the initial angle is known, then the motor starting performance would
be improved greatly. Using the gradient method, Bobtsov et al. [5] developed an
observer that estimated the initial value of rotor flux. Later, a modified algorithm
that intended to avoid the pure integrator was proposed by Choi et al. [6].

The SPMSM dynamics are modeled in the stationary frame as:

}\Zq = Vg, — Tsiy, (9.35)
Zq = Lsigq + wmc(ee) (936)
0 = we. (9.37)

where c(6,) = [cos f, sinf,])T. Let the rotor flux be denoted by
X = Ay, — Lsig, = Yme(0e), (9.38)
where x = [z4, 7,]7. Differentiating both sides of (9.38), it follows that
X = vy, — Tsig, — Lspig, = YmweJc(0e). (9.39)
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Bobtsov’s Initial Parameter Estimation
Consider the same form of equation as (9.39):
q(t) = vi, — rsif, — Lepil,  q(0) =10,0]", (9.40)

where q € R?. Note that x and q have the same dynamics, but the initial values are
different. For notational convenience, we let ny = x(0) = Aj,(0) — Lsij, (0). Then,

x(t) = q(t) + . (9.41)

Fig. 9.15 shows differences between x and q. Note that both of them have circular
contours, but the centers are different due to the initial value, 7.

L Iq Ty 0.05wb
| It 1l
T HL

" 10.675 wb

TN | R e

f | ' P o b | ' ~ 1

q2\/ |\ J.X I
10‘1 wb 2

Figure 9.15: Differences between x and q: (a) Time plot and (b) Lissajous plot.

An initial parameter estimator is developed from ||q-+m,|? = ||x||>. Noting that
2

-, We obtain

—llall* = 2a"ng + [|nel* —v3, = [ 207 1]8, (9.42)

I[[* =

where
ﬂ;[ Jo ] € R3. (9.43)
moll* — 5,

A filter Ij_—pa is applied to both sides of (9.42). In fact, it functions as a differentiator
although it is combined with a low pass filter. Thus, it nullifies the effect of constant
term, ||no)? — %2, in (9.42). Then, we have

y(a) = Q(a) my +€(t) (9.44)
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where y : R? = R and 2 : R? — R? are defined by

va@ = e (lalP), (9.45)
Qa) = ;ﬁiﬁq), (9.46)

- P — = ace” ™ )
and €(t) = p_+CY{HnoH2 Vm) = (9.47)

for some constant ¢ > 0. It should be noted that y(q) and €2(q) are available terms,
because q is known. Note also that (9.44) allows a linear regression since it has a
product form; known vector, £2(q) multiplied by an unknown parameter vector, 7.
A parameter estimator can be easily derived by applying the gradient algorithm to
the error (y(q) — Q(q)Tny)? such that

o = TQaq)(y(a) — Qa) 7). (9.48)

where I is a gain matrix. Fig. 9.16 shows a block diagram of the Bobtsov’s observer.

- - . ) | =3
> l"'Irl'l::,l - 'l"ln'l'l,r + "I""'Pllll':;l +x I:.'-r_r

' Observer

Estimator

y(d)

(2(a)

Figure 9.16: Bobtsov’s observer containing initial parameter estimator.

Stability Analysis

Define the parameter error by 75 = 1y — 119: Then,

o = ~TAQRQ) 7 + TRAa)e(t). (0.49)
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Let a Lyapunov function be defined by
Viioot) =T g+ [ [e(rlar, (9.50)
t

where I' € R?*2 is assumed to be positive definite. Differentiating V along the
trajectories of (9.49) yields

V =—[Q77 — 1977, - ¢* < 0. (9.51)

Thus, we conclude that V (7, t) is a non-increasing function. |

9.2.4 Comparison between Back EMF and Rotor Flux Estimate

At zero speed, the back EMF is zero. Therefore, back EMF based methods do not
work properly unless the speed goes above a certain level where the back EMF is
greater than the noise level. Fig. 9.17 shows the back EMF and the rotor flux when
the speed changes from 100 rpm to -100 rpm. Note that the back EMF is zero
during zero speed. In contrast, the rotor flux remains nonzero constant. Thus, an
angle estimate, , = tan_l(ﬂgr / 5\37,) based on the rotor flux would be better than

0. = tan1(&5/é3) based on the back EMF.

100 T
I !y (Rotor speed
— _‘{ ( peed)
0 B Y ity
Standstill e
-100 TTe——
Rotor flux ‘/_"w = il COS ﬁ'._

= 1y, SN 4,

\ N

Back-EMF E> ' A

o dr = —elln SiNE,

\ £l = it COS 0, |:> 8, = tan 12X
' [

Figure 9.17: Comparison between back EMF and rotor flux estimate near zero
speed.

However, the rotor flux estimation methods also yield poor performance in the
low speed region. Because they are based on (9.27) and (9.40) which are the pure
integrator of vj’lq — rsizq. Note that there are errors in Vj’lq and 7. Voltage command
is usually utilized instead of Vfiq measurements. However, the actual voltage applied
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to the machine is different due to switch on-drop voltage, dead time, and other
transient effects. Also, the exact value of r, is hardly known since it is affected by
temperature and AC effects. These errors are not so influential in the high speed
operation. But they critically impact on the accuracy of estimation in the low speed
range, since they behave like DC offsets. Fig. 9.18 shows angle estimation error and
flux estimate during zero speed at the presence of 2% r, error.
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Figure 9.18: (a) Angle estimation error and (b) flux estimate during zero speed at
the presence of 2% r, error.

9.2.5 Starting Algorithm by Signal Injection

The Morimoto’s extended EMF observer is based on a synchronous frame, and
requires the angle update and current control successively as the rotor rotates. An
incremental algorithm does not work well if the initial error is large. For example,
if Af. > %, then the sensorless algorithm fails. It is because the algorithm is based
on the assumption that Af, is small. To utilize the incremental type algorithm for
PMSM control, the rotor angle, although rough, must be known initially. Therefore,
another method is necessary to find an initial angle estimate. Since it is required
once before starting, it is called starting algorithm. Mizutani et al. [24] proposed
a starting and low speed operation method for IPMSM. It is like an early stage
signal injection method: To identify the initial position, A probing signal, which is
a periodic voltage pulse, is applied to the motor in the stationary state. Since the
IPMSM has a rotor saliency, its inductance differs depending on the rotor position.
By analyzing the current responses, the rotor position is estimated roughly.
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Position Error Estimation

In the low speed region, it can be assumed that w. ~ 0 and w, ~ 0. Then, the
stationary model (9.7) is reduced to

d
La L”] i (9.52)

Vflq = ’I“siflq =+ |:L,Y Lﬁ Eldq,

where L, = L — %L(; cos2Ab0., Lg = Ls + %L(; cos 2A0,, and L, = %L(; sin 2A0,.
The following voltage pulse is injected intermittently only in the (stationary) d-axis:

Vp
Lty <t<tp+T
Av = [0] F F P

(9.53)
zero, tp+ T, <t <tpy1,

where V), is a constant. Note that L. = 0 if there is no angle error. In other words,
the d-axis voltage pulse would cause a change only in the d-axis current if the rotor
is aligned to the d-axis. Otherwise, the d-axis voltage pulse will also affect the ¢-axis
current.

Let Ai be the response to Av. The current response follows from (9.52) such
that

Ai(s) =

1 [rs + Lgs  —Lys

A . .54
(Las +73)(Lgs +73) | —Lys 7«5+Las] vis) (954)

Solving (9.54) for Av(s) = [%, O]T, it follows that

Ay _|1o + I cos 2A0,
{Az’q] (Tp) = [ I sin2A6, |’ (9.55)
where
Iy = Y [1 1 (efz_ilTp —1—6_2_sz>]
T 2
I, = % (G_Z_ZTP —e_%Tp) )
27

Using (9.55), an angle error is estimated as

“Aid
Af, = %taxfl <W—quo> . (9.56)
Depending on the sector of angular position, the polarity of A¢, changes. For
example, see Ai, depending on Af. = 7 and %Tﬂ in Fig. 9.19. It should be noted
that I; = 0 if there is no saliency. Thus, (9.56) cannot be used for SPMSMs. The
probing voltage is superposed on the reference voltage to keep angle detection during
low speed operation. The probing is repeated, for example, every 20 or 30 sampling
periods. Normally, this starting algorithm is switched to the other back-EMF based
sensorless method after the speed increases above a certain point.
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Experimental Results

Experiments were performed with the IPMSM whose specifications are listed in
Table 9.1. The PWM switching frequency was set to be 5 kHz. The probing
voltage (50V, 125 us) was injected every 20 current samplings. Fig. 9.19 shows Aiy
and Ai, for repeated d-axis rectangular voltage pulses, while the motor shaft was
turned from zero to 360°. As predicted by (9.55), Aig is a cosine function with a DC
offset, and A, is a sine function with negative sign. Fig. 9.19 also shows zoomed-in
plots for Af. =0, 7, 5, and BQT”. Note that Af. = 7 and %Tﬂ are differentiated by
the polarity of Ai,.

Fig. 9.20 (a) shows an angle estimate and the real angle when the motor speed
was increased from standstill to 100 rpm. Fig. 9.20 (b) shows a moment of transition
from the starting algorithm to a back-EMF based sensorless algorithm at 350 rpm.
The motor was started initially by the starting algorithm. It was switched to a
back-EMF based sensorless algorithm after the back-EMF increased to a certain
level.

Al =0 &, = 4 Al =5 Al =

Figure 9.19: Ai; and Ai, for a d-axis rectangular voltage pulse, (50 V, 125 us),
when Af, changes from zero to 360°.

Summary

1. If incremental angle is obtained by an observer, an additional method
is required to estimate the initial angle.

2. Voltage pulses are injected periodically to the d-axis for IPMSMs. If
the reference frame is misaligned, then a current response is also mon-
itored in the g-axis. By analyzing the relative magnitudes of the dq
currents, the real rotor flux angle is estimated.

3. Although the angle estimation error is large, the above method works
satisfactorily in starting up the motor.



9.3. SENSORLESS CONTROL BY SIGNAL INJECTION 331

= 350mm

3, 4, (degree] Real angle . : - § [dsegéee]
\ /I o AT A A E%O L : E180
' i n " 0
- _."' & & o :
] o] ¥ d Wi ¥lo Estlmated EMF based sensorless algonthm [segree]
| el ~1 A A
i, A A A A A e
S f'/ P P ¥ 1 kL
Estimated = Starting algonthm : [d;g(r)ee]
2, S AT A A _Em
\ [degree] " — 0
. st KA AR e e Y AR 0 '
o e it A 0 s e
-10 il
e— By
200msec/div i 100msec/div

(a) (b)

Figure 9.20: Experimental results of the starting algorithm: (a) angle estimate
and real angle when the speed increases from 0 rpm to 100 rpm and (b) algorithm
transition from the starting algorithm to a back-EMF based sensorless algorithm at
350 rpm.

9.3 Sensorless Control by Signal Injection

Since the signal injection methods do not depend on the back-EMF, it can be used
in the low frequency region or at zero speed. High frequency probing voltage is
injected into the motor terminal together with the main control voltage. Frequency
being high, the probing signal does not affect the motor performance such as torque
and speed. But it can increase the eddy current loss and cause some audible noise.
If the rotor has a magnetic anisotropy, the responses are different in the d and ¢
axes. The angle detection relies on sin 26, and cos 26, in the autonomous part of
the high frequency model. The signal injection methods are classified according to
the types of carrier signal:

1) Rotating sinusoidal signal injection in the stationary frame [7], [27] - [30];

2) Stationary sinusoidal signal injection in the (estimated) synchronous reference
frame [8], [22], [23];

3) Square-wave signal injection in the stationary frame [14], [15];

4) Square-wave signal injection in the estimated reference frame [13], [14], [16].

Methods 1) and 2) require a demodulation process to extract a desired informa-
tion from the high frequency responses. The demodulation is carried out via syn-
chronous (heterodyne) rectification consisting of multiplying the carrier and passing
through a low pass filter. Correspondingly, the process is rather complicated and
the response is sluggish due to the low pass filter. On the other hand, the demodu-
lation is not necessary in methods 3) and 4). The voltage pulse is synthesized each
PWM interval, and the angle information is retrieved from the magnitudes of the
current ripple. Therefore, these methods are advantageous in processing simplicity
and high bandwidth. Three types of injection signals, 1), 2), and 4) are reviewed
in the following sections.
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9.3.1 Rotating Signal Injection in Stationary Frame
Recall from (6.36) that the IPMSM model in the stationary frame is obtained as

d . .
. . 20, +5% . 0.
Vig = Tsiggt E(Lavlflq — Lgpe? i) + jwetbme’”,

where Loy = (Lg+ Lg)/2 and Lgr = (Lq — Lq)/2. Note also that the saliency effect
is condensed in the term, Ldfeﬂ‘%iz*

" In the matrix formalism, it is written as
cos 20, sin 26, iy
4 | gin 20 —cos20.] |ig]"

One may neglect the resistive voltage drop and the back-EMF in the high frequency
model:

Vi, = %(Laviflq — Lgpe?®i5). (9.57)
Assume that a high frequency rotating voltage vector is injected into the IPMSM:
Vi, = Vel nite) (9.58)

where wp, > we. Let the solution be of the form [25]
15, = Loped“r! 4 I e I (@nt=20c), (9.59)

Substituting (9.58) into (9.57) and grouping the terms of positive and negative
sequences separately, we can find the coefficients

Vi L Vi L
Ic :_h% and [Cn:_h%
CL)h,La/U_Ldf th(l’U_Ldf
Equivalently,
ia| _ Ccos Wht cos (20, — wpt)
LZ] =l [sin wht] Lo [sin(%e — wpt) (9.60)

It is emphasized here that 0. appears only in the negative sequence. Lorenz et al.

[7],[25],[26] applied the heterodyne signal processing technique as shown in Fig. 9.22:

i and ifl z}re multiplied by sin(26, — wpt) and cos(20, — wpt) which are based on an

estimate 6,. Then,

iy cos(20, — wpt) — i5sin(20, — wit) = Lopsin 2(0, — 6.) + Iepsin 2(wpt — 6,),
(9.61)

where the first term is a DC, whereas the second is a high frequency term. Applying
a low pass filter, the high frequency carrier is removed. Further if 6, — 0, is small,
then

LPF (z'; c08(20, — wpt) — i5sin(20, — wht)> — Loy sin2(0e — 0.) ~ 2L (6. — 6.),

where LPF(-) signifies a low pass filter. Spectral description of the demodulation
process is shown in Fig. 9.21.

The output of the demodulation is angle error, 6. — ée, and it is combined with a
tracking filter. Due to inherent tracking capability, 6. will track 6,. Fig. 9.22 shows
a whole signal processing block diagram.
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Figure 9.21: Spectral description of the demodulation.
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Figure 9.22: Angle detection algorithm based on signal injection utilizing the het-
erodyne demodulation and a tracking filter.

9.3.2 Signal Injection in a Synchronous Frame

In this part, a sinusoidal signal is injected only into the d-axis of the synchronous
frame which is based on an angle estimate, and the current solution is obtained
from the high frequency model of IPMSM.

High Frequency Model of IPMSM

Suppose that a high frequency signal, [v5,, Ugh]T is added to the main driving volt-
age, [v5, fug]T, in the synchronous reference frame which is aligned to the real PM
flux. Then by the superposition law, the current responses are obtained such that

vgtog|  |Ts+pLa  —wely 15+ 15, + 0 (9.62)
1)2 + v;h | wely rs +plg ifl + i;h Welm |’ ’

where %, , Ugp, A€ the high frequency current responses. The high frequency part
can be separated such that

v _|Ts +pLg  —wely | |ig, ~ |Ts +pLyg 0 19, (9.63)
Ugh welyg rs +pLg i;h 0 rs +Pplg i;h ' .
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The last approximation in (9.63) is based on the observation that wpLg > weLq
since wyp, > we. Writing (9.63) in favor of the current vector, we get

: 1
i P 0 Vg
|:i(eih:| S BRE L}gh] , (9.64)
qh Ts +PLq qh

Suppose that the estimated angle . differs from the real angle by Af, = 6, —6,.
Using the method shown in (9.9), the dynamics in the misaligned coordinate are
given as

g . 1 . .
th] [cos Af, —sin Aﬁe] Py 0 [ cos A, sin Aﬁe] [vgh]
—e - . . 1 o 3 —e
igh sin Af, cos Ab, 0 roipL; | L—sin Al. cosAb, Ugh,
cos? Afe sin? Af, cos Abesin Afe  cos Afe sin Afe —e
rstpLy ' TstpLg Ts+pLg rs+pLg Vdn
cos Abesin ABe  cos Afe sin Afe sin? Aé. + cos? Af, ¢
rs+pLg rs+pLg rs+pLg rs+pLg qh

Suppose that a high frequency signal is injected into the d-axis of the misaligned

frame:
th] B [Vh coswht] (9.65)
T = 0 . .
qh
Then, it follows that
ge cos? Ab, + sinZ A6,
dh| _ rs+pLg rs+pL
|:ge :| T | cos Afesin AB. _ cos A@eqsinAG6 Vh cos wht' (966)
qh rs+pLg rs+pLq

Note that (9.64) and (9.66) are the same equations, but described in the coordinates
that differ by A#f..

Simplified Angle Error Estimation Method

Let
A= —"" coswpt and B=—"_ coswpt.
s +pLa " s +pLg "
The steady state solutions of A and B are
Vi L
A = —"  cos (wht — tanfl(wh d)) , (9.67)
r2 +wil? T's
Vi L
B = —"  cos <wht - tanfl(wh q)) . (9.68)
r2 +wiL? T's

Now consider a limiting case where wpLg > 7, for a high wy, > 0. Then,

. Vi .
A~ sinwpt and B~ " &in wpt.
Whlig Whlq
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Noting that Lq = Lay — Lgr and Lq = Ly, + Lgs, the solution for (9.66) reduces to

fflh _ Vi Loy + Ly cos 2A0,
ign)  wnLaLg Ly sin 220,

To obtain an estimate of A6, sin(wpt) should be eliminated. For this purpose, a
synchronous rectification method is utilized: First, multiply the modulated signal
by sin(wpt). Then, remove the high frequency term by using a low pass filter (LPF).
We let

sin(wpt). (9.69)

2thqu

X = IS LPF (i, x sinwy) (9.70)
2wp LgL - .
X = % x LPF (ig;, x sinwpt), (9.71)

where LPF(r) represents the filtered signal of r(¢). Note that

Xan ~ Ly + Lgy cos 2A0,
th =~ Ldf sin 2A(9€.

Therefore, an angle error estimate is obtained such that

Lavg

Current I y ! L
Sin wy S tan™2{) >
control 2
_ tgh | wplogh N
) 3 —(—| LPF S
a. Tracking
Filter D

Figure 9.23: Angle estimation block diagram: Signal injection into the d-axis of an
estimated frame.

—~ 1 X,n
A0, = —tan ' [ —2 ).
¢ 2 o (th_L(m))

Fig. 9.23 shows the signal processing block diagram. If the rotor position estimation
error is small, then (9.71) is approximated as Xg, ~ 2Lg A, and it can be used
solely for Af, estimation. The role and structure of the tracking filter are the same
as in Fig. 9.22.

Instead of V}, coswyt, pulsating voltage vector was utilized in [31], [32], [33].
It yielded better results for SPMSMs, where the machine saliency is given by the
magnetic saturation and not by the structural rotor geometry.
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9.3.3 PWM Level Square-Voltage Injection in Estimated Frame

Performances of sinusoidal wave injection methods are usually insufficient in some
applications, since the angle estimation bandwidth is not wide enough. The fre-
quency of injected voltage is never too high due to the limitation of PWM frequency.
To improve the bandwidth of rotor position estimation, a square-wave pulsat-
ing signal is synthesized in each PWM period, while providing the normal control
voltage. This method utilizes the available maximum bandwidth. Of course, the
pulse average is zero and injected into the d-axis in order not to disturb the main
operation. The rotor position is estimated utilizing the magnitudes of current rip-
ple. This estimation process is simple and straightforward since it does not require
demodulation. High signal bandwidth gives a better signal to noise ratio. Due to
these merits, this approach performs better than the other injection algorithms.

Current Ripple to Voltage Pulse

A square voltage pulse is designed in the synchronous estimated frame. Fig. 9.24
shows high frequency voltage components, Eflh,ﬁzh. Note that a square wave is
synthesized only in the d-axis every PWM period [14]. The sequence of obtaining
the the current ripple consists of:

Current sampling

Vinj

EEN
‘dh

_Vln] —

e
Vah

| |

| |

| |

| |

1 I
0 Ts/2 T  One PWM period
Figure 9.24: Square wave voltage in the estimated rotor reference frame and current

sampling points.

1) Transform the injection voltage into the synchronous frame:

e JA0—e | cosAl, sinAfOc| [£Vini| | cos Ab,
Vdgnh = € Vagh = —sin A0, cos Af, 0 = +Vin —sin AG, |’ (9.72)

where Vj,; is the amplitude of the injection signal and eIA% stands for the trans-
formation from the estimated rotor reference frame to the real rotor reference frame.
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2) High frequency current dynamics in the synchronous frame is given by

e v |cosAB. | [Lg O 1 [Adg,
Vigh = £Vinj [— sin A@e] - [o Lq] T, [Aigh ’ (9.73)

where T is the PWM period, and the following approximation is utilized:

digy,  ; tan(ti +T5) = igy(t:) _ L, Ay,

L
"t d T, T,

3) The current ripple is transformed back into the estimated frame:

Aig) _ o ane. [NiG] _ Ly [eosA6. —sinAg,] | et
Afzh a iah TSI A 6in AG. cos Af, —%

cos? Af, sin? Aé.
Lg +

= Lo Vi |14 1.1
§(L_d — L_q> S 2A(9€

(9.74)

Like the previous method in Section 9.2.5, the desired angle information appears in
the g-axis current ripple.

Angle Detection from Current Ripple

Fig. 9.24 shows the d-axis pulsating voltage and the corresponding current ripple.
It depicts current and voltage in the estimated frame: The high frequency voltage
component is
Eflh _ ‘/injy 0 <t< Ts/27
_‘/inja Ts/2 <t< Ts-

In Fig. 9.24, two current components are added: The current increases steadily by
the (normal) control voltage component, whereas the high frequency current has a
triangular shape.

. Lej:ethe absolute current magnitudes denoted by iy, = iy(0), i = iy(Ts/2), and
igo = 14(Ts). Define the current increments by

AEZM) = g21 - ZZOa (9-75)
—€ —€ €
Digyy = gy —lg1- (9.76)

Also, denote by iy, the control current increment over a half interval. It is an
increment of the average current driven by the the current controller. Since it is
assumed to have a constant slope, the amount of variation is 2iy, in a single PWM
period. From the geometry shown in Fig. 9.24, it follows that iy, = Adg, — iga at
t = T,/2, and also iy, = —Aigy; +iga at t = Ts. The similar notation and the same
definition are applied to the g-axis. It follows from (9.75) and (9.76) that

AEZIO_AEZZI = 2Eflh
Nigyg — Nigyy = 2ig, (9.77)
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I I
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Figure 9.25: Voltage and current waves in the estimated rotor reference frame over
a single PWM period: (a) d-axis current and voltage and (b) g-axis current and
voltage.

Current ripples caused by the high frequency voltage are gZh and ;Zh- Consequently,
we obtain from (9.74) that

A—.e _ A—.e —e cos? Af, + sin? A6,
[ 1410 3?21] =2 [3@”1] =T, Vinj |1, (4 Lo (9.78)
AquO — AZq21 th 5 (L_d — L_q) S1n 2A0€

The ¢-axis component contains Af, and sin 2A60, ~ 2A60.. Thereby, Af, is expressed
as a function of current ripple:

LyL
K = d ) 9.80
2(Ly — La)Ts - Vinj (9.80)

Note that this PWM level sensorless method does not need a demodulation pro-
cess [14]. Simply, currents are measured twice every PWM period. Fig. 9.25 shows
voltage and current waves in the estimated rotor reference frame over a PWM pe-
riod. Fig. 9.26 shows the block diagram for obtaining an angle estimate using the
magnitudes of g-axis current ripple.
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-

+ e AB Observer |—>
-1 ) L ,—) + *’b—) or ~
z _ zZ71 0 State Filter 9_,
qi

Figure 9.26: Angle estimation using the g-axis current ripple in the estimated rotor
reference frame.

Summary

1. A high frequency probing signal is injected to detect the rotor angle
by exploiting the magnet saliency of IPMSMs. With the signal injection
method, IPMSMs can be controlled at zero speed without a position
Sensor.

2. For angle detection, the synchronous rectification is utilized. The
process consists of carrier multiplication and low pass filtering. The low
pass filtering causes phase delay, so that the response is sluggish and
even instability occurs when the carrier bandwidth is not sufficiently
high.

3. Considering the limits in increasing the frequency via PWM, square
wave is better than sinusoidal waves. As a typical reference, note that
the square wave injection frequency is 1 kHz, whereas the sinusoidal
wave injection frequency is 330 Hz. It was reported in [29] that the
pulsating injection method was more accurate and less sensitive to the
dead-time effect.

4. The high frequency signal is injected either in the estimated frame
or stationary frame. In both cases, an estimate of angle error, Af. is
obtained. Thereby, a PLL filter is naturally used to derive an absolute
angle from the angle error. The strength of filtering effect can be ad-
justed by the PI gain of the filter.

5. Square pulses can be made by setting positive and negative levels
for each half PWM period. From the magnitude of current ripple, the
angle error, A, can be detected. It makes the demodulation process
obsolete, so that it does not suffer the phase delay problem. The largest
bandwidth is expected since it utilizes the maximum injection frequency
and avoids the use of a low pass filter.

6. Higher signal magnitude is favorable for a larger signal to noise ra-
tio. However, it would reduce the control voltage margin while inducing
extra copper and eddy losses.

7. The high frequency signal makes audible noise. The amplitude and
frequency of injected voltage need to be optimized considering the band-
width, signal to noise ratio, loss, and acoustic noise.

8. The sensorless control algorithm is widely adopted in general pur-
pose IPMSM drives. However, the performance is still insufficient in
some applications. Typical problems are long convergence time, poten-
tial start-up failure, and limited system stability [15].
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Problems
9.1 Define the observation error by X = x — x. Show that the error dynamics
directly follows from (9.26)-(9.31) such that

% = —ya(x.) {x + Um { et ] }

a(x,t)

1. . N ~ .
§||X||2 + Y [T1 cos O (t) + Tosin b(t)].

9.2 Using the MATLAB Simulink, construct a speed controller based on the Or-
tega’s sensorless algorithm for a SPMSM listed in Table 9.2. Follow the in-
structions below:

a) Use a PLL type speed estimator:

= Kp(ée — Zl) + K29

2’2 = (98 — 21
o = Ky —21) + Kizo,
where K, and K; are proportional and integral gains, respectively.

b) Use PI controllers for current control and compensate the cross cou-
pling voltages, wLiq and wlLi,.

c) Use a PI controller for the speed control.

d) Refer to the control block diagram shown in Fig. 9.8. But neglect the
d-axis voltage pulse injection shown on the top.

Obtain a comparable result (300 rpm, no load) with the experimental one
shown in Fig. 9.10 (b).
9.3 Derive

from
Bt) = (A;—Kc)B(t) +b(t),

€)= —BOHD+ [ BTN (r)j(r)ar

9.4 Derive from (9.19) the following:

vl |rs+pLld  —wely Zfl n &g
ve] | welq 7s+pLal (i ¢
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where

Fg] =FE., {sm(g— 0)] + (@We — we)Lg [_—Zq] :
0 i
9.5 Show that if W, # w, then

—Jae. |[PLa 0 | gag.ze
‘ [ 0 PLq] ‘ a
— @—w) L sin 2A0, —Lgy + Ly cos 2A0,] [ig
o € | Lav + Lgf cos 2A6, — Ly sin 2A0, EZ
n Loy — Lgg cos 2A0, Ly sin2A0, pfz
Ldf sin 2A40, Loy + Ldf cos 2A0, PE;

9.6 Derive (9.55) for Av = [%, 0]7.

9.7 Using (9.48), show the error dynamic (9.49). Note that the parameter error
is defined by 1y = 19 — np-

9.8 Consider a voltage equation with the cross coupling inductance Lg, [8]:

|:U§:| _ |:Ts +PLd - wequ _WeLq +Pqu :| |:Zf1:| |: 0 :|

U; welg + Pqu rs + PLq + wequ iZ Wem,

a) Denote by Ez, EZ, and v§, vy the high frequency current and voltage com-
ponents in a misaligned frame. Assuming r; = 0 and w, = 0, show that high
frequency model is obtained in the misaligned synchronous frame such that

-7 3K
il T 12 _ T2 b |T¢
lq L(w - Ldf P %
where A = 0 — 0 is the error angle, Loy, = (Lq + La)/2, Lgg = (Lq — La)/2,
0. = tanfl(qu/Ldf), and de =, /L(Qif + Lflq. Assume that Aw, = 0.

b) A sinusoidal signal is injected only into the d-axis of the misaligned frame,
ie., [Ufl,ﬁflh]T = [Vj, coswpt, 0]7. When i, in a) is forced to zero, show that the

q
steady-state position error caused by the cross coupling inductance is obtained

such that

Loy + Lap cos(2860, +6.)  —Lgsin(2A6, +6,.)
— Ly sin(2A0, + 6..) Lyy — Lgf cos(2A6, + 6.)

1 2Ly 1
Ab, = ——tan~t 4 _ g
T I,—Ls 2°

9.9 In the case of multiple saliency, the high-frequency model is obtained as

[Uflh] _ |:Ld — L4 cos 60, L, sin 66, ] Fflh]

U;h L4 sin 66, Lq + Ly cos 60, iflh
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where Lg4 is the multiple saliency inductance. When a high-frequency in-
jection into d-axis of misaligned frame, show that the high-frequency g-axis
current appears as

i Vg
- L 20, + L 2A0 + 66
Lqn Lz, — L — 2Ls4 cos 60, Ly — L§4 p[ df sin + Ly sin( +66.)].

where Lq, = (Ly + Lg)/2 and Ly = (Ly — Lg)/2. Note that A0 =60 — 6.

9.10 Derive from (9.7) the following voltage equation:

vyl |rs+pLyg 0 Zd B e\ |—sinfe
[vé] a { 0 rs +pLq] |l +we(Ym + (La = Lq)ig) cos 0,
) cos 6,
H(La = Lq)(p 1) [sm@ ]

9.11 Derive from (9.7) the following extended EMF model in the stationary frame:

[v;:’l] _ [ rs +pLy  we(Lg— Lq)] [zé] VB, [— sin 6'@]

v, —we(Lg— Lg) 75+ pLyg iy cos 0,

where Eep = we[(Lg — Lq)i§g + ¥m] — (La — Lq)(p ig) is extended EMF.
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Chapter 10

Pulse Width Modulation and
Inverter

Ideal switches do not consume power since no current flows in the cut-off mode and
no voltage drop takes place in the conduction mode. In the pulse width modulation
(PWM), only on and off modes are utilized. By adjusting on-off duties (pulse
widths), the average fits into a desired voltage wave form.

A three phase voltage source inverter consisting of six switches and a common
DC rail is shown in Fig. 10.1. It consists of three switching arms: (S,,S,), (Sp, S}),
and (S, S..). As the physical switching device, power MOSFETS are suitable for low
voltage and high frequency applications. They behave like an ideal switch, though
they consume power during transition and on-state. However, the loss portion is
relatively small. For medium and high power inverters, IGBTs are widely used. For
low voltage or high frequency applications, FETs are utilized. Note that each switch
has an anti-parallel diode in the voltage source inverter to provide commutation
paths for inductive loads.

L Q1 QS Q5 = ——

Ve - =~

P T SKADSK AD SCK D ,o° .
Va

{
I 1
1 n v, T I Z; HD— S

Sa Sp S

Figure 10.1: Voltage source inverter with six switching devices.
Fig. 10.2 shows typical voltage and current switching pattern, and the corre-

sponding voltage-current contour during turn on and off. During the turn on tran-
sient, the (collector-emitter) voltage drops only after the switch (collector) current
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builds up. Likewise, current begins to drop after the collector-emitter voltage rises
in the turning off process.

The load is assumed to be an inductive load, which is treated here as a current
sink. State ii) shows the state after U starts conduction. The collect-to-emitter
voltage, v.. drops rapidly after current increases. In state iii), the reverse recovery
current of diode U flows just before the diode turning off. Since the reverse recovery
current is added to the load current, a current spike takes place. Microscopically
the reverse current is interpreted as homing of excess carriers to the DC link side as
the depletion layer is developed [1]. In Fig. 10.2 (b), turn on and off contours are
depicted in the current-voltage plane. The enclosed areas represent turn on and off
losses.

Current overshoot due to
diode reverse recovery

-F'rl 117
i
O] - <— i)

Voltage spike
due to 5

Ve stray inductance i Off
Switching
loss
Tl o i)
1 el st ) J : i
Y } 0 Y t Vie Vge
On loss Conduction loss Off loss
(a) (b)

Figure 10.2: Four states during upper switch turn on: i) turn-off state (lower diode
free wheeling), ii) conduction start, iii) diode reverse recovery current flow, and iv)
turn-on completion: (a) current and voltage profiles of U and (b) turn on and off
contours in the voltage-current plane.

Since both current and voltage are not zero, power loss takes place during tran-
sients. In Fig. 10.2 (b), turn on and off contours are depicted in the current-voltage
plane. Usually, turn off loss is larger than turn on loss in IGBTs. The switching
loss is directly proportional to the switching frequency. Besides the switching loss,
conduction loss also takes place in the conduction stage since voltage on-drop exists
in the physical switches. The on-drop voltage is normally 2~4 V and it increases as
the voltage blocking capability increases. These losses cause heat in the switch, but
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the junction temperature must be controlled below 150°C. Thus, heat sink together
with air or water cooling devices must be equipped for power semiconductors.

10.1 Switching Function and Six Step Operation

We also denote by S, = 1 if switch 5, is turned on, otherwise S, = 0. The same
rule is applied to Sy and S,.. Consider the switching pattern for n =0,1,2,---:

Se =1, nt <wt < (n+1)w
Se=0, (n+1)wr <wt< (n+2)m,
Sp=1, (n+2/3)r <wt<(n+5/3)7
Sp=0, (n+5/3)r <wt < (n+8/3)m,
Se=1, (n—=2/3)r<wt<(n+1/3)7
Se=0, (n+1/3)mr <wt < (n+4/3)m.

This switching pattern is called siz step operation, since it utilizes six switchings
per period. The six inverter switching status can be mapped into the vertices of
a regular hexagon. Note that V5 = (0,0,0) is the case when all the upper level
switches are turned on, and V7 = (1,1,1) all the lower level switches are turned
on. In both cases, the motor terminal voltage is equal to zero. The non-trivial six
vectors are defined by

Vit (Sas Sbs Se) = (1, 0, 0);
Vot (Sa, Sp, Se) = (1, 1, 0);
Vs (Sas Sbs Se) = (0, 1, 0);
Vit (Sas Sps Se) = (0, 1, 1);
Vs (Sa; Sp, Se) = (0, 0, 1);
Vo (Sas Spy Se) = (1,0, 1)
If the vectors Vi, .- , Vg are mapped into the stationary dq frame, we will have six

vectors as shown in Fig. 10.3. Note that Vy and V7 represent zero vectors located at
the origin. They are called space vectors, and their directions are identical to those
of the resulting flux in the DC state. For example, the direction of V; = (1, 0, 0) is
the same as that of the flux (or current) vector that would result from the switching
state, (Sq, Sp, Sc) = (1, 0, 0). Fig. 10.4 shows this interpretation along with motor
flux.

The pole voltage is defined as the motor terminal voltage with respect to the
neutral point, n of the DC link. Then the pole voltage values are either V‘Qic or —%.
Using the switching function, the pole voltages are given as

Van = %(2&—1), (10.1)
Upn — %(25},—1), (10.2)
Ve = @(250—1). (10.3)
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Figure 10.3: Space vector diagram.
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Figure 10.4: Directions of the flux vectors for the switching vectors Vi, --- | V¢

Then, the line-to-line voltage is equal to

Vab = Van — Ubn,
Vbe = Ubn — Ucn,
VUca = Uen — Van-

The pole voltages and line-to-line voltages versus time are shown in Fig. 10.5. Note
that the peak value of the line-to-line voltage is Vj.. The fundamental component
of the line-to-line voltage is calculated as

2 ™ 57 /6 2
Vap[1] = —/ Vap SInwt d(wt) = —/ Vaesinwt d(wt) = M. (10.4)
™ Jo s /6 s

This is the maximum output voltage that an inverter can provide under a given DC
link voltage, V..
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Figure 10.5: Pole and line-to-line voltages in the six step operation.

Note that v, is the voltage between between the neutral point, s of the motor
and the DC link center tap, n. It is obvious that

Vgn = Ugs + Usn, (10.5)
Upn = Ups T Usp, (106)
Ven = Ves + Vgsp. (10.7)

Since vg, is common to all phases, it is called common mode voltage. With the
assumption that ves + vps + ves = 0, it should follow that

_ Van + Upn, 1 Ven o Vie

Vo = T = (25, 425, + 25, - 3). (10.8)
Then, the motor phase voltages follow from (10.5)—(10.8) as:
v = (25,5, 50), (10.9)
— %(25,) 5= S.), (10.10)
Ves = %(25’6 — So — Sp). (10.11)

Fig. 10.6 shows the typical phase voltage and the common mode voltage, vs, when
the six step mode operates. Obviously, the sum of (10.9), (10.10), and (10.11) is
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Figure 10.6: Phase voltages and the motor neutral voltage with the six step oper-
ation.

equal to zero. The peak of the fundamental component of the phase voltage is equal
to

2
Vas[1] = ;Vdc- (1012)

It can be easily obtained from (10.4) by dividing /3. The six step operation uses the
minimum number of switchings, whereas it produces the maximum voltage under
a given DC link voltage. Therefore, it is utilized in some high power or high speed
area where high voltage utilization is necessary. Also, it can be utilized when the
minimum switching frequency is desired because of the switching loss. But, a major
disadvantage is large current harmonics, as shown in Fig. 10.7.

Exercise 10.1 Using the Fourier series expansion, show that the fundamental
component of the six step phase voltage is equal to v441) = %Vdc.

10.2 PWM Methods

Numerous PWM methods were investigated by many researchers [2], [3], [4], but
sinusoidal PWM and space vector PWM are the two most popular methods. The
sinusoidal PWM can be realized by analog circuits, whereas the space vector PWM
is usually implemented in a DSP.
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Figure 10.7: Six step operation: (a) phase voltage, (b) phase voltage spectrum, (c)
current, and (d) current spectrum.

10.2.1 Sinusoidal PWM

The sinusoidal PWM (SPWM) is obtained by comparing a triangular wave with a
sinusoidal wave, as shown in Fig. 10.8: Turn-on signal of the high side switch is
determined according to

S — 17 if Vtsine > ‘/tm'
‘o 07 if ‘/sine < V;ﬁri ’

where Ve and V;,.; are sinusoidal and triangular waves, respectively. The principle
of the SPWM and the corresponding output voltage is shown in Fig. 10.8. The
maximum peak voltage is equal to V. / 2. To see the DC link voltage utilization of a
PWM method, its fundamental component is compared with the feasible maximum,
% that is the fundamental component of the six step. Their ratio is defined as the
modulation index, and in the case of SPWM

Vi1 (si idal iy,
M, = [1](5”{1“801 al) — 2 e 0.785. (10.13)
Vi) (six step) = Vie
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Figure 10.8: Sinusoidal PWM method by comparing with triangular wave.

10.2.2 Injection of Third Order Harmonics

The maximum modulation index differs depending on the PWM strategy. One
concern is how to increase the maximum without incurring large harmonics. In the
three phase system, we have a freedom to add a third order harmonic wave to all
phase voltages. Note that third order harmonic waves are the same for all phases
since they overlap perfectly after 120° and 240° phase shifts. Therefore, they do
not alter the line-to-line voltage and the phase currents.

Note here that a third order harmonic wave can reduce the peak of the sum.
Fig. 10.9 (a) shows an example: The peak of the fundamental component was one.
After adding a third order component, the peak of the sum drops to 0.87. Thus, we
have a room to increase the fundamental component further if the allowable peak is
one. Fig. 10.9 (b) shows the case: The fundamental is increased to 1.15. However,
the peak of the sum is less than 1. The voltage gain obtained through the third
order harmonic component is about 1.15.

10.2.3 Space Vector Modulation

Fig. 10.3 is a space vector hexagon with six vertices, Vg, ---, Vg. The six sub-
triangles are named Sector 1, - - -, Sector 6. An arbitrary space vector is represented
as a weighted sum of Vy, ---, Vg. Consider a vector V, in Sector 1 shown in

Fig. 10.10. Note that V, = V41 + V49, where V41 and Vo are the decomposed
vectors into V1 and V, respectively.

Let Ts be the PWM switching period. Decomposed vector, V,1, is synthesized
by turning on Vy(1,0,0) during a fractional time, 77, which is proportional to the
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Figure 10.9: Reduction of peak voltage by adding a third order harmonics: (a)
fundamental peak = 1 and (b) fundamental peak =1.15.
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Figure 10.10: Calculation of on-times for v; and v (partitioning by parallelogram).

magnitude of V,;. Specifically, 71 and 75 are determined as

‘Val, _ ‘Val, E

— — 10.14
V] (2/3)Vye T,’ ( )
Va2l Va2l T

- = £ 10.15
Vol @B3)Va | T (10.15)

Obviously, 77 + T> < T, and the zero vector, Vy or V7 is assigned during Ty =
Ts— (11 +Tv). Zero voltage can be applied to the terminals by shorting either lower
or upper switches. Note that all inverter output terminals are tied to the negative
side of the DC link in the case of Vg, while in case of V7 they are shorted to the
positive rail. From the geometrical relationship, it follows that

vg | — cos(a) _ N2 1 152 cos §
[ Vq ] = Vel [ sin(a) ] B T33Vdc o)™ TS3VdC sin T
~ 2Vae [1 cosE] [Ty
T 3T [0 sinf | |7y - (10.16)
Therefore,
T nt® _ iy 5]
Ty _ V3T [sin 3 Cos 3 vg . (10.17)
T2 Vdc 0 1 Uq_




356 CHAPTER 10. PULSE WIDTH MODULATION AND INVERTER

This gives a relation between d, ¢ voltage components and PWM duties in Sector 1.
Generalizing (10.17) in the other sectors, we obtain

3T.
T = \/V;Cs {sin(%m)vfl — cos(gm)vé : (10.18)
3T,
Ty, = \/‘;dcs [— sin(g(m —1))v; + cos(g(m =)y |, (10.19)
where m = 1,2,--- ,6 denote sector numbers. Equations (10.18) and (10.19) enable

us to calculate directly the switching duties from the d, ¢ voltages. An arbitrary
vector, V = vj + jug in Sector m can be obtained such that
T3

T
V:Vm?i—i—vmﬂi for m=1,2,...,6.

The above process illustrates, namely, the space vector modulation (SVM).
Fig. 10.11 shows a method of creating PWM patterns for the upper switches, S,
Sp, and S, based on T} and T5. To reduce the switching numbers and make the
PWM pattern symmetric, the zero vector intervals are partitioned equally between

Vy and V7 such that

T — (11 + T
T0:T7: s (21+ 2).

In Sector 1, the on-duties of the phase voltage, (vq, vp, vc) are set according to

S = Ti+ T+ (Ts - Ty - 12)/2,
Sy, = T2+(T5—T1—T2)/2,
S, = (T,—Ti—T)/2.

Then, (1,0,0) vector is turned on for 7} and (1,1,0) vector for T5.

Exercise 10.2 It is desired to create a voltage vector |V,|e/® which belongs to
Sector 2. Calculate T} and T5.

Solution. T} = % sin(%7T —a), Th= % sin(a — %)’
and Ty =Ts — (T1 + TQ). [ ]

10.2.4 Sector Finding Algorithm

The duty computing equations, (10.18) and (10.19) vary depending on the sectors.
To compute the on-duties of a given vector, V* = (v3, v;), the first step is to find a
sector to which V* belongs. In finding a sector, the signs of v and vy are utilized

firstly. Note that vy > 0 for Sectors 1, 2, and 3, and vy < 0 for Sectors 4, 5,

and 6. Further to distinguish Sector 1 and Sector 2, |v,| and v/3|vg| are compared.
Similarly, we have
{ Sector 2, 5, if |vg| > V3|
Sector 1, 3, 4, 6, if [v3] < V3vj].
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Figure 10.11: SVM PWM gating signals.
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Fig. 10.12 shows the sector finding rule from (v}, v;), and Fig. 10.13 shows a com-
plete sector finding algorithm.

Sector 2

Sector 3 Sector 1

5l < V3l AR L

|y

Sector 4 Sector 6

Sector 5

Figure 10.12: Finding sectors from (v}, vy).

START

N "
v N
Y [ Sector 6 ][ Sector 4 ]
“ N
‘m N
v Y
[ Sector 1 ] [ Sector 3 ]

Figure 10.13: Sector finding flow chart.

10.2.5 Space Vector Waveform

Fig. 10.14 (a) shows the phase voltages represented by S,, Sy, and S.. As shown
in Fig. 10.15, the SVM phase voltage can be decomposed as the sum of a perfect
sinusoidal wave and a triangular wave. Note that the period of the triangular wave
is one third of the sine wave period. The triangular wave is a sum of many triplen
harmonics of order 3, 9, 15, 21, ---. Observe that the fundamental peak is reduced
by the third order wave.

The largest SVM voltage is obtained when the space vector follows the inscribed
circle in the hexagon. The maximum rms voltage is

1 V32 1

i St = —V;. 10.2
\/5 9 3Vdc \/évdc ( 0 0)

max{vg, Uy, Vc} =
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Figure 10.14: (a) Space vector PWM output (S,, S, S¢) and (b) line to line voltage
of the space vector PWM (S, — Sp, Sp — Se, Sec — Sq).
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Space Vector Output

Figure 10.15: Space vector wave decomposition.

The maximum modulation index is equal to

—— = 0.906. 10.21
%Vdc 2\/§ ( )
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It should be noted that the modulation index of SVM is larger that that of SPWM
by (0.906 — 0.785) x 100 = 12%.

Now we consider another method of deriving SVM wave form. Example 10.3
shows how the third order triangular wave is made from the three phase sinusoidal
waves. It is very interesting that the SVM wave, (v, v}, v..) is constructed system-
atically without using the sector finding algorithm.

Exercise 10.3  Using Excel, follow the instructions below:

1) Draw v, = sint, v, = sin(t — 120°), and v, = sin(t — 240°).

2) Find v, = min{vg, vy, vc}. and Vg, = max{vg, vy, v}

3) Obtain v3:q = Vmaz + Umin-

4) Let vg, = —0.503,q, and v}, = vq + Usn, U} = Up + Vs, and v, = ve + vgp.

5) Increase the amplitude of vy, vp, and v, so that the peak of v/, v}, and v, is equal
to one.

Upnnr, iy = ig — 0.5y

(b) (d)
Figure 10.16: (Exercise 10.3) Procedure synthesizing a triangular 3rd order har-
monic wave from the three phase sinusoidal waves: (a) vg, Vp, Ve, (D) Umazs Umin,
(C) V3rd = Umaz T Umins (d) UZL = Vg — 0-503rd-

Switch Utilizing Factor

We denote by v, and i, the rms values of line to line voltage and load current,
respectively. The inverter switch utilizing factor (SUF) is defined by

\/gvoio

SUF =
6Vrlr’

(10.22)
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where Vr and I are the maximum voltage and current applied to the switches,
respectively [1]. Note that the maximum rms voltages are

—=Vie, Space vector PWM.

. {%de Sinusoidal PWM
V2

Note also that Vi = V. and Ir = v/2Iy. Therefore,

SUF — % = 0.125, Sinusoidal PWM
B % = 0.144, Space vector PWM.

Note that the SUF for the space vector PWM is higher than that of the SPWM,
since the former utilizes third order harmonics.

10.2.6 Discrete PWM

Fig. 10.17 shows a typical discrete PWM (DPWM) which is characterized by the flat
peak over certain periods. It should be noted that the DPWM pattern is obtained
by adding a third order harmonic wave. Therefore, the line-to-line voltage remains
purely sinusoidal, i.e., no additional current harmonics are induced.

During the peak periods, a switch stays on. Thus, switching on and off are
not necessary. According to Fig. 10.17, the non-switching interval takes about
30%. Thereby, one-third of switching loss is saved. It cuts a fair amount of heat
generation by IGBTs or FETSs, and is useful especially when the switching frequency
is high. The discrete PWM is utilized often in home-appliances such as refrigerator,
washing machine, etc., where the PWM frequency is as high as 16 kHz due to audible
noise.

The previous DPWM shown in Fig. 10.17 is named DPWMI1. It should be noted
however that the switching loss is minimized when the current reaches a maximum in
the non-switching period. In this perspective, DPWM1 is preferred in applications
where the power factor is close to unity. Other types of DPWM can be made by
inserting flat periods in different places as shown in Fig. 10.18. The DPWM2 is
good for lagging loads near 30° such as induction motor drives. The region with
U=0 is suitable for an induction machine that operates as a generator [5].

The quality of wave form worsens due to the harmonic contents. The harmonic
factor for a voltage wave form, v = > 72 | a cos(2m fkt + ¢) is defined by

(10.23)

The HDF is nothing but the rms value of harmonics normalized by the fundamental
component. Note that the HDF is obtained as a polynomial of the modulation index.
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Figure 10.17: DPWM pattern obtained by a third order harmonic wave.

For example [6],

3(4 ? 43 [ 4 ° 9/(4 !

2 3 4
3(4 43 [ 4 9(3 9v3\/[4
HDFsyy = = =M; 43 “M; | += 3_9V3 —M; | (10.25)
2\ 7w T T 8 8 m T

The HDFs of several PWM waves are compared for 0 < M; < 1 in Fig. 10.19. In the
range of low modulation index, the SPWM and SVPWM are superior to DPWM
methods, whereas in the higher modulation range, the opposite is true.

[\)

10.2.7 Overmodulation Methods

The inscribed circle to the voltage hexagon represents the maximum voltage con-
tour that can be made without a nonlinearity [7], [8], [9]. The shaded area in
Fig. 10.20 represents the overmodulation region. If a trajectory follows a contour
in the shaded area, the fundamental voltage can be made greater than the linear
maximum. The extreme is the six step operation in which only the vertices are
utilized. The increased voltage, however, accompanies unwanted harmonics. These
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Figure 10.18: Various types of DPWM waveforms for M; = 0.9.

harmonics are different from the those in the SVM and DPWMs. They include
non-triplen harmonics, in addition to the triplen, that incur current harmonics.
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Figure 10.19: Harmonic distortion factor versus modulation index for typical PWM
methods.
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Figure 10.20: (a) Region of overmodulation between six step and maximum SVM
and (b) voltage plots versus time.

Three conventional overmodulation methods are illustrated in Fig. 10.21. The
minimum-phase-error PWM (MPEPWM) is the simplest method that limits the
reference voltage, V* to the intersection, a with a side of the hexagon [10]. This
overmodulation strategy keeps the dq component ratio. The minimum-magnitude-
error PWM (MMEPWM) is to select the voltage vector at the intersection, b with a
vertical line from V* so that two vectors have a minimum magnitude difference [11].
However, these two methods yield sluggish responses when they are used with a cur-
rent controller. As a method of improving the current response in the motor control,
back EMF was considered in the dynamic field-weakening PWM (DFWPWM) [12]:
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Point ¢ in Fig. 10.21 is an intersection with the line between the reference voltage,
V* and the back EMF, E.

V,(110)

»
L

V,(100)

Figure 10.21: Conventional overmodulation methods.

Fig. 10.22 shows Bolognani’s overmodulation technique [13]: Draw firstly a circle
with a radius of |V*|. Find an intersection with a side of the hexagon, and choose
V,* as the modulated vector as shown in Fig. 10.22 (a). If |V*| is large, then no
intersection is found. In such a case, the nearest vertex of the hexagon is selected as
shown in Fig. 10.22 (b). It offers a better linearity between the modulation index,
M; and the reference voltage, |V*| in the overmodulation range [14]. It also provides
a seamless transition to the six step operation, which is impossible with the previous
three overmodulation methods.

(@)

Figure 10.22: Bolognani’s overmodulation method.

—~
O
-~

Fig. 10.23 shows the relation between the inverter output voltage, Vi,, and
the reference voltage, V*. Both of them are normalized by V;./2. Note that the
linear region of the SPWM is [0, 1] and that of SVM is [0, 2/4/3]. Therefore, the
overmodulation starts from 2/ V3 = 1.15. All PWM methods are bounded above by
the six step operation. Thus, the upper limit is %Vdc/(VdC/Q) =4 =127 It shows

™



366 CHAPTER 10. PULSE WIDTH MODULATION AND INVERTER

1.30 o
Bolognani’s
o N
1.25 A
MMEPWM
v 1.20 - MPEPWM
Vie/2 445 |
1.10 A
1.05 -
1.00 T T T T T T 1
1.00 115 130 145 160 175 190 205

VO Ve 2)

Figure 10.23: Proportionality comparision among different overmodulation meth-
ods.

that the Bolognani’s overmodulation method is superior in the proportionality. In
addition, it reaches the six step at a relatively low V*.

10.3 Common Mode Current and Countermeasures

The harmonic energy fraction is described by the harmonic distortion factor, (10.23)
and it increases as the modulation index increases as shown in Fig. 10.19. A third
order harmonic voltage is exploited to achieve a better voltage utilization in the
SVM. Especially in DPWDMs, various types of harmonic voltages are used as shown
in Fig. 10.18. Observe that they have many sharp edges that represent rich harmonic
contents. Since they are common to all phases, they are called common mode
voltage.

Common mode voltage is also generated even in the SPWM. Fig. 10.24 shows a
sinusoidal PWM and the corresponding common mode voltage vy, between AC and
DC neutral points, where the DC link voltage is 300 V, PWM frequency is 2 kHz,
modulation index is 0.8, and the frequency of reference voltage is 100 Hz. Up-to-
date IGBTs have high switching speed, dV/dt = 200~1000 V/us. High dV/dt of
the common mode voltage is the major driving source for common mode noise. It
appears in the form of conducted current (1~30 MHz), and/or radiated emission.

The common mode voltage does not incur any current if inverter and motor
are floated. However, the motor and the inverter housings should be grounded to
provide a common voltage reference for various sensors and communication. Fur-
thermore, frame grounding is necessary for human safety. The frame grounding
makes a closed loop with the capacitive couplings. In the case of inverter, the
capacitive link is found between IGBT wafer and heat sinking plate. Meanwhile,
coil, slot liner, air gap, rotor core, shaft, lubricant film, bearing ball, bearing rail,
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Figure 10.24: SPWM: (a) comparison method with triangular wave and (b) zero
sequence voltage vy, between AC and DC neutral points.

motor frame etc. form a conductive path inside a motor. Fig. 10.25 shows the loop
of common mode current which conducts a big loop consisting of inverter, power
cable, motor, and ground system.

- -

Inverter case

5
T
1

e

Ground frame

Figure 10.25: Common mode current path during six step operation.

Common mode noise limits the control bandwidth and degrades the overall qual-
ity of control. Fig. 10.26 shows common mode current flow in motor and its equiv-
alent circuit. Apart from noise interference, the common mode voltage is critically
harmful to the motor bearing. Once voltage is sufficiently high to overcome the re-
sistance of the oil film in the bearing, the shaft (common mode) current discharges.
It causes pits and fusion craters in the race wall and ball bearings. This phe-
nomenon continues until excessive fluting noise and failure occur [15]. The common
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mode noise levels are strongly regulated by the rules of Federal Communications
Commission (FCC) in the U.S.

i i stator
housing coil otor  load

bearing \\ \1
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inverter
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bearin
E_Jm\ ‘ —|_ g

= (b)

Figure 10.26: (a) Common mode current path and (b) an equivalent circuit.

The common mode current can be suppressed by the common mode noise filter
as shown in Fig. 10.27 (a) [16]. Note that the coils of common mode inductor are
wound with the same orientation for the three power lines. As a result, no field
is induced by the differential mode, whereas a big inductance is developed to the
common mode current. So, it does not inhibit the flow of differential currents, while
causing an impedance to the common mode current. It is a method of impeding
the common mode current.

Another way of avoiding the possible damage is to provide a low impedance path
as shown in Fig. 10.27 (b). It consists of coaxial shield, RF connectors, metal cases,
and the ground system. Then, the common mode current will be bypassed through
coaxial shield and metal conduit, and to the ground. Impedance matching is made
via RF connectors between the coaxial shield and inverter case/motor housing.

10.4 Dead Time and Compensation

It is shown in Fig. 10.2 (a) that the switch current does not fall down to zero
immediately after the gating signal becomes low. This is because IGBTs have
a relatively long tail current (about 1 ps.) and the switching circuit has stray
inductances. Therefore, the complementary switch should be turned on after the
current tail disappears. Otherwise, a shoot-through phenomenon takes place. To
prevent it, a dead interval, in which both upper and lower switches are low, should
be provided for each signal transition. The dead time can be set by putting off all
rising edges of the gating signals. The dead time period depends on current tail,
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Figure 10.27: Methods of attenuating common mode noise: (a) common mode
filter and (b) coaxial cable.

dV/dt capability of IGBT, stray inductance of the switching loop, and the DC link
voltage. In the case of IGBTSs, the typical value is 2 ~ 4 pus.

Fig. 10.28 shows a method of generating the dead time and the voltage error
caused by the dead-time. When the load is inductive, the load current continues to
flow through an anti-parallel (free wheeling) diode during the dead time: Therefore,
the pole voltage (inverter terminal voltage) is determined to be either % or — VSC
depending on the current direction: If the current flows into the load (igs > 0),
the load current flows through the anti-parallel diode of lower arm. Thus, _Vch
appears at the terminal during the dead time, i.e., a negative error voltage is made,
as shown in Fig. 10.28 (a). On the other hand, if current flows out from the load
(ias < 0), the load current flows through the anti-parallel diode of upper arm. Thus,
V§lC appears at the terminal during the dead time, i.e., a positive error voltage is
made as shown in Fig. 10.28 (b).

When the current level is low, the pole voltage during the dead time is not
determined definitely. Distorted voltage and current wave forms are depicted in
Fig. 10.29. It is obvious from Fig. 10.29 that the percentage of distortion is large
when the current level is low. The distortion caused by dead time can be corrected
by adding or subtracting the dead time interval, T,;, depending on the current po-
larities: To compensate the dead time error, on-duty of high side switch is increased
by Ty, if i, < 0. Conversely, if i, < 0, then on-duty is decreased by Tjy:

T, + Ty, if i >0,
T, — Ty, if i, <0,



370

AY
7

V.2
Original
PWM . , , ;
—1 : N S
Gate signal s : : : :
with 2 P i
dead time P ! '
<]
Va2 T T
Terminal : b i
0 ==a=f---- ====r=r---- _:'_
voltage ! ! ! ‘
SV JNE Ry RS B
Dead time i i i i i E i E
voltage ™ =
error v, L |

Vil 2

AY

CHAPTER 10. PULSE WIDTH MODULATION AND INVERTER

_1;_-”_'”,..2
Original
PWM
Gate signal S, ! P i
with ; T R
dead time b o
s 1
Vo2 P i
Terminal (oI I RS R _é__
voltage | b :
'Vdc/2_'i_. ! ; i ! n_i_
Vo i1 H i
Dead time P _] b
voltage 0 "
error

(@) (b)

Figure 10.28: Dead-time effects depending on current direction: (a) i,s > 0 and
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where T, is on-duty of the upper switch before compensation. Fig. 10.30 shows the
dead time compensation method.

Original Original
PWM PWM
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With dead time PN ; With dead time
compensation ; S e compensation _|! |3 :
| Lo | : s, | |
Gate signal Sa ! H ! HE Gate signal é | l_ i i I_-
after providing after providing
dead time sa’_| |_| |_ dead time sa’_|
(a)

(b)

Figure 10.30: Dead time compensation depending on the current polarities:
(a) iq < 0 and (b) i, > 0.

Fig. 10.31 shows experimental current wave forms before and after the dead
time correction. It is observed that the dead time also causes a reduction in the
fundamental component of the output voltage, apart from distortion. In the extreme
case, the distorted output voltage generates subharmonics, which result in torque
pulsation and instability at low-speed and light-load operation [17], [18]. In the
sensorless vector control, the dead time voltage error causes a negative impact on
the low-speed performance [19]. Some dead time compensation schemes are found
in [17],[18],[20],[21].

10.5 Position and Current Sensors

In order to construct a current controller in the reference frame, the measured
current vector should be mapped into the reference frame. Therefore, the rotor
angular position and phase currents need to be measured. For position sensing,
the absolute encoder or resolver is utilized. Since absolute encoders are normally
expensive, resolvers are popularly utilized for PMSMs. However, an incremental
encoder can be used with some starting methods. For current sensing, Hall effect
sensors are widely used.
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Figure 10.31: Cwrrent distortion due to the dead time: (a) before compensation
and (b) after compensation.

10.5.1 Encoder

An incremental rotary encoder generates electrical pulses when the shaft rotates.
By counting the pulses, angular position or speed is measured. Fig. 10.32 shows
the structure of an encoder consisting of LEDs, photo transistors, and a disk with
slits. Normally, the disk is made of glass and the slits are created by etching. When
the disk rotates, flickering light is converted into electrical pulses by the photo
transistors. The voltage pulses are transmitted outside after being conditioned.
Incremental encoders output three pairs of signals: A, A, B, B, and Z, Z. The A
and B phase signals are 90° out of phase, as shown in Fig. 10.32. The signal states
are summarized in Table 10.1. The direction is determined based on which signal
comes first after resetting, (A, B) = (0, 0). If B changes from 0 to 1 while A =0,
then the device rotates in the clockwise (CW) direction. Alternatively if B changes
from 0 to 1 while A = 0, then it rotates in the counterclockwise (CCW) direction.
The ‘exclusive OR’ operation, A@B is used to increase the resolution by a factor
of 4. The disk has one slot for Z-phase, so that the Z-phase pulse arises once

Table 10.1: State diagram for encoder pulses.

Direction CW CCW
Phase | A | B | A@B || Phase | A | B | AGBB
1 00 0 1 010 0
2 01 1 2 110 1
3 11 0 3 111 0
4 110 1 4 011 1

per revolution. The Z-phase signal is used for resetting the data with an absolute
position.

MT Methods

There are two speed measuring methods. With the M-method, the speed is mea-
sured by the number of encoder pulses, m,, for a given fixed time interval, Tj.
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Figure 10.32: Incremental encoder and its signal patterns.

Suppose that an encoder resolution is Py, pulses per revolution (PPR). Then, the
number of pulses per second is mT—;" Therefore, the shaft speed, Ny, in rpm is

calculated as
60 myy,

= 1,p,

Note however that the encoder pulse width becomes wider and wider as the speed
decreases, while T is fixed. Finally, m,, will be a fractional number at a low
speed. The truncation error of m,,/Ts becomes serious at a low speed. In short,
the M-method error increases as the speed decreases.

On the other hand, the T-method utilizes high frequency reference pulses to
measure the encoder pulse width. It counts the number of pulses captured between
the rising edges of encoder pulses. Let f; be the frequency of reference pulses, and
my be the number of reference pulses captured in an encoder period. Then, m; / It
is the encoder period in seconds, and f; / my is the number of encoder pulses per
second. Therefore, the shaft speed, N; in rpm is calculated as

60 f;
N, = m).
f Ppomy (rp )

(rpm).

The T-method is more accurate in a low speed region, but becomes less accurate
with increasing speed, because m; is decreasing. Thus, it is not appropriate for high
speed measurements.

Fig. 10.34 compares the measurement errors of the M-method and T-method.
An integrated method that combines both is called the M/T-method. A syn-
chronous speed measurement method was proposed in [22].

10.5.2 Resolver and R/D Converter

Resolver is a type of angular position sensor that provides an absolute position [23].
Thus, it is suitable for PMSM control. Most resolvers consist of two parts, stator
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Figure 10.33: Speed measuring methods: (a) M-method and (b) T-method.
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Figure 10.34: Measurement errors versus speed.

and rotor without a housing. Furthermore, the rotor of such resolver is mounted
directly on the motor shaft, thereby it requires neither bearing nor shaft coupler.
Since the resolver is mechanically robust, it is used in the harsh environments such
as in electric vehicles.

Resolver is basically a transformer with a moving object, rotor. It has three sets
of windings: one is for field excitation and the other two are for signal detection. The
variable reluctance type has the exciting coil on the stator, as well as the detection
coils. The rotor of reluctance resolver has a curved surface without any winding.
On the other hand, the synchro type has an exciting coil on the rotor. Fig. 10.35
shows a eight pole reluctance type resolver. This type of resolver is favored for its
simplicity in structure and use. Note that two sets of sensing coils are placed at
different positions, and they are coupled to the exciting coils via a rotor as shown
in Fig. 10.35 (b). Then the amount of coupling between the sensing coil and the
exciting coil varies when the curved rotor surface rotates. In the following, we
assume for convenience that the pole number is 2. Suppose that a high frequency
carrier signal, Ejysinw,st is injected to the exciting coil and the rotor axis is offset
by 6, from the magnet axis of a sensing coil, namely coil X. Then the induced
voltage is X = FE sinw;st cos8,.. The other sensing coil, namely coil Y is shifted by
5 from coil X. The induced voltage of coil Y is Y = E'sinw;st sin ;.
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Figure 10.35: Reluctance type resolver: (a) stator and (b) rotor.

Fig. 10.36 illustrates the principle of the synchro-type resolver, and Fig. 10.37
shows a sample photo. It has a ring-type rotary transformer through which carrier
signal is delivered to the rotor winding without a contact. Normally an AC source
(2~8 V, 10~20 kHz) is applied as a carrier to the stationary primary coil.

Rotary transformer
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Figure 10.36: Schematic diagram and signals of a synchro-type resolver.

[

A block diagram of a resolver-to-digital converter (RDC) is shown in Fig. 10.38.
The induced voltages of the two sensing coils have the same form as in the case of
reluctance type. Fig. 10.38 shows a signal processing block diagram of a resolver to
digital converter (RDC). Let ¢ be an internal variable of RDC which is set to track
0., i.e., ¢ is a digital value which is transmitted to a digital signal processor (DSP)
as an angle estimate. As a first step, the above two signals are multiplied by cos ¢
and sin ¢, respectively. Then, we have

Eysin 8, cos psinw,st — Eg cos 0, sin p sinw, st = Eysin(f, — ¢) sin w;st.

Second, the carrier signal is eliminated by the synchronous rectification: The signal
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Figure 10.38: RDC block diagram: (a) functional blocks and (b) simplified equiv-
alent block diagram.

is multiplied by sin w,st and passed through a low pass filter:

Eosin(6, — @) sin’® w5t = Eysin(6, — @)M LPF By sin(f, — ).
2 = 2

The voltage-to-frequency (V/F) converter generates pulses in proportion to the
input voltage level. Thus, a pulse counter yields digital values. Note that the V/F
converter together with the pulse counter functions as an integrator, and these two
are symbolized by 1/s in the block diagram. Then, a closed loop is completed with
the resolver, as shown in Fig. 10.38 (b).

The PI controller is needed for loop tracking performance. Note that the input
to the PI controller will be regulated ultimately due to the integral action. In other
words, the PI controller will force sin(f, — ¢) ~ (0, — ¢) — 0. Therefore, the
convergence, ¢ — 0, is achieved.

10.5.3 Hall Current Sensor and Current Sampling

When the current flows through a semiconductor piece that is laid in a magnetic
field, the carriers (holes and electrons) experience a force in an orthogonal direc-
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tion. That force makes a carrier concentration gradient, so that a voltage appears
across the device width. The voltage is proportional to the magnet field, and this
effect is called the Hall effect. Hall effect sensors are most widely used for current
measurements, since they provide natural isolation between the measured line and
the sensing circuit.

(a) (b)

Figure 10.39: Hall effect current sensors: (a) voltage type and (b) current type.

Fig. 10.39 shows two types of current sensors. The voltage type directly utilizes
the Hall sensor voltage, v, as a measured current. But, the core material shows
nonlinear characteristics as the B field increases. Further, this method contains an
offset error due to the hysteresis loop. Thus, the voltage type current sensors have
a relatively large error (typically £1%).

The current type Hall current sensor employs an extra winding and a current
servo amplifier. The Hall sensor is used for detecting the air gap flux. If the gap
field is not equal to zero, then the servo amplifier forces current, ig,, to flow in the
opposite direction until the air gap field is nullified. Since the closed loop is formed
with a PI controller, the air gap field remains zero. In this case, ig, is proportional to
I. Here, resistor, r,, is inserted to measure ¢4,. That is, I is detected by measuring
Vgy = Tsplsy. Since the current type sensor maintains the core field equal to zero,
it is less affected by the material properties of the core. Therefore, it yields more
accurate measurements (0.1% offset error).

To implement the vector control, it is necessary to sample the current for feed-
back. However, the current changes widely even in a single PWM interval. There-
fore, the sampled value is desired to be the average value of the PWM interval.

Fig. 10.40 shows currents of symmetric and asymmetric PWMs with a current
sampling point in the middle. In case of the symmetric PWM, the center value
represents the average value. However, the middle point sampling does not give an
average value in the asymmetric PWM. Therefore, it is better to use the symmetric
PWM with the center point sampling.
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Problems

10.1 Calculate vgs[5)/Vas[1] and Vas[7)/Vas1) for six step inverter operation.

10.2 Suppose that the DC link voltage is Vi, = 300 V and that the switching
frequency is 8 kHz. Calculate T7 and 75 in the symmetric PWM to synthesis
a voltage vector, 100£30° V.

10.3 Construct a DPWM1 generator using MATLAB Simulink.
a) Construct a block module for the third order harmonic wave of DPWM1
referring to the block code, ThirdsV M in the following figure:
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b) Construct a PWM generation block and a low pass filter, —L__ where
T0S+1

T = 7.96 x 107°. Obtain the filtered PWM output and its spectrum as shown
below:
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¢) Find the common mode voltage and its filtered output. Obtain the filtered

PWM output and its spectrum as shown below: Plot the spectrum of the
common mode voltage.
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10.4 Consider a rectangular wave with zero steps.

B
i

Using MATLAB Simulink, obtain the filtered PWM output and its spectrum.
Obtain also the spectrum of the common mode voltage.

10.5 Determine a sector to which the voltage vector (vj, vy) = (=100, —=77) belongs
according to the sector finding algorithm.

10.6 Consider an inverter with DC link voltage 300 V. A bipolar PWM method is
used with 8 kHz carrier frequency. Assume further that the load is a three
phase balanced inductive load and that the dead time interval is 2 us. Cal-
culate the (maximum) relative voltage errors, AV /V when the phase voltage
is 10 V and 100 V, and the current flows into the load.

10.7 a) Using MATLAB, construct a triangular wave by integrating a rectangular
wave of amplitude +0.5 and period Ts; = 125 us. Find spectrum of the
triangular wave.

b) Note that the square wave is expressed as

2 o= 1 2
II(t) = — Z - sin (gn) sin <n%t> .

s

Find the Fourier coefficients of

=(t) = /O TI(¢) dt

and plot them for 1 < n < 30 with Ts = 125 us. Check whether it is the same
as the spectrum obtained in a).

10.8 Consider a 1000 pulse/rev encoder. Calculate the maximum speed error
(AN /Ny) when the M-method is utilized with 100 Hz sampling (T = 20 ms)
for Ny = 10 and 100 rpm.

10.9 Consider a resolver that has two inputs and one output as shown below.
Suppose that 1 = Esinw,st and EFy = FEcosw,st. Referring to the rotor
angle, 6, defined in the figure, determine the output function.
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Chapter 11

Basics of Motor Design

Quality factors of motor include high torque and power density, low torque ripple,
high efficiency, low noise and vibration, robustness, low cost, etc. It is not easy
to meet all of the quality factors, because many of them are incompatible with
each other. Motor design is a very complex and time-consuming task, because the
designer should consider electro-magnetics, material properties, thermal behavior,
noise and vibration, insulation material, motor control issues, limitations of power
electronics, etc.

The motor generates an adjustable traveling magnetic wave. To create a com-
plete traveling wave, the stator and rotor MMFs must be sinusoidal in time and
space. However, these ideals are hardly fulfilled in practice due to manufacturing
complexity, power density, material cost, etc. Thereby, motor designers compromise
incessantly between the required specifications and actual limit.

11.1 Winding Methods

Multiple slot structures are utilized to create a sinusoidal MMF. By using a large
number of slots, the MMF can be brought closer to a sine wave. Fig. 11.1 shows
a case of four slots per pole per phase. Specifically, the a-phase winding consists
of four pairs (a1, a}), (a2, a}), (a3, a4), and (a4, aly) with full pitch. By the super-
position law, the resulting MMF increases and decreases gradually with steps.

Figure 11.1: Superposition of MMFs of distributed windings (¢ = 4).

385
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It is desired to maximize the fundamental component while minimizing MMF
harmonics. Distributed and concentrated windings are differentiated by the number
of slots per pole per phase: Specifically, let

q_mx2p’

(11.1)

where m is the number of phases, p is the number of pole pairs, and N, is the
number of stator slots. If ¢ > 1, then the coil span is larger than one slot pitch, and
the winding method is called distributed winding. On the contrary if ¢ < 1, each
coil wounds a single tooth. It is called non-overlapping concentrated winding, or
simply concentrated winding. Fig. 11.2 shows photos of distributed and concentrated
windings.

(a) (b)

Figure 11.2: Photos of stator windings. (a) distributed winding and (b) concen-
trated winding.

According to the end turn, there are two types of the distributed windings:
Fig. 11.3 shows top views of lap and concentric over-lapping windings. In the lap
winding, coil loops are identical with a regular coil head. But in the concentric
winding, coil spans are different. However, MMFs are the same in both cases, since
the MMF is not affected by the end turn but by the active side of the coil in the
slots. Nevertheless, the coil resistance is proportional to the total length of the coils.
Evaluation points are

. mass of copper which affects the cost;

. ohmic voltage drops;

. cooling,

. simplicity in coil insertion and forming.

=~ W N~

Fig. 11.4 (a-1) and (a-2) show two six slot machines: Note that the motor shown
in (a-1) has Ny = 6 and 2p = 2, thereby ¢ = 1 leading to a distributed winding.
On the other hand, the motor shown in (a-2) has Ny = 6 and 2p = 4. It has
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Coil span W
% / end turn \
S N S S N S
AN S

11 N I S ]

pole pitch T
(a) (b)

Figure 11.3: Top view of flattened state windings (¢ = 3): (a) consequent-pole lap
winding and (b) consequent-pole concentric winding.

the conventional 3 teeth/2 pole structure. The coil winding is concentrated since
g =0.5 < 1. Fig. 114 (c-1) and (c-2) show the MMF's when only the a-phase current
is flowing. However, these are unrealistic since it is not possible to conduct only
a single phase in the three phase machine. On the other hand, it is necessary to
consider (iq, iy, ic) = (I, =31, —11), (31, 31, —1I), (%1, I, —31), (-1, I, 1D),
(—%I, —%I, I), and (%I, -1, %I), where the sum of the phase currents is zero.
Fig. 11.4 (d-1) and (d-2) show the MMF sums at a time when a three phase current
flows, (iq,ip,ic) = (I,—1/2,—1/2). Fig. 11.4 (e-1) and (e-2) show the spectra of the
MMF sums, from which it is necessary to see that multiples of third order harmonics
disappear. This observation can be generalized to all three phase machines, i.e., no
triplen harmonics appear in the three phase system.

Note further that if there is a half symmetry, even harmonics do not appear.
Otherwise, even harmonics are present. The half symmetry of a periodic function
is defined by F(z) = —F(% — z). Note that the MMF of the concentrated winding
shown in Fig. 11.4 (d-2) does not have the half symmetry. Thus, even harmonics
are present as shown in Fig. 11.4 (e-2). Harmonic components are:

v = 1,2,®,-5,7,63,00,--- for concentred winding,
v = 1,-5,7,—11,13,--- for distributed winding.

Note that ¢ = 0.5 for motors of Ny/2p = 6/4, 9/6, 12/8, 15/10, 18/12, 21/14, etc.
Fig. 11.5 shows a photo of a concentric four pole - six slot motor.

11.1.1 Full and Short Pitch Windings

The pole pitch is defined by 7, = 7D, /2p, where D, is the rotor (air gap) diameter.
The coil span is often called coil pitch and denoted by W. If W = 7, the winding
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sum |_|

0123456 7 8 9 1011121314151617

(e-1)

A1

A+ A- B+ B- C+ C-

(b-2)
MMF,
] I
(c-2)
MMF,,
(d-2)

0.5

04

0.3

0.2

0.1

0123456 7 8 9 1011121314151617

(e-2)

Figure 11.4: Overlapping and concentrated windings: (a) motor slots and windings,
(b) winding diagrams, (¢) MMFs when only a-phase current flows, (d) MMF sums
for (ia, iy, ic) = (I, =31, —%I), and (e) harmonics for MMFs in (d).

is full pitch. Otherwise, the winding is called short or fractional pitch winding. The
flux linkage can be maximized with the full pitch winding.

Coil layers are classified according to the number of coil sides in a slot. If only
one coil is inserted in each slot, it is called single layer. With the double layer,
both short and full pitched windings are feasible. Fig. 11.6 (a) and (b) show short
(W/1, =5/6) and full pitch windings when ¢ = 2, respectively. The MMF of each
loop is different, but the sums are the same as shown in Fig. 11.6 (c). The reason
is that the MMF depends only on the active sides, not on end-winding connections.
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Figure 11.5: Photo of a four pole - six slot motor with concentric windings having
g =0.5.

Note that the sum has a step (zero interval) at each transition. Such steps help
to reduce the harmonics. However, the improvement is offset by a decrease in the
fundamental component.

>e®
o
L—>5®
\
©

+a

| | MMF(each coil) ' | MMF (each coil)

| | |
(@) MMF sum _ (b)

-

2
I'I
2
N |
.

k1S

‘% W

(c)

Figure 11.6: Two different windings for ¢ = 2: (a) short pitch (W/7, = 5/6), (b)
full pitch, and (¢) MMF.

Pitch Factor

Consider a case where W < 7, shown in Fig. 11.6 (c). The pitch factor is defined
for each harmonic component by comparing it with the corresponding harmonic
coefficient of the square wave. Specifically, the v*" pitch factor, kp(y is defined by
the Fourier series expansion:

F(z)=—-— Z ;kp(l,) cos —. (11.2)
1
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The Fourier coefficient for the MMF shown in Fig. 11.6 is equal to

4 1 1 [
—kpoy = 2X — F(x) cos <V£:E> dx
TV Tp Jo Tp
1 (% NI ™ 41 [ 7W
= 4x — —cos|v—zx |dr=——sin|v=—
»Jo 2 Tp TV 27,
Therefore,
. W
kp(v) = sin (VT—p 5) . (11.3)

Note also that k,,) = £1 in the full pitch case, (2.4). Table 11.1 shows the pitch
factors for W/, =1, 2/3, and 5/6.

Table 11.1: Pitch factors for W/7, =1, 2/3 and 5/6.

v 1 5) 7 11 13
kp) for W/m, =1 1 1 -1 -1 1
kp() for W/m, =2/3 | 0.866 | -0.866 | 0.866 | -0.866 | 0.866
Ky for W/t, =5/6 | 0.966 | 0.259 | -0.259 | -0.966 | -0.966

MMF spectra can be obtained with the discrete-time Fourier series, (2.37) and
(2.38). The MMF spectra of full pitch and W/7, = 5/6 are compared in Fig. 11.7.
Observe that the 5" and 7% components are reduced significantly with the frac-
tional pitch. Further note that the harmonic decrease is achieved at the expense of
reducing the fundamental component.

0.2
0.1 II
. Il sam

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Figure 11.7: Harmonic analysis of two square MMFs: (a) 5/6 pitch winding, (b)
full pitch winding, and (c) harmonics.
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The same Fourier coefficient is derived differently using an MMF sum with a
shifted one as shown in Fig. 11.6 (b). Two full pitch windings are displaced by
i%m. Then, we can derive the same pitch factor such that

1 — VVC 1 - Wc
5 s <u£(w - TPT)> + 5 cos (uz(x + TPT)>

Tp Tp
1 W, 1 %%
= —sin 1/7r(£ + —°)) — =sin 1/7r(£ - =)
2 T, 2T 2 T, 2T
z . T W,
=cos |vr— |sin|(v=—].
Tp 27
The harmonic leakage factor oy, is defined as
o=k
n = > o (11.4)
Pl y=2

It is the ratio of the high order components to the fundamental in power.

Exercise 11.1 Determine the pole number, the number of slots per pole per
phase, and W/, for the motors shown in Fig. 11.4 (a-1) and (a-2).

Exercise 11.2 Consider the short pitch (W/7, = 5/6), multi-layer winding
shown in Fig. 11.8. Obtain the pitch factor using the discrete Fourier series expan-
sion (2.37) and (2.38).

] [@ @ (@ ©
® |® ©| |®| ® |®
——
|<—l'|'.. 4>|
MMF ( each coil)

MMF (sum) 1
|

0’ L X
Figure 11.8: (Exercise 11.2) MMF for a short pitch winding for ¢ = 2 and W/7, =
5/6.

Exercise 11.3  Calculate the pitch factor, k,; for the MMF for ¢ = 1/2 shown
in Fig. 11.4 (d-2).
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Sol. The fundamental component is equal to

—kp - =

———cosfdf — — ———cosfdf = ——— y°
T 32 32 32 32

T ) T 2

4 NI 2/§4N1 2/2“21\71 2NI<4\/§+2\/§>
0

Thus, ky = 2 = 0.866. ]
Exercise 11.4  Show that o, = 0.46 for a machine with ¢ = %

Exercise 11.5  Consider the MMF shown in Fig. 11.4 (d-1). Let I = 100 A
and N = 6. Calculate the peak air gap field density, B when the gap height is
g = 0.5 mm.

Distribution Factor

The slots are distributed over a curved section in the cylindrical machines. In a
machine with ¢ > 1, MMF vectors of individual coils are not aligned. Thus, the
total MMF is not a simple algebraic sum. Fig. 11.9 shows a group of coils and their
vector sum for ¢ = 3. The electrical angle difference between the coils is

2p 27w

— = —. 11.5
2 2pmq  mgq ( )

It is seen from the diagram that the vector sum is smaller than the sum of individual

2r r.'.'ll\

Figure 11.9: Coil distributed along an arc for ¢ = 3.

vectors. The reduction is represented by a distribution factor,

sin(%)

q-sin(57-)
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For the v* order harmonic,

. sin()
dwv) — 4. sin(527-)
For example, the distribution factor for a motor of 2p = 8, ¢ = 2, and m = 3 is
equal to
sin(g)

kg = —7—
d 2 - sin({5)

= 0.966 .
The winding factor is defined as a product of the pitch and winding factors:
kuw@) = Kp)  Kaw) -
The distribution factors for ¢ = 3 are listed in Table 11.2.

Table 11.2: The distribution factors for ¢ = 3.

v 1 5 7 11 [ 13
k() for ¢ =3 0.960 | 0.218 [ -0.177 | -0.177 | 0.218

Exercise 11.6  Calculate the winding factors of an eight pole - 48 slot motor for
harmonic numbers, v =1, 5, 7.

11.2 MMF with Slot Openings

Previously, the MMF are calculated based on the assumption that coils are located
at discrete points on the inner surface of stator core. Thus, the current is modeled
as a delta function in the space. In the normal machine, coils are inserted in the
slots of stator core. To give a more realistic modeling, it is assumed here that the
coils are concentrated at the location of slot openings, and that the stator core has a
uniform cylindrical shape. Then, the current is modeled as multiple current sheets
attached on the inner surface of cylindrical core. This modeling approach is valid
if the core permeability is infinite.

Fig. 11.10 (a) and (b) shows a stator with slot opening width, by and an ap-
proximation with current sheets. The core is assumed to be infinitely permeable.
Let R, be the inner bore radius of stator, N,; the number of turns per phase, p the
number of pole pairs, and ¢ a phase current. Then, Npnt
pole per phase.

The current sheet can be modeled as a square function with a narrow width, bg
Nppi

is the ampere-turns per

and height, + T such that
Npyni T, b T, by
. F-B<e<til
K@= o5 -3-%<0<-%+% (11.6)

0, otherwise ,
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Figure 11.10: (a) Stator with slot openings and (b) an approximation with current
sheets.

where z is the arc length along the stator bore. The MMF is obtained by

F(z) = /K(x)dw (11.7)

The current sheet is depicted in Fig. 11.11 (a), and its corresponding MMF is shown
in Fig. 11.11 (c). It is different from the delta-function modeling that results in a
square MMF. Note that the MMF has slanted slopes in the slot opening region.
It needs to be compared with a square MMF' caused by delta functions shown in
Fig. 11.11 (b) and (d). Using (11.6), the MMF with slots is expanded as a Fourier

Kiwh Kia)

Figure 11.11: (a) Current sheet with slot opening, (b) current sheet as by — 0,
(¢c) MMF for (a), and (d) MMF for (b).

series [1], [2]

F(z) = Zau cos(uj—px), (11.8)
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where
7 T
a, = 2X2x— F(z)cos(v—x)dx
Tp Jo Tp
T bg p
4 Noi p_ 20 2 P
= Zoxent / P cos( x)dr — — ’ <x - T—p) cos(ula:)da:
Tp 2p 0 Tp bo b 2 Tp
4 Nppi 2 < T >2 bo s
= — X —(—) cos | v—m —v=
T, 2p bo 27, 2

4Nphi1(, ) 17, 2 . bo ™
= — — (sinv—=) | ——=——)sin | v——
T 2p v 2 v by 27,

Let the slot opening factor defined by

7 bo
. oomy SRy
KSO(V) = (SIHV§> 1/175_0 (119)
™ 2

Note that sinv§ = 0 or 1. Especially, it is equal to zero whenever v is even number,
i.e., even harmonics do not appear for MMF with the half symmetry. Then,

Nyt 4 1 T
F(z) = 22— -K —x). 11.10
(x) o T Vlz?;E)m U so(v) COS(I/Tp.%') ( )
Note that K, is a sinc function and blimO]K SO(,,)\ = 1. Therefore, as the slot
0—>

opening reduces to zero, then the MMF converges to the square MMF. Comparing
(11.2) with (11.10), it is observed that the general pitch factor, &, is just replaced
by the slot opening factor, K,,). As the opening becomes large, the peak of

MMF is reduced by the factor of [K,,)[. The fundamental component is shown

Nph 4Kso(1) With the

in Fig. 11.11 (c) as a dotted cosine curve with amplitude,
stator bore radius, Rg, it is expressed equivalently as

siny 2%
Rs 2
Koo) = —5 0 (11.11)

I/Rs

TRs

since 7, = » . Note also that v bo = vpAg, where A, = 2R . In terms of angle,
a = Rgx the MMF is expressed dlfferently as

7, Nppid 1 /. x\ sinvpA,
Fla) = —2_ 2okt _E:_(‘ _>7 S(vpa). 11.12
() R, 2 nley sinvg oA cos(vpa) ( )

Let the winding factor with slot opening defined by

kw(y) = KSO(I/)kd(I/)' (1113)
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The MMFs of phase coils are equal to

F.(z) = 2;91&77 Z — k(1) cos( 1/— ) (11.14)
Nppip 4 1- T 27
Fy(z) = ;—p; Z ~ k() cosv(—a — =), (11.15)
p P
Nppic 4 1- T 47
F.(z) = ;p = Z ka(,,) cos 1/(7_—30 - E) (11.16)
P

11.2.1 MMF with Current Harmonics

Since the current is controlled by the pulse width modulation (PWM), the current
contains PWM harmonics. Furthermore, inverter nonlinearities such as switch on-
drop and dead-time cause additional harmonics. The three phase currents carrying
harmonic components are represented with the harmonic number, n as

lg = Z \/iles(n) cos n(pwyt), (11.17)

2
i, = Z\/_ rms(n) COST (pwrt - g) , (11.18)

4
e = rms it —— | 11.19
i Z V2I (n) COSTL (pw 3 > ( )

where w, is the rotor mechanical speed. The time harmonic order is denoted by n.
In contrast, the space harmonic order is denoted by v. It is assumed that all the

harmonics contained in 44, i, and ., are shifted equally by 120° in electrical angle.
Then, the MMF’s are

4 N, = = Ky
F,(z) = ;Q—Zh\/izn: ITmS(n)zy: ®) cos n(pw,t) cos <1/7_1pm>, (11.20)
4 Ny Fuw)

oo oo
27 m 27
Fy(x) = ;%\/52 ITms(n); cosn(pwrt — ?) cos 1/<gx - §>, (11.21)

F.(z) = éNph /5 2 : rms(n) i @ cosn(pwrt — 4%) cos I/<1x — 4%) (11.22)

T 2p Tp
Note that
4 N,
220k /3~ 0.9N,,. (11.23)
T 2
From the cosine law it follows that

s 1 s 1 s
cos(npw,t)cos | v—zx | = = cos | npw,t + v—zx | + = cos | npw,t —v—zx |,
Tp 2 Tp 2 Tp
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2m s 2m

cos | npwyt —n— | cos | v—x — v—
3 Tp 3

i

us 2m
+ —cos <npwrt —v—x+ (v— n)?> ,

Tp

N —

1 - T ( n )2
= —cos | npw v—xr— (v+n)—
2 Per Tp 3

cos <npwrt — n4—7r> cos (1/130 — 1/—
3 3
1
2%

npw,t +v—=x V+7’L —|— COS | npw. v—x + (V n .
per Tp 3 2 per Tp 3

The MMF sum, Fyy,(z) = Fo+ Fp+ F, is separated into two groups: the positive
and negative sequences. Let us define M, (z) and M,, (x) by for each harmonic
order, v and n:

(Positive sequence)

1 2 4
M} (x) = 3 {1 + cos(v — n)g + cos(v — n)%} Cos (npwrt - 1/1$> ; (11.24)
Tp

(Negative sequence)

1 27 4
M, (z)= 1+ cos(v + n)— + cos(v +n)— T cos npwyt + vz, (11.25)
2 3 3 Tp
Therefore,
3 s
5 cos nwt—y—m>, v—n=3m
My, = ( Pt = (11.26)
0, v—n#3m.
Likewise,
3 us I
£ cos nwt—|—1/—m>, v+n=3m
Mo =12 ( peort TV, (11.27)
0, v+n#3m.

Summarizing the above, it follows that

Harmonic numbers | Positive seq: M.} Negative seq: M,
n+v#3m 0 0
n—v=23m 3 cos(npw,t — I/%.’E) 0
n+v=3m 0 3 cos(npwyt + I/Tlpl’)

Excluding even and triplen order harmonics, it follows that v = 1,5,7,11,13, ---.
The same is assumed to be true for the time harmonics. Note also that n — v = 3m
and n+v = 3m/ cannot be satisfied simultaneously. It can be proved by way of con-
tradiction: Assume that they are satisfied at the same time. Then, 2n = 3(m +m/)
or 2v = 3(m’ —m), i.e., either n or v is a multiple of 3. It contradicts the fact that
neither v nor n is a multiple of 3. Therefore, either positive or negative sequence
takes place exclusively for each (v, n).
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Now, let n = 2k+1 and v = 2k’ +1. Then, in order to give nontrivial solution it
should follow that n+v = (2k+1)+(2k' £1) = 2(k+k')£2 = 3m, or 2(k+k") = 3m.
Also,n—v=(2k+1)— (2K +£1) =2(k — k') = 3m or 2(k — k') + 2 = 3m. This
means that m is a multiple of 2, and n £ v’s are multiples of 6. Thus, we may let
n+v =6c and n —v = 6¢” for some integer, ¢ and ¢’. Table 11.3 shows harmonic
components constituting nonzero positive and negative sequences for v, n < 30.
The corresponding grid of harmonic numbers is shown in Fig. 11.12. Note also that
the lines of positive and negative sequences do not intersect at integer points.

Table 11.3: Harmonic components constituting positive and negative sequences for

v, n < 30.

Negative sequences Positive sequences

for (v +n =6¢) for (v —n =6c")
AN w,n)
11(1,5), (1,11), (1,17), (1,23), (1,29), | (1,1), (1,7), (1,13), (1,19), (1,25),
5 1(5,1), (5,7), (5,13), (5,19), (5,25), |(5,5), (5,11), (5,17), (5,23), (5,29),
71(7,5), (7,11), (7,17), (7,23), (7,1), (7,7), (7,13), (7,19), (7,25),
11 |(11,1), (11,7), (11,13), (11,19), (11,5), (11,11), (11,17), (11,23), (11,29),
13 (13,5), (13,11), (13,17), (13,1), (13,7), (13,13), (13,19), (13,25),
17 (17,1), (17,7), (17,13), (17,5), (17,11), (17,17), (17,23), (17,29),
191 (19,5), (19,11), (19,1), (19,7), (19,13), (19,19), (19,25),
23 1(23,1), (23,7), (23,5), (23,11), (23,17), (23,23), (23,29),
25 | (25,5), (25,1), (25,7), (25,13), (25,19), (25,25),
29 | (29,1), (29,5), (29,11), (29,17), (29,23), (29,29),

Therefore, it follows from (11.20)—(11.22) that the MMF excited by the har-
monic current is expressed as

Fsum(x) = 0 9 ph Z rms ’I’L Z

v#2k,3k

N, > I Ey
— 1.35-2h Z MCOS(prrt—VEQZ>

P 1% Tp

ol

(M (2) + My, ()

v—n=6¢"

Ny, - Irms(n)kw(y) m
+ 1.35—22 Z ——————cos <npwrt + V—x) . (11.28)

1% T)
v+n=6¢’ p

Summary

e There are number of winding methods in the distributed winding: short and
full pitch, single and double layers. However, the MMF is determined only by
the arrangement of coil active sides, independently of end-turn configuration.

e The pitch factor is the ratio of the MMF harmonic coefficient to that of the
square MMF'.
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Figure 11.12: Harmonic number combinations, {(v, n)} for positive and negative
sequences.

e If there is a half symmetry in the MMF shape, no even harmonic component
exists. No triplen harmonics exist in the three phase system. Therefore, the
MMF harmonics exists for v = 6k=+1: The harmonic components of v = 6k+1
create positive sequences, whereas those of v = 6k — 1 negative sequences.

e The MMF harmonic traveling speed reduces as the space harmonic order, v
increases.

e The slot opening effect can be counted by replacing normal pitch factor, k,
by the slot opening factor, K,, which is a sinc function. Kj, converges to k,
as the slot width decreases.

e When there are time harmonics in the current, both positive and negative
sequences take place.

Exercise 11.7  Find the MMF with the space and current harmonics for
v, n < 19.

Solution.

N, _ _
Foum = 1.357ph I1kyy1y cos p(0 — wrt) + Irky1) cos p(0 — Tw;t)

+ Ii3ky(1) €08 p(0 — 13w, t) + Isky,(z) cos p(50 — buwit)
+ Ii1ky(s) cos p(50 — 11wy t) + Iiky(r) cos p(70 — wit)+

+ I5Ew(1) cos p(0 + bw,t) + Illl?:w(l) cos p(0 + 11w, t) + Ile(5) cos p(5pf + wyt)
+ Itk (s) cos p(50 + Tw,t) + Tizky,5) cos p(50 4 13w, t)+
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Table 11.4: Harmonic components constituting positive and negative sequences for

v, n < 19.
M, #0 for (v+n=6/) M} #0 for (v—n=60")
v (v,n) (v,n)
T 5), (LI, 1), (L7), (L13),
5 1 (5,1), (5,7), (5,13), (5,5), (5,11),
71 (7.5), (7,11), (7,1), (7,7), (7,13),
11| (11,1), (11,7), (11,13), (11,5), (11,11),
13 | (13,5), (13,11), (13,1), (13,7), (13,13),

11.3 Fractional Slot Machines

Fractional slot machine refers to the machine with lower slot number such as ¢ < 1.
Then, the winding turns out to be a concentrated winding around a single tooth. It
is a very attractive feature in the manufacturing, since the winding can be done with
a simple needle winding machine. Further, high slot fill factor can be achieved by
orderly winding. Alternatively, the stator can be easily manufactured by assembling
tooth segments after winding each piece separately. The fractional slot design is
widely used in high pole high torque machines [4]—[8].

11.3.1 Concentrated Winding on Segmented Core

If the coil span is equal to one tooth pitch, each winding will be concentrated over
one tooth. The required condition for concentrated (non-overlapping) winding is [3]

Npn

P, 11.29
GCD(Nyy, 2p) (11.29)

where Ny, is the number of coil turns per phase, m is the number of phases, and k
is an integer.

Fig. 11.13 shows a schematic drawing of concentrated winding over a core seg-
ment and a photo of the stator assembly. Each segment has a single tooth and a
dovetail in the back iron, so that it can be assembled to be a circular stator. Since
the coil can be wound separately before assembly, it can be neatly wrapped in a
free space with a linear winding technology. Thus, the slot fill factor is higher than
the case of normal coil insertion. In addition, the winding equipment cost can be
reduced.

The slot liner and slot key are normally used to strengthen the isolation and
protect the coils from mechanical abrasion. Further, the slot liner serves as a guide
for inserting the coil. The lubricious surface facilitates coils to slide well into the
slot. However, it reduces the slot fill factor, which is defined as the ratio of copper
section to the entire slot area:

Td’n
4

fs="5— (11.30)
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where d is the coil diameter without the varnish layer, n is the number of coils in the
slot, and S is the slot area. In general, the fill factor depends on the coil type and
coil arrangements. Normally, random wiring with round wire results in a poor fill
factor in the range of 35 ~ 45%. In order to achieve higher fill factors, rectangular
or flat wire needs to be used.

Dove tail

Slot key

(@)

Figure 11.13: (a) Concentrated winding over a core segment and (b) a stator
assembly for 16 pole motor (Hyundai Motor Company).

A high slot fill factor is a key element in the realization of high power density
motor. Another big advantage is that the concentrated winding has a very short end-
turn length. The end turn only increases the coil resistance and leakage inductance,
and does not contribute to torque production. Consequently, motor efficiency can
be improved by shortening the end turn. Core segmentation is suitable for pancake
type motors that have short stacking lengths with a large bore radius. Due to
the non-overlapping nature, the mutual inductance is almost zero. Thereby, the
concentrated winding increases the fault tolerance if the inverter fails.

But the motors of concentrated winding have some disadvantages: Large MMF
harmonics cause eddy current losses in the rotor PMs [9], which often lead to demag-
netization. Specifically, a great danger is the sub-order harmonics that penetrate
deeply into the PMs. In general, the thicker magnet is utilized to avoid demagne-
tization. Further, a large effective air gap is required to reduce the torque ripple.
Therefore, concentrated winding works with surface mounted PM rotor, not with
the embedded type. As a result, the concentrated winding motors have generally
a low power density since the reluctance torque is not utilized effectively. Finally,
the segments generate a high audible noise. To reduce it, the assembled core should
be pressed firmly through an outer ring. Some pros and cons of distributed and
concentrated windings are summarized in Table 11.5.

11.3.2 Feasible Slot-Pole Number Combination

A large winding factor is desired in order to maximize the torque density. Thus,
the coil-pitch needs to be close to the pole-pitch as much as possible. Theoretically,
Ng = 2p £+ 1 yields the highest winding factor. Typical examples for three phase
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Table 11.5: Comparison of concentrated and distributed windings

H Concentrated Windings ‘ Distributed Windings
End turn length short non-overlapping long overlapping
Slot fill factor high (0.5 ~ 0.65) low (0.35 ~ 0.45)
Copper loss small large
Working harmonic higher order fundamental
MMF harmonics large small
Even harmonics present absent
Saliency ratio small large
Power density relatively small large
PM loss large small
PM usage large small
Suitable PM location surface or slightly imbedded | surface or interior
Convenience in winding || easy complex
Mutual inductance small large
Fault tolerance high low

machines are Ns/2p = 3/2, 3/4, 9/8, 9/10, 15/14, 15/16, 21/20, 21/22, etc. Those
slot-pole combinations are good for low cogging torque, since LC'M (N, 2p) is large.

On the other hand, the greatest common denominator, GC'D(N,,2p) indicates
a structural periodicity between stator and rotor. A large GCD is desired for low
noise and vibration. However, the machines with Ny = 2p 4+ 1 have the lowest
GCD(Ng,2p) = 1. In such a case, unbalanced magnetic pull takes place, i.e., the
rotor experiences fluctuating magnetic pull during rotation [10], [11]. It should be
avoided since the unbalanced magnetic force causes excessive acoustic noise and
vibration, reducing the bearing life.

Hence, the second alternative goes with Ny = 2p £ 2; In three phase ma-
chines, N, /2p combinations are 6/4, 6/8; 12/10, 12/14; 18/16, 18/20; 24/22, 24/26,
etc [12]. Of course, those machines do not have the unbalanced magnetic force since
GCD(Ng,2p) > 1. For a balanced three phase machine, typical N,/2p combinations
are listed in Table 11.6.

Star and Winding Diagrams

The star of slots is a vector representation of the EMF's that could be induced in the
coil. The star diagram was developed for coil design of fractional-slot motors [5]. It
provides a systematic method to determine coil in and out and shows how the EMF
vectors are constituted from each coil sides. Further, it can be used to calculate the
distribution factor. A vector is assigned to each coil in a slot, and is called a slot
side vector. The slot side vectors form a spoke of the star diagram, and the EMF
of phase winding.
Let

t = GCD(N,, p). (11.31)
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Table 11.6: Slot-pole combinations for three phase motors [13].

Distributed Windings

Number of slots (Ns) |6 | 9|12 | 15| 18 |21 | 24 | 36 | 48
21 2 2| 2| 2] 2] 2| 2| 2
Number of Poles (2p) 41 41 4] 4] 4| 4| 4| 4
10| 6] 8| 8| 6] 8
8 10| 8110

Concentrated Windings
Number of slots (Ns) |6 | 9|12 | 15| 18|21 |24 | 36 | 48
41 6| 8 12 20 | 30 | 38
8| 81|10 14 221 32| 40
Number of Poles (2p) 12 | 14 16 96 | 38 | 44
16 20 42 | 52

Figure 11.14: Star diagram and coil arrangements of 9 slot-8 pole motor: (a) star
of coil sides, (b) phase EMF vectors, and (c) coil arrangements.

Then the star diagram is characterized by N/t spokes, and each spoke is composed
of ¢ slot side vectors. The motor winding is feasible only when % is an integer,
where m is the number of phases. The electrical angle between two adjacent slots
is a=27p / Ng.

Let us consider two 8 pole motors with different slot numbers, Ng = 9 and N, =
12. Note that t = GCD(9,4) = 1 for the 9 slot motor, and t = GCD(12,4) = 4 for
the 12 slot motor. Therefore, the numbers of spokes are 9/1=9 and 12/4=3, and
the electrical angle increase over a slot is &« = 2w x4/9 = 160° and 27 x4/12 = 120°,

respectively. Thereby, the 9 slot-8 pole motor has 9 vectors:
Elzl, E2:€j7’ Ty Egzejgx%r.

The phase EMF vectors are formed by grouping the spokes in the opposite sec-
tors after dividing the complex plane into 2m sectors. Fig. 11.14 shows spokes, phase
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(a) (b)

Figure 11.15: Star diagram and coil arrangements of 12 slot-8 pole motor: (a)
phase EMF vectors, and (b) coil arrangements.

EMFs, and coil allocation of 9 slot-8 pole motor. In summing the vectors polarity
should be considered with the signs. For example, the a phase EMF is constituted
by adding the spokes belonging to the shaded area shown in Fig. 11.14 (a):

V,=E; — E; — Eo.

Note that the plane should be divided by 2m = 6 sectors in the case of three phase
machines, and that the vectors, E; and Eg, belonging to the opposite sector, are
added with minus sign. Fig. 11.15 shows phase EMFs and coil allocation of 12
slot—8 pole motor. It has 3 spokes, 120° advance, and all components are added
with positive signs. The phase EMFs are aligned naturally with the spokes.

Steps of drawing the star and the corresponding winding diagrams are summa-
rized in the following.

1. Assign numbers, i = 1,2,3,--- N; to slots sequentially.
2. Define the slot side vectors such that

E; = /(1) for i=1,---,8.

3. Divide the complex plane into 2m sectors of equal angle. Form a
phase EMF by adding up the slot side vectors in a pair of two opposite
sectors. Assign signs to each slot side vector in a way that the EMF
magnitude is maximized.

4. For each slot choose coil ‘in” and ‘out’ depending on the sign of slot
side vector in forming the phase EMF. Draw the coil layout.

Fig. 11.16 shows star diagram, winding arrangements, and coil layout for a 12
slot—10 pole motor. Note that the electrical angle between two adjacent slots is
a = % = 150°. The vectors in opposite sectors are grouped into a phase
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Figure 11.16: (a), (b), (c) Single and (d), (e), (f) double layer windings of 12
slot—10pole motor: (a),(d) star diagram and phase EMFs, (b),(e) winding arrange-

ments, and (c),(f) coil layout.
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EMF. For example, the a-phase EMF is made as V, = E; + EFg — F» — E7 by
assigning outward direction to slots 1 and 8 and inward direction to slots 2 and 7.
From the vector sum shown in Fig. 11.16 (a), a pitch factor can be evaluated as
k, = 4cos15°/4 = 0.966. The 12 slot 10 pole motor can also have a single layer
winding as shown in Fig. 11.16 (e). Based on it, the coil layout can be drawn as
shown in Fig. 11.16 (d). Not that the teeth are wound alternately. With such a
winding, the mutual inductance between the phases is almost zero [14], meaning
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that each phase is essentially magnetically isolated. The zero mutual inductance
is good for fault-tolerance [15], since a failure in a phase affects little to the other

phases.
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Figure 11.17: MMFs of 12 slot—10 pole motor: (a) single phase conduction and (b)

three phase current (iq,dp,4.) = (I, —%, —%) conduction and the MMF spectrum.

Fig. 11.17 shows MMF of a 12 slot—10 pole machine for a single phase conduction
and a three phase conduction, (iq,p,i.) = (I, —%, —%) It should be noted that the
5" is the main (fundamental) component. There also exists a first order component,
appearing as dotted line in Fig. 11.17 (a).

MMF's of other fractional motors are shown in Fig. 11.18. Each of them displays
MMEF for a single phase conduction and its harmonic components. Therefore, triplen
harmonics exist. Note that even harmonics exist for odd numbered slots. Note that
q = 3/8 for 9 slot—8 pole motors, in which the 4" order harmonic is a working
harmonic and the first and second ones are the two sub-harmonic field waves. Note
also that 18 slot—16 pole machine is a duplicate of 9 slot—10 pole machine. However,
magnetic pull is not developed in 18 slot—16 pole machine due to even slot number.
The working harmonic is 8", while the 2"® and 4" are the subharmonics.

Exercise 11.8  Draw the MMF, F(z) waveform for a 18 slot—16 pole machine
when (iq,ip,ic) = (I, —%,—1%). Find the spectrum using (2.37) and (2.38). Check
that the MMF and spectrum are the same as those in Fig. 11.19:

11.3.3 Torque-Producing Harmonic and Subharmonics

The first order component is normally the torque producing (working) harmonic
component in the distributed windings. The other high order harmonics, being
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Figure 11.18: MMFSs for single phase conduction and its spectrum: (a) 9 slot—8
pole, (b) 9 slot—10 pole, and (c) 18 slot—16 pole.
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Figure 11.19: (Exercise 11.8) MMF and spectrum of a 18 slot—16 pole motor.

asynchronous to the fundamental, induce torque ripple and eddy current losses in
the rotor PM, as well as in the iron core.

But in the fractional motors, working harmonic is a high order component. For
example, the 5" harmonic is the working harmonic in the 12 slot—10 pole motors.
In this case, the first order component, being a subharmonic, acts as a parasitic
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Figure 11.20: Flux lines of 12 slot—10 pole motor: (a) without groove, (b) with
grooves and (c¢) Harmonics.
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one. Fig. 11.20 shows flux lines obtained by FEM analysis, where the first order
component is identified by the big loops. This subharmonic component has a long
wavelength and transverses the rotor core. Those suborder harmonics are particu-
larly harmful to the rotor PMs, since they penetrate deeply into the rotor PM and
induce large eddy-current losses [16], [17]. They also generate a big radial attracting
force, which can deform the rotor [18]. Fig. 11.20 (b) shows the flux lines when the
stator core is modified with many grooves on the back iron. The grooves are set to
hinder the passage of the first order component. As a result, suborder harmonics
are reduced significantly. The groove shape optimization was studied in [19].

Fig. 11.21 show a real back EMF measurement of a 10 pole—12 slot motor with
an exterior rotor. Note that the PMs are made with ferrites. It is worth noting that
the back EMF looks perfect sinusoidal, which is a typical attribute of fractional slot
motors. As mentioned in the above, the gap field has lots of harmonics, thereby
PMs of fractional slot motors are more vulnerable to demagnetization. Thus, it is
somewhat paradoxical that the harmonic-rich motors have pure sinusoidal EMFs.
It is because contributions of local space harmonics are summed out to be zero on
the shaft.
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Figure 11.21: 10 pole—12 slot motor with the exterior rotor: (a) sectional view and
(b) back EMF.

11.4 Demagnetization Analysis

Coil Joule loss, core iron loss, and PM eddy current loss are the sources of the PM
temperature rise. Nonetheless, the most dangerous threat is the PM eddy current
loss, since the heat source is inside the PM itself. NdFeB magnet is basically a metal
alloy and thus the field harmonics induce a considerable amount of eddy current.
Its conductivity (0.67x107% S/m) is about 1/90 of copper or 1/15 of iron. The
causes of current induction include: winding space harmonics, current harmonics,
and slot harmonics. Meanwhile, ferrite magnets, being oxide ceramic, do not suffer
eddy current loss.

11.4.1 PM Loss Influential Factors

Pole-slot combination is the most influential factor on the PM loss. Additionally,
slot opening, PM position, PM arrangement, cavity area, and bridge thickness are
other influential factors. The fundamental or a working harmonic MMF rotates
asynchronously with the rotor. Therefore, the synchronous component does not
induce eddy current. But, high or low order MMF harmonics seem to be AC fields
to the PM, thus cause PM loss.

The MMF is a product of winding function, N(6) and current, I(t): The for-
mer governs the space harmonics, while the latter determines time harmonics. In
the perspective of the space harmonics, distributed windings are better than the
concentrated winding. Furthermore, higher the number of slots per pole per phase,
the less space harmonics result. Similarly, multi-layer windings help reduce the
space harmonics. However, such solutions increase often manufacturing complexity,
as well as the cost. To reduce the demagnetization risk while minimizing the PM
usage, most EV propulsion motors utilize a moderate number of slots per pole per
phase, for example, ¢ = 2 or 3.
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a) PWM harmonics

The inverter output voltage contains harmonics inherently by PWM.
Thereby, current harmonics are induced in a wide frequency range. If
the PWM frequency is high, then the magnitude current ripple and
penetration depth reduce. The PWM-related losses are noticeable on
low inductance machines. In such a case, the LC filter is used at the
inverter output.

b) Slot harmonics

The stator slot openings make a sequence of dents in the air-gap flux
density, i.e., a narrow and deep field drop is made at each slot opening
as shown in Fig. 11.22. This abrupt field change causes eddy current
loss in the PMs. It is intensified when the slot opening is large and the
air gap is small.
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.| i ...' ; " .'. ! . 00
.‘:_' ” i s .
\ —
| 0 15 30 4 60 75 %0
| 1%

Mechanical Angle (deg.)
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(a) (b)
Figure 11.22: Slot effects: (a) motor model and (b) gap field density.

11.4.2 PM Loss and Demagnetization Analysis

The PM loss can be estimated via 3D FEM analysis. Fig. 11.23 shows a mesh
model. Fig. 11.24 shows FEM simulation results with the PM (N39UH, resistivity
p=14x 1076 -m) when the phase current is 320 A,,,s and 200 Hz. The loss
profiles are different depending on the PM segmentation. Note that the total PM
loss reduces significantly as the segmentation number increases. The total PM loss
after segmentation is less than 50W. It is a small number compared with other
losses.

Fig. 11.25 shows that the slope of permeance curve varies as the PM thickness
changes. It becomes steeper with a greater PM thickness (£,,1 > {n2). Then, the
intersection point with the demagnetization curve moves away from the knee point
(See Section 8.1.3). Therefore, it is necessary to use a sufficiently thick PM to avoid
demagnetization. However, it is a costly method.

In the motor design stage, thermal analysis should be performed under some
reasonable boundary conditions to guarantee that the PM temperature does not
exceed above a certain level under all feasible operation modes.
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(a) (b)
Figure 11.23: 3D mesh model for demagnetization analysis via finite element anal-
ysis (FEA): (a) core and (b) PM (single piece).
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Figure 11.24: FEA results of the PM loss depending on segmentation.

11.4.3 Armature Reaction

If the stator winding conducts, the stator field is superimposed on the rotor PM
field in the air gap. Consider two pole periods shown in Fig. 11.26. The symbols on
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Figure 11.25: Intersection drifts away from the knee point as the PM thickens
(bn1 > lm2).

the stator represent the g-axis current. Assume that the corresponding field has a
sinusoidal shape. Note that the peak is made in the middle of two PMs. The PMs
cause DC offsets: one upward and the other downward. Then the gap field density
is the highest at the leading edge of each PM, and the lowest in the tailing edge.
At the leading edge, the rotor core and stator teeth are saturated normally. Thus,
the resultant magnetic field is distorted, so that the field center lags behind. Such
a field distortion is called armature reaction.

On the other hand, the gap field suppression by current, [Hdl is so high at
the tailing edge that a partial PM demagnetization would occur if current is great.
Fig. 11.27 is a FEM simulation result of armature reaction. Dark area indicates the
region of high the field density, and light area the region of low field density. Note
that the PM field is almost nullified by the stator current in the tailing edge.

The demagnetization limit of the current loading is calculated from the Ampere’s

law:
2R,

m

P
where A, (A/m) is the electric loading, R, is the rotor radius, and H, is the coercive
force of PM. Therefore, the electric loading should be limited under

A

kw < Hohu, (11.32)

A, <P o He

_— 11.
— 2wR.ky (11.33)

11.5 Torque Analysis

Torque production is the primary purpose of the electrical motors. High torque
density, linearity against current magnitude, and low torque ripple are the desired
attributes of the motor. However, practical machines include many non-idealities
such as current harmonics, field harmonics, core saturation, etc. They result in
torque ripple, cogging torque, noise, and vibration.
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Figure 11.26: Stator current effect (armature reaction) on the leading and tailing
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Figure 11.27: FEM results: (a) armature reaction by the stator current and (b)
gap flux density.

General Torque Equation

Note from Fig. 11.28 that the energy is stored in the form of magnetic field can be
depicted as the upper triangular region, Wy = [idA. The complementary region is
called co-energy, W, = [ Adi. On the other hand, the mechanical energy is equal to
Wy = [ Tedf,, where 6, is the rotor mechanical (shaft) angle.
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Figure 11.28: Energy and co-energy.

Note that an applied electrical energy is either stored as the field energy or
converted into the mechanical energy:

id\ = AW, + dWy. (1134
Therefore, S N dWy (11.35)
W=1— = leWr T —. .
dt dt

Utilizing w% = d%, it follows that

d\  dWs(6,,N)
de, de, i
However, it is better to express torque in terms of co-energy, W, instead of Wy,

since the current is a familiar variable to be handled. From the geometry shown in
Fig. 11.28, we have W, + W; = Xi. Thereby,

T.(00,\) = i(6,, \) (11.36)

AW, + AW = Adi + id). (11.37)
Hence, it follows from (11.36) and (11.37) that

idA — (Adi 4 idA — AWo(0,,9))  OW.(6,,9)
¢ do, 00,

(11.38)
Note here that )‘ddTir = 0, since the current is not a function of rotor angle.

Torque Derivation from Gap Energy

The electromagnetic torque is given as the gradient of co-energy with respect to the
angle. The co-energy of a motor air gap is equal to

1

= — [ B(a,6,,t)%dV, 11.39
20 o ( ) ( )

C

where « is the angular position (space variable) and V represents the air gap volume.
A familiar torque equation will be derived from (11.39) in the following: The
gap field is the sum of stator and rotor contributions:

B(0,,a,t) = Fs(a, t)Ag(ar, 0,) + By (v, 6;), (11.40)
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where Ag(6,,a) is a permeance function of the gap per unit area, Fs(a,t) is the
stator MMF'. Assume for convenience the motor has two poles, i.e., p = 1. Let the
d and ¢ axis currents be ig(t) = Ijcosw,t and i4(t) = I;sinwet. Assume further
that the following traveling MMF is made via a distributed winding;:

3 3
Fy(a,0,) = §NphId cos(a — wet) + §NphIq sin(o — wet), (11.41)

where N, is the total number of turns per phase. Meanwhile, it is assumed that
the PMs are imbedded in the rotor, so that the permeance is modeled as

Ag(0r,a) = g(;:(,)a) = o(yo —y2cos2(a — 6y)), (11.42)
where v, 72 are constants. Equation (11.42) states that the permeance seen by the
stator coil changes depending on the rotor position, 6,.. Recall that the permeance
is an inverse function of reluctance, i.e., its basic nature is pg times the inverse of
gap function. See Section 6.2.3 for the detail. Since the d-axis is aligned to the
rotor flux, the rotor flux density is modeled as

B, (0,,a) = B, cos(a — 0,), (11.43)

where B, denotes the maximum value of B,.

Let I be the stack length, and R, and R, the rotor outer and stator inner radii,
respectively. Note also that Ry = R, + g. Then, it follows from (11.38) and (11.39)
that

10 2
T. = %80 /[Fs(a,HT)Ag(a,Hr)—i—BT(OZ,@r)] av
Rs 2
R TN RS
(- R OF: 4 1,020 | OB,
— s /0 [y + B} Gg2 + Py + G- ) dor(11.44)

Note that (FsAg+ BT)%%:AQ = 0 since ggj = 0, i.e, a change of rotor angle does

not affect the stator MMF. On the other hand,

0B, 3 3
(FsAg + By) =+ %, <5NphId cos(a — 6, ) Ay + §NphIq sin(a — 6,)A,

+B, cos(a — 6?7«)> B, sin(a —6,)
3

= §Nph[q§ sin(a — 0,)A,
3 =1
= §Nph[qB 5(1 —cos2(a—6,))o(yo — 2 cos 2(a — 6,.))
3 _
= §NphIqB %(70 + 5 cos? 2(ar — 6,.))
3 = Ho 2
“NpplyBr—- 114
- 90+ 2) (145
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Now consider

oA — 3 3
BTFSTQg = B,cos(a—0,) <2NphId cos(a — 6,)Aq4 —|— Npplgsin(a — (9,,)>
s
X (—2ppy2 sin 2(a — 6,.))
3
= —SNwl,B; Ko7z (11.46)
2 27
Finally,
oA, 3 3 . ? .
F? 98 - _Ho <§Nph[d cos(a — 0,) + §NphIq sin(a — (9,,)> 2p07v2 sin 2(a — 6,)
g
3N,
= 2,u% ( 2ph> Il sin? 2(a — 6,)
g
3N\ 2 _
= —2uly ( 2ph> Il sin? 2(a — 6,) (yo — Y2 cos 2(a — 6,.))
3N\ °
= —22ys ( 2’”‘) Idfq%. (11.47)
Note that R? — R? ~ (R, + gO) — R? = 2gyR,., where gg = ;% The effective air
gap seems to be larger than = by a factor of 4 = 1.273. Thus, it follows that
l¢(R? — R?) /% OB, oA, R.g0 3
_ FA B da = 1 =Npnly B
i Jy |t BI G o9, | T Ty el
3 2— s
= 5B lstm R, N, ph Lagoro 7
—,_/
=tYm
3
= Slm. (11.48)

In the above, % f:/jz B, cos ada = %ET is used. On the other hand, it follows from
(11.47) that

lSt(Rg — R?) /27r aA lstQRTQO 2 3Nph 2 Yo
4,“40 0 s ttg 89 4,“40 T X 4afbg2 92 diq 2

3 R,
= —53(Molst Yo N2) alq gorvo
_4
3 4 TR
53(pﬂolstTT72N§h)Iqu
3
2

4 1y
ho= Py N2, I,

=Lg

3
= —5(Lo—Lao)laly. (11.49)
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Note that the winding factor is assumed to be k,, = 1 in (6.28). Recall from (6.39)
and (6.40) that Ly — Ly = 2 Ls. Finally, it follows from (11.44), (11.48), and (11.49)
that

T = 2 (thnly + (La — LoLal,). (11.50)

Observe that (11.50) is identical to the classical torque equation (6.61) for P = 2.

11.5.1 Torque Ripple

Previously, only the fundamental components of MMF and saliency were utilized to
derive the average torque. In reality, most motors show a periodic change of shaft
torque during the operation. It is triggered by the interaction between the MMF
and the air gap flux harmonics. Also, it can be excited by mechanical unbalance or
eccentricity of the rotor. The torque ripple causes unwanted noise and vibration in
the electric machine. The crucial factors that affect the ripple include the numbers
of stator slots and poles, the magnet angle, and the slot opening width. In the case
of PMSM rotor, affecting factors are the PM arrangement, dimension, angle, width
of the bridge, and flux barriers around the magnets. So, extensive design studies
are repeated to achieve the ripple specification.

The gap field can be written as a product of the air gap permeance and MMFs:

B0, o, t) = Ag(a, 0,) [Fn(a)I(t) + Fr(a,0,)], (11.51)

where Fly is the stator MMF per ampere and F. is the rotor MMF. Fig. 11.29 depicts

Bs(tr, o, t) = "“"-_l}l:f-'h Br) [N (e ) I(t) + Fr(ex, 0r)]
PM cavity
Bridge structure / \ \

Eccentricity J t
Pole/slot
combination

Winding type PWM strategy ~ PM type

No. of slots/pole/phase  PWM frequency PM shape

No. layers PM arrangements
Stator slot geometry  Winding factor Magnetizing direction

Figure 11.29: Sources for field harmonics.

the sources of field harmonics: The air gap permeance, A, reflects all reluctance
elements in stator and rotor. It includes the effects of stator slotting, PM cavity,
eccentricity, bridge structure, and pole-slot combination. Fig. 11.30 shows bridge
and cavity of a PMSM rotor. The rotor surface looks smooth with the naked eye.
But the bridges are saturated by the PM field, so that the rotor surface is seen
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grooved in the perspective of field flow. By the same reasoning, PM cavity and
other cavities affect the gap permeance. Including all reluctance components, a
general expression is given by

Ag(a) = Ago |1+ Z Ay, cos(mNga) | (11.52)
m=12,3,-

where Ay = /;—0 and NV, is the number of slots.

Figure 11.30: Cavity and bridge of a IPMSM.

The stator MMF, Fy depends on the winding types; the number of slots per
pole per phase, the number of layers, and the winding factor. Current, I contains
the PWM ripple, or other harmonics caused by inverter nonlinearity.

The rotor MMF, F.(«, 0,) depends on magnet shape, magnetizing direction, and
arrangement. Differently from the stator MMF, it is a function of rotor angle, 6,.

Z v cos(kp(a — 0,) + by, (11.53)
k=1,35,

where p is the number of pole pairs.

To minimize the torque ripple, some machines are designed in a slotless type.
Most machines utilize skewing in the stator or rotor slots. Multi-step rotor skewing
is used generally for PM machines [20]. Torque ripple at the peak torque is required
to be less than 5% in EV applications [21]. Fig. 11.31 shows FEM simulation results
of torque ripple before and after half slot step skewing. The ripple was reduced from
23% to 4.5% via skewing.

11.5.2 Cogging Torque

Cogging torque in PMSM is caused by the permeance change seen by the PM field.
In particular, the PM field jumps between the stator slots when the rotor is rotating.



11.5. TORQUE ANALYSIS 419

360

2 MWV -0 2
280 280
E 240 E 240
z 200 Z 200
% 160 “g’ 160
= 120 g 120
© 80 2 80
40 40
0 0

0 60 120 180 240 300 360 0 60 120 180 240 300 360

Electrical Angle (deg.) Electrical Angle (deg.)

(@) (b)

Figure 11.31: Torque ripple of an 8 pole, 48 slot, 100kW IPMSM at 3000 rpm,
I, =452 A, B = 45°: (a) before and (b) after a half slot step skewing.

In other words, the PM flux is modulated as the rotor PM field slides over stator
teeth. It is felt as periodic pulsating load when we turn the motor shaft by hand.
Therefore, it is nothing to do with the stator current.

It will be shown later that the least common multiple of poles and slot numbers
determines the minimum frequency of cogging torque. To prove this, B, is described
as a product of a rotor MMF and the permeance function:

By (0,0,) = Fy(a, 8,)A (), (11.54)

where Ay(a) is already defined in (11.52). Note that the permeance function does
not vary with respect to the rotor angle, i.e., it is not a function of 6,, which is
different from the case of stator field.

Let

Fo(a,0,) = g ZBchos(pk(a— ) + k). (11.55)
o 1

The cogging torque is equal to

Tcog - 2—M080 / Fr (aaer)Ag(a)dV

21 Rs
= F2 (o, 0,)A2
2#0 20, / / (v, 0) Ay (a)rdrdo

2 p2
_ R - Ry Rr)/ 2 (0, 0) 25 A2 (0)do
0 0

4p 00,
laRrg® [T (1
= 202 / 2 Z By cos(pk(a — 0;) + ¢rk)
U k=1
[o¢] o0 2
X (Z Bplsin(pl(a —6,) + gbrl)> 1+ Z A cos(mNsa)] da
=1 m

(11.56)

After taking the integration over one complete period, many terms will vanish. Let
m’ = LCM (2p, Ng). Then for k = m’/2p and m = m//Ny, some terms of (11.56)
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result in

2
/0 (Z B2, pk sin(2pk(a — 6,) + 2¢rk)> (2 Z Am Cos(mNsoz)> do
2
= / Zm m sm(m’(a —0,) + 2¢,1) cos(m/a)do

= / Zm B2m/ A= [sm( 200 — 6,) + 2¢i) + sin(—m/0; + 2¢,1,) | dov
0 "2p

Ns

= ﬂZm /sm( m' 0, + 2¢,1). (11.57)

Note that the last term (11.57) is a nonzero function that alternates m’ times per
rotor revolution. It proves that LCM (N, P) determines the lowest order cogging
torque. When P/GCD(N;, P) > 1 and f is the input frequency, the period and the
fundamental frequency of cogging torque are specified as

360° 2LC’M(NS,P)

Qe = ==+ and fe= 5

TCMN.P) f (11.58)

There are many ways to reduce the cogging torque. See for example [21]—[24].
But the basic principle is to increase the LCM. Then, the amplitude of cogging
torque is minimized. Fig. 11.32 shows a FEM simulation of the cogging torque
before skewing. Since P = 8 and N, = 48, it follows that LCM (N, P) = 48 and
a. = 7.5°. The corresponding ripple period is 30° in electrical angle as shown in
Fig. 11.32 (a). Fig. 11.32 (b) and (c) show the flux vector change in the stator teeth
when the cogging torque is peak and zero, respectively.

11.5.3 Radial Force Analysis

Noise and vibration can be produced by the ripple component in the air gap flux
density. It is caused by the slotted structure of the stator. The traveling electro-
magnetic force excites structural vibration of the stator yoke or teeth, and results in
acoustic noise. This noise can be amplified highly if it resonates with the structural
modes of the machine. Electromagnetically induced acoustic noise is characterized
by the distinct tonalities due to the strong harmonic nature of magnetic forces in
both time and space domains. Thus, the electromagnetic noise sounds unpleasant
unlike broad-band noises. The noise can be reduced by designing the machine ro-
bust. However, it leads to a large volume or heavy weight. The acoustic noise and
vibration are an important design issue in the optimization of electrical machines.
According to the Maxwell stress tensor method, the force densities are

P = B? - B2 11.59
" 2%( 2, (11.50)

P, = —BTBa, (11.60)
Ho
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Figure 11.32: FEM simulation results of an 8 pole, 48 slot, 100 kW IPMSM: (a)
cogging torque and flux vectors at (b) peak and (c) zero torque.

where P, and P, are the radial and tangential force densities (N/m?), and B,
and B, are the radial and tangential magnetic field densities, respectively. The
normal force deflects the stator yoke inwardly and outwardly, while the tangential
force causes the teeth to lean back and forth in the circumferential direction. In the
radial flux machines, radial forces are the major power source for the yoke vibration.
Usually, the tangential forces have minor effect on noise and vibrations, although it
may slightly increase or decrease the amplitude of the first harmonic order radial
displacement [25], [45].

Note that the flux direction is normal to the surface at the boundary of a high
permeable material. Therefore B, is relatively small, as is shown in Fig. 11.33.
Hence, only the normal component is considered in the following:

By(a,t) = Brs(a,t) + Byr(a,t) (11.61)
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Figure 11.33: Air gap flux density: (a) radial component and (b) tangential com-
ponent.

The normal field components are modeled as

Brs(a,t) = ZBSZ cos({pa F pwyt)  for stator (11.62)

B, (a,t) = Z B} cos(kpa F kpw,t + ¢)  for rotor. (11.63)
The normal force density is equal to

1 [o.¢] o
P=—RB= Q_ZZ [B2,(ct,t) + 2Bys(v, t) Byr (e, t) + B2 (a, t)] , (11.64)
12%)

where
Bl (at) (B1)?
= 1+ cos(2pa F 2pw,t)|, 11.65
B} (at) (B1h)°
= 1 + cos(2kpa F 2kpw,t + 2¢1)|, 11.66
o 1+ cos( 14 264)] (11.66)
BB BB

= rk [cos(p(k — O)a F (k — 1)pwrt — ¢y)
Ho Ho
+cos(p(k + ) F (k+ 1)pw,t + ¢r)] . (11.67)

It shows that the radial (and tangential) stress originates from stator-to-stator,
stator-to-rotor, and rotor-to-rotor interactions. Note that constant terms are ne-
glected in the vibration analysis, since they represent uniform static magnetic pres-
sure. Based on (11.64)—(11.67), the general form for the traveling magnetic force
density is obtained as

P, = o5 cos(Ta F 2anfrt + énr), (11.68)

where 7 is the spatial order, f, = w,/(27), and n is the time-harmonic number.
Note that the pressure density varies due to the interaction between the harmonics
of stator and rotor fields.
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The spatial order is often referred to as wave number. Stress waves propagate
around the stator bore at the speed of w, /7. However, since a pair of waves travel in
the opposite directions, standing wave takes place for each 7. The circumferential
distribution of Maxwell force for ¥ = 0, 1, 2, 3,4, is shown in Fig. 11.34.

(c)

Figure 11.34: Vibration mode by normal force: (a) 7 = 0 (breathing mode), (b)
r = 1 (pulsating mode), (c¢) 7 = 2 (oval mode), (d) 7 = 3.

For 7 = 0, the radial force density will be uniform concentric, so the the vibration
mode pulsates with P, = 0,0 cosnw,t. For 7 = 1, the force density appears to be
magnetic pull acting on the rotor (shaft) according to P, = o, cos(a — nw,t). It
is based on the stator-to-rotor interaction (11.67) and occurs when the stator and
rotor pole pair numbers differ by one. The case with 7 = 2 is called oval mode: The
stator is pressed in one direction, while extended in the other.

Note that the radial displacement of the yoke in response to the #* order radial
force wave is give by
lstRav
Erth3’

Ad x Fp, r >0, (11.69)
where F,, is the magnitude of the r-th order radial force wave at frequency, w/(27),
lst is the stack length, R,, is the yoke average radius, F is the equivalent Young’s
modulus of yoke, and hy, is the height of back iron (yoke) [26]. Note that the stator
deformation is inversely proportional to the fourth power of mode order 7. That
is, the magnetic pressure drops drastically as the vibration mode order, r increases.
Therefore, low order vibration mode such as 7 = 1,2 should be avoided in the real
motor design.

Considering a normal pressure density model, the peak value of radial force in
the time and space is plotted for (7, f;) = (2,360 Hz) and (7, f,) = (—2,360 Hz) as
shown in Fig. 11.35.
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Figure 11.35: Time-space plots: (a) (7, f,) = (2,360 Hz) and (b) (7, f,) =
(—2,360 Hz).

Vibration Modes for Slotted Stator

In the previous section, the normal force resulted from the interaction between the
stator and rotor field was considered. In this part, we are focusing at the gap field
change due to the stator slots when the rotor PM rotates. In the PM synchronous
motor, the PM field is modulated by the stator slots. Such a modulated field
component is obtained by multiplying the rotor MMF by the slot permeance [27]:

B, = F.(a,wt)Ag(a)

= Z Fri cos(kp(a F wpt) + o) Ag Z A, cos(mNga)
k=1,3,5, m=1,2,3,

A &= &
= 70 Y. > FnAmcos{(kpF mN,)a+ kpw,t + ¢ }. (11.70)
k=1,3,5,m=1,2,3,

Thus, the (k, m)th component of magnetic pressure is equal to

1 A2
Prem) = 20 4 O [Frp Ay cos{(kp F mNy)a = kpw,t + ¢p.}]?
- %%Fﬁf% [1+ cos{2(kp F mNy)a & 2kpw,t + 264 }] .(11.71)
0

It is important to consider low order magnetic pressure 7 = 2(kp F+ mN;) = 2,4, 6,
and 8 for the stator permeance harmonic number, m = 1. Then, it follows that

~[0.57 F Ni|
p

When the motor is spinning in accordance with electrical frequency, f., the vibration
exciting frequency corresponding to rotor harmonic order, k is obtained as fe, =

=1,3,5,- (11.72)
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2kpf.. Note that no even harmonic number in (11.72) due to the half symmetry of
the rotor MMF'.

Consider 18 slot—8 pole motor running at 600 rpm. Note that the electrical
frequency is f. = 40 Hz. For 7 = 4, then k = |0.5 x 4 + 18|/4 = 5 is an odd integer.
Thus, vibration is excited at frequency fe, = 2 x 5 x 40 = 400 Hz.

Exercise 11.9  Consider 48 slot—8 pole motor running at 3000 rpm. Find the
minimum feasible wave number and the exciting frequency.

Solution.  The electrical frequency is f = 200 Hz. For 7 = 8, then k =
|0.5 x 8 +48|/4 = 11 or 13. Correspondingly the vibration exciting frequency

is fer =2 x 11 x 200 = 2200 Hz or 2600 Hz. [ |
B,[T] (N/m?)
1.8 2.4E+6
09
0
1.2E+6
0.9
1.8
0 30 60 90 om0
(@)
BylT
18 a[T]
0.9 -1.2E+6
-0.9 -2.4E+6
1.8 -2.4E+6 -1.2E+6 0.0E+0 1.2E+6 2.4E+6
0 30 60 90 (N/m?)
(b) (c)

Figure 11.36: (a) B,, (b) By, and (c) force density of an 8 pole, 48 slot, 100 kW
IPMSM.

Fig. 11.36 shows FEM simulation results of the radial and tangential flux density
of an 8 pole, 48 slot, 100 kW IPMSM, and the normal force density around the stator
bore (0 ~ 360°). In Fig. 11.36 (c), the number of spikes is eight which coincides
with the vibration mode number r = 8 predicted by (11.72).

Table 11.7: Comparison of the motor quality indexes.

Ng/(2-p) q LCM(Ng, 2p) GCD(N, 2p)

9/8  3/8 72 1
12/10  2/5 60 2
18/12  1/2 36 6
12/14  2/7 84 2
18/16  3/8 144 2
36/32  3/8 288 4
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Another criterion is the greatest common divisor (GCD) between the slot and
pole numbers. Specifically, GC D(Nj, 2p) is associated with the order of radial force
that leads to vibration. The GCD indicates the mode of forcing function. A high
GCD means a high order balanced forces, which is less likely to excite the stator
vibration. Likewise, a low value of the GCD generates magnetic noises easily. To
avoid these negative effects, the GCD has to be an even number and also made as
high as possible [28]. Considering all, it is desired to find a slot-pole combination
which has high winding factor, high LCM, and high GCD [29]. Table 11.7 sum-
marizes combinations of a number of slots per pole and phase 1/4 < ¢ < 1/2 for
fractional slot concentrated coil motors. The attractive slot-pole combinations are
marked by bold faces. A widely used fractional slot machine is 12 slot—10 pole
motor. The 9 slot—8 pole combination is a good choice since it has a large winding
factor and a high LCM. But, a 9 slot—8 pole machine cannot be used practically
since the odd slot number will cause unbalanced magnetic pull and excessive noise
and vibration [10]. But, this problem can be overcome by doubling or quadrupling
the slot and pole numbers, i.e., 18 slot—16 pole, or 36 slot—32 pole [11], [30]. The
duplicated version has the same desirable features as 9 slot—8 pole machine without
creating the magnetic pull. Nowadays, fractional slot PM machines are widely used
in high torque machines where a high pole number is needed. In-wheel motor is a
typical application area [30].

11.5.4 Back Iron Height and Pole Numbers

Under the assumption of linearity, the maximum torque has nothing to do with
the pole numbers as far as the rotor volume is the same. Consider, for example, 2
and 4 pole motors that have the same rotor diameter and the same stack length.
Assume further that both of them have the same peak PM field densities as shown
in Fig. 11.37. Then the sum of positive (or negative) areas are the same, which
in turn means that the stored gap field energy is the same. To show the torque
identity, assume the following for both cases: number turns per phase = N.; rotor
diameter = D,; stack length = l4; winding factor = k,,; phase current = I; shaft
speed = w,. The phase windings are connected in series in the 4 pole motor. The
computation details are shown in Table 11.8. The flux linkage per pole is halved
in the 4 pole motor, but the EMF is the same since the phase coils are connected
in series. Finally, the gap power and torque are the same independent of the pole

number.
® ® ® ©
N A AN A
3 2

(a)
Figure 11.37: Comparison of 2 and 4 pole motors.
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Table 11.8: Comparison of 2 and 4 pole motors

‘ 2 Pole ‘ 4 Pole ‘ Comparison
Flux )\2pole
linkage | ki ™21 2 By, Ne 2k 2215 2 By, e = 2\ pole
E
f(2pole
EMF | L%k, DlyBnNew, | 2% 2T kDl By New —é?p |
/2 4 Mwlrist DmiVcWr /2 8 PwrlstPmiNcWr | = S f(4pole)
Gap Pe(2pole)
power 3% 7I-TQkwDrlsth-ZVCWTI 3% 7I;kwD7"lsth-ZVcW7”I = Le(4pole)
Te(?pole)
Torque 3% 7rTZkw-Drl:st-Bm]\[cI 3% 7rTZkw-Drl:st-Bm]\[cI = Te(4pole)

One clear benefit of high pole motor is the reduced back iron. In particular,
the back iron width can be reduced as the pole number increases. Note that stator
provides the return path for the rotor field and that the total flux per pole becomes
less with a higher pole number. Correspondingly, the back iron width can be reduced
as the pole number increases. It is depicted in Fig. 11.38. Basically, the back iron
height is about a half of the pole pitch, hy. = 7,/2, since a half of the pole flux
passes through the back iron.

Figure 11.38: Decrease of back iron width with the pole number increase: (a) 4
pole, (b) 8 pole, and (c) 16 pole.

Exercise 11.10 Consider a case where the rated speed is determined by the
speed where the open circuit voltage reaches its allowable maximum. Consider the
2 and 4 pole motors that have the same number of turns, the same rotor volume,
and the same peak PM field density as shown in Fig. 11.37. Will the two motors
have different rated conditions?

Solution. The two motors have the same rated torque at the same rated speed. W



428 CHAPTER 11. BASICS OF MOTOR DESIGN

11.6 Reluctance Motors

Variable reluctance motors rely solely on the reluctance component in torque gen-
eration. They receive attention constantly as an Nd-free solution. There are two
types: One is switched reluctance motor (SRM) that has a windmill shape rotor.
The other is synchronous reluctance motor (SynRM) which is driven by sinusoidal
currents.

11.6.1 Switched Reluctance Motors

In SRMs, typical stator and rotor pole numbers are 6—4 or 12—8. Fig. 11.39 shows
a 6—2 SRM at two different rotor positions. The inductance which is represented
as the slope of flux versus current, changes with rotor angle. If the rotor pole is not
aligned, the inductance is low. However, it increases as the rotor pole aligns with
stator teeth.

The operation principle is to inject current when the inductance is low (mis-
aligned state) and remove when the inductance is high (aligned state) [31]. In
Fig. 11.39, current is increased in the misaligned state (path A). Thereafter, the
rotor will rotate and a rotor pole will be aligned with a stator tooth (path B). Sec-
ondly, the current is reduced in the aligned position (path C). The above procedure
completes a cycle and a triangle is formed in the flux-current plane. The shaded
triangular area represents the energy delivered to the motor, and it is supposedly
converted into mechanical energy.
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Figure 11.39: Working principle of SRM: current contour in the flux-current plane
and the pole alignment states.

Fig. 11.40 shows an ideal case in which current is regulated to be a constant
during the pole aligning period. In the second phase @), the inductance is increased
as the pole is aligned. At this time current is fixed, and the corresponding trajectory
is depicted as a vertical line in Fig. 11.40 (a). In the third phase 3), current decreases
in the high inductance (aligned) state.

Assume that the contour @ in Fig. 11.40 (a) is a vertical straight line. The
increase in the co-energy is approximated as

1
W, = 5(me — Lnin)i2. (11.73)
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A

(a) “ (b)

Figure 11.40: Working principle of SRM: (a) current contour in the flux-current
plane, (b) plots of inductance and current versus rotation angle.

Then the phase voltage also remains high during in the contour @):

d .0 do.  OL(0)
v = EL(H)%L = 89L(0) e =W

50 (11.74)

since agge) > 0. That is, a positive power vi, > 0 is supplied to the motor phase.

Thereby, torque is obtained from (11.38) such that

T — aWc _ é Lmax - me
c 00 2 A6 '
Fig. 11.41 shows a typical power circuit for SRM inverter. Asshown in Fig. 11.40,

the currents are unipolar, thereby a normal inverter cannot be used for SRM.
Non-sinusoidal current shape is a hurdle in current and torque regulation. In or-

(11.75)

in ip b

(a) (b)
Figure 11.41: (a) SRM inverter power circuit and (b) phase currents.

der to make the torque density comparable with other type motors, the induc-
tance variation should be maximized. For example, the saliency ratio needs to be
Linaz © Limin = 6 : 1 ~ 8 :1[32]. To meet such requirement, very narrow air gap
(~0.3 mm) is often utilized for small motors. But, it requires precise machining for
brackets and precise shaft alignment. This increases manufacturing cost, which may
offset the cost advantage resulted from PM elimination. Another limiting factors
are poor power factor and severe noise problems.
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11.6.2 Synchronous Reluctance Motors

Differently from the SRMs, synchronous reluctance machines (SynRM) are driven
by sinusoidal current. There are two types depending on the way of providing the
magnetic saliency. One method is to make the rotor by stacking the laminations
axially as shown in Fig. 11.42 (a). The manufacturing is not easy since the shapes
of laminations are not uniform. Fig. 11.42 (b) show a more popular type of SynRMs
in which multiple layers of cavities are utilized to polarize Ly and L.

d-axis

g-axis

., cavities

7=
(a) (b)

Figure 11.42: SynRM rotors: (a) axial stacking of laminated sheets and (b) multi-
layered cavities.

Note that the way of setting magnet axes is different from that of PMSM. In the
SynRM, it is common to align the d-axis in parallel with the cavities. Fig. 11.43 (a)
and (b) show flux lines when the d and ¢ axis currents are applied. One can see
a clear difference in the flux line density: The flux lines are much denser than the
d-axis current. Thereby, Ly > L, and the saliency ratio is normally Lg/L, =6 ~ 7.
Without a PM, torque equation is equal to

3P
T, = e
Since Lq > L4, both d and g-axis currents must be positive to produce positive
torque. Then voltage vector resides in the second quadrant according to a current
vector in the first one. Fig. 11.43 (c) shows typical voltage and current vectors.
It has a relatively large angle, ¢ > 0 between current and voltage vectors. As a
result, SynRMs suffer from a low power factor. For a given current magnitude, the
maximum torque is obtained when i = i¢. Then the power factor angle is qual to

(La — Ly)igic. (11.76)

L T
-1 ( tq
= —. 11.
¢ = tan (Ld>+4 (11.77)

It shows that the power factor increases as the saliency ratio increases. For example,
cos ¢ = cos(1/6 4+ m/4) = 0.58 for Ly/L, =6, and cos ¢ = 0.6 for Lg/L, = 7.

11.6.3 PM Assisted Synchronous Reluctance Machine

A recipe for increasing the power factor is to add PMs in the cavities, as shown
in Fig. 11.44 (a). Fig. 11.44 (b) is a corresponding vector diagram showing that
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Figure 11.43: Synchronous reluctance machine: (a) d-axis flux lines, (b) g-axis flux
lines, and (c) voltage and current vectors.

the voltage vector is shifted into the first quadrant with the help of PM, w,,.
It is commonly called PM assisted SynRM or PMaSynRM. Basically, PM assisted
SynRM is identical to IPMSM. As the PM usage increases, the PM assisted SynRM
converges to an IPMSM with a high saliency ratio.

LIy

E _————
. e
—i Lyl LY

- I

i

(b)

Figure 11.44: PM assisted SynRM: (a) stator and rotor core, (b) voltage and
current vectors.

Exercise 11.11 Derive a voltage equation for PM assisted SynRM based on the
axes set in Fig. 11.44. Find the power factor when ig =ig, £ = 7, and ¢y, = —Lgig.
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11.7 Motor Types Depending on PM Arrangements

The PMs provide gap field continuously without an external excitation circuit. Due
to high energy density, the rare-earth PMs create a motor with high power density,
high efficiency, and low moment of inertia. In the case of sintered Nd-Fe-B magnet,
the remnant flux density is as high as B, = 1.4 T, and the coercive force is H. =
2000 kW /m. Another invaluable feature is low permeability. As shown in Chapter 6,
that attribute is used to exploit the reluctance torque. Fig. 11.45 shows sectional
views of 4 pole synchronous motors. The first two motors, PMs mounted on the
rotor surface, are categorized as SPMSMs.

(a) (b) (c) (d)

Figure 11.45: Cross-sectional views of 5 PMSMs (a) surface mounted PMSM, (b)
inset PMSM, (c) interior PMSM, and (d) flux concentrating PMSM.

11.7.1 SPMSM and Inset SPMSM

SPMSM, as the name stands for, has magnets attached on the rotor surface. In
small power and low speed applications, PMs are usually bonded on the rotor surface
by some epoxy adhesives. In some cases, stainless band or glass carbon fiber band
is used to fix the PMs, because the bond is not strong enough to endure high
centrifugal force. If a stainless band is used for fixing the PMs, then eddy current
is created by slot and MMF harmonics. The resulting loss on the band adds heat
to the PMs.

IN/_H Hook PM Sallent pole
Rotor back iron Rotor back iron

(@) (b)

Figure 11.46: PM holding: (a) slight embedding structure and (b) hook design of
an inset motor.

Since the PMs are located in the forefront of air gap where high order field
harmonics are flourishing, SPMSMs are more susceptible to demagnetization than
IPMSMs. To avoid such problem, the PMs are buried slightly in the core as shown
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in Fig. 11.46 (a). Note that the PM surface is covered with a thin steel strip.
Since the steel is highly permeable (2500 ~ 5000 1), the PMs are partially shielded
from harmful air gap harmonics. The covering steel also protects PM mechanically
which is typically brittle. Hyundai 2012 Sonata and Honda 2005 Accord utilized
such structure. Fig. 11.47 shows two types of rotors: surface mounted PM rotor
and embedded PM rotor.

(a) (b)

Figure 11.47: Rotors of HEV motor: (a) surface mounted and (b) embedded (V-
shape) (Hyundai Motor Company).

To decrease the eddy current, PMs are segmented into multiple parts. The eddy
current loss decreases inversely proportional to the square of lamination number.
Fig. 11.48 shows an example of step skewing along with PM segmentation. The
rotor is segmented into 6 pieces axially and assembled with a step skew.

¥ 1

Step skew

Rotor core section
Figure 11.48: Step skewing and PM segmentation in the axial direction.

In some SPMSMs, PMs are inserted into the grooves of the rotor surface, as
shown in Fig. 11.46 (b). Those types of motors are called inset PMSMs. The iron
bumps between the magnets act as the leads to the g-axis flux. Therefore, the
inset motors have the magnetic saliency as L, > Lg. Honda traction motors used
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an inset structure in the past, and it was reported that the maximum reluctance
torque gained by inset configuration amounted to 38% of the magnet torque [33].

Effective
air gap

e Th T 27y

(a) (b)

Figure 11.49: (a) Schematic view of SPMSM and (b) fundamental component of
air gap field.
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Figure 11.50: Harmonics of air gap field versus PM coverage (c.): Harmonics
comparision versus PM coverage ae [34].

To make air gap field by PMs sinusoidal, a proper PM coverage should be
considered. The PM coverage ratio, a, is defined as the ratio of PM arc length to
the pole pitch. Then, a, = 1 implies that all the rotor surface is covered by PMs.
In that case, the fundamental peak will be %Bm where B,, is the flux density on
the surface of PM. Further similarly to (11.2), high order harmonic coefficients are
obtained as

4B m

m .
Brn) = p— Sln(nae§), n=13,5---. (11.78)
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Based on (11.78), calculation results of the fundamental, 5! and 7" order harmonics
versus o are shown in Fig. 11.50. For a, = 0.85, 5! and 7" order harmonics reduce
significantly, whereas the fundamental component is decreased only by 3% [34].
Hence, about 15% reduction in the PM coverage is good for reducing the harmonic
contents, as well as the PM cost.

11.7.2 IPMSM

Since PMs are inserted in the cavities of the rotor core, no fixation device is nec-
essary for IPMSMs. Since PMs hold a distance from the air gap inside the steel
core, PMs are protected from the stator harmonic fields. However, the danger of
demagnetization always exists due to the high electric loading, field harmonics, and
inefficient cooling.

Flux barrier

Shorting flux

Figure 11.51: Bridge and flux barrier of IPMSM.

The PM flux is meaningful when it crosses the air gap and encircles the stator
windings via the back iron of the stator core. But a certain amount of flux does not
make such a flux link: Some flux makes a short path inside the rotor, and another
flux returns after touching the stator teeth. These are called the leakage flux, and
such phenomena are called the flux shorting [35]. Such leakage flux just wastes the
PM potential, not contributing to torque production. To minimize the flux shorting,
cavities are carved as flux barriers to penalize the leakage flux. However, bridges
are required around cavity for mechanical integrity of rotor as shown in Fig. 11.51.
The bridge width needs to be optimized between ensuring the mechanical strength
and minimizing the leakage flux. The bridge width is 0.7~2 mm, but depends on
the thickness the laminated core.

11.7.3 Flux Concentrating PMSM

Flux squeezing and flux focusing are the equivalent terms to flux concentrating. As
the name suggests, the PM flux is concentrated in the air gap. It is an extreme
case of V-shape arrangement. The idea is to arrange a set of adjacent PMs to
face each other and drive all the flux to the air gap as shown in Fig. 11.52. For
this purpose, the returning path through the center (shaft) area should be banned.
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Thus, a fixture to the shaft is often made with the non-ferromagnetic material such
as stainless steel or beryllium-copper.

When the arc of a rotor sector is smaller than twice the PM length, the air
gap field density will be higher than that of the PM surface. This type of field
concentration is commonly used with weaker magnets such as ferrite. It suits well
the high pole machines. However, this topology has a structural drawback against
centrifugal force due to the flux barriers around the shaft. Thus, it is suitable for
low speed operation. Fig. 11.52 (b) shows a photo of a 10 pole flux concentrating
generator being used for BMW i3. Note that the rotor is supported by thin bridges
instead of a non-ferromagnetic material. A similar design and fabrication work
has been reported in [1]. Additional concern is that the PMs are prone to be
demagnetized by large operating current.

Iron core

Non ferromagnetic material

(a) (b)

Figure 11.52: Flux concentrating PMSM: (a) Schematic view and (b) photo of 10
pole flux concentrating generator used for BMW i3.

11.7.4 Temperature Rise by Copper Loss

Iron and copper losses are the main sources of the temperature increase in the
motor. The proportion of two losses changes depending on the supply voltage and
the operating speed. In general, the copper loss is more dominant over the iron loss.
The copper loss is equal to

lst + lend

KSey

where l¢,q is the end-turn length, 2mPN, is the total number of conductors in the
slots, k is the conductivity of the conductor, and S, is the cross sectional area of
conductors. The current density of the conductor is defined by J = Sicu Then,

Lt + len Lst + len
P., = 2mPNC%JI = wDT%JATmS, (11.80)

P., = 2mPN., I?, (11.79)

where Aypms = Amaz/ V2 is the rms electric loading.



REFERENCES 437

Note that heat flow, @ (W) causes a temperature gradient, AT (°C') such that
Q = oS AT, where S, is the area of heat transfer, and AT is the temperature
difference between the coil surface and motor ambient. In addition, «y is a heat
transfer coefficient of the whole materials laid between the coil and motor outside.
In the steady state, a thermal balance is maintained such that P, = (). Assuming
Sk = 7D (lst 4 leng), it follows that

AT = pp, ot tlend gy L g4 (11.81)
Koy Sk Koy,
The equation (11.81) states that the temperature increase is proportional to the
product of current density and electric loading, J X Apps.

Air cooled motors are designed such that J = 3.5 ~ 7 A/mm=. If the cooling
method is more efficient, a higher electric loading can be used. For example, A5 =
150 A/cm for a totally enclosed PM servo motor without a fan. But with a water
cooling, it can be increased to 700 A /cm. Typical range electric loadings are listed
in Table 7.1.

2
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Problems

11.1 Consider the MMF of a concentric winding shown below when (i4, iy, i) =

(—%, 1, —%) Calculate the second order harmonics.
MMF
N
2

11.2 Consider a C-type magnet circuit with a PM in the center, shown below.

11.3

Let B,, denote the flux density, H,, the magnetizing force, S,, the cross-
sectional area, and £, the height of the PM. Let S, be the air-gap area, g
the air gap length, and B, the air gap flux density.

a) Assume that the permeability of the core is infinity. Derive an
equation for By from Ampere’s law.
b) The permeance coefficient is defined as P. = By Assuming

HOHm :
S = 84, derive a simple expression for the permeance coefficient.

Bm
tiet

A
B, [11L v
Sm /J\ /k\‘ '{‘;::.I

< >

The stator current is modeled as a current sheet A,, = 2?.?2 L on the stator
side, and the PM magnet has a coercive force H., and its field directs up-
ward, as shown below. Let g and h,, be the air gap height and PM height,
respectively.

a) Determine the rotor moving direction.

b) Applying the Ampere’s law along a contour indicated by the loop, deter-
mine the air gap field intensity, H, as a function of z.

Current sheet A,

YA
QIRRRIRVRIVRRRXRK

PM field \ﬁ T 1T 1Mo
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11.4

11.5

11.6

REFERENCES

Consider the magnet circuit shown below. The PM (NdFeB) is assumed to
be N40SH (B, = 1.2 T, H. = —950 kA/m). The PM cross-sectional area is
Sy = 10 cm?, and its height is 10 mm. The air gap area is S,, = 10 cm?
and the air gap height is 1 mm.

a) Calculate the air gap field density when i = 0.

b) Calculate the air gap field density when Ni = 3000 A turn.

p= 00

S = 10cm? Sy = 10cm?

i = 10mm g = 1lmm

N

Consider a double layer 18 slot—10 pole motor [37]. Draw a star diagram,
coil arrangements, and obtain the pitch factor.

Consider the demagnetization curve shown below: The basic parameters are
B, =12T, H. =950 kA/m and g = 1 mm.

a) When Hype. = 808 kA /m, find the corresponding field, Bipee.

b) When NI = 700 A-turn, find the minimum PM height, ¢, to prevent an
irreversible demagnetization.

¢) When /,,, = 10 mm, what is the maximum feasible NI that does not incur
an irreversible demagnetization?

By

'}.’.IHI -I:'Jr 'r-r.'.l
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11.7 Consider three types fractional slot machines: (3 slot, 2 pole), (12 slot, 10
pole), and (36 slot, 32 pole).
a) Compare the GCD(Ng, 2p) and LCM(Ng, 2p) respectively.
b) Select a machine with the lowest cogging torque and a machine with the
lowest noise and vibration.

11.8 Consider an ideal SRM which has 6 stator poles and 2 rotor poles. Assume
that the inductance and current of a-phase winding vary with the rotor angle
as shown below.

a) Find the maximum and minimum phase inductance from the flux to cur-
rent contour shown below.

b) Calculate the change in co-energy W, per a half period (180°) of a-phase
winding.

c¢) Calculate the energy ¢ L(6)idi(f) and show that it is equal to the co-
energy change obtained in b).

d) Plot the torque waveform of a-phase coil for a half period.

e) Plot the inductance and current waveform for b and ¢ phases. Also plot
the shaft torque.

f) Using the result of e), find the mechanical power at 1200 rpm.

Inductance
Lmar
AP 4
141 +—
Loveine
| | | | | | |
0 30 90 120 180 210 270 300
0.3 rotor angle [deg]
‘ R 1., 4 Current
50 jla 50 T
0 30 90 210 270 360

rotor angle [deg]

11.9 Assume that a 36 slot 8 pole motor is running at 2400 rpm. Find the
minimum feasible wave number and the exciting frequency.

11.10 Assume that the rotor MMF, F, is given as a step function and the air-gap
permeance, A4 as a square function as shown below:
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Rotor MMF, F; Alrgap permeance, Ay
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a) Denote by x the absolute position, whereas by z;, a displacement of the
rotor. The rotor MMF and the permeance can be expressed as in Fourier

series:
F = ZF” COS (n_w(x — xr)>
n Tp
N,
A, = Ao —l—ZAmcos (m Sﬂ_.%') .
m p
Show that
: 7« W,
W, S1n (%T—>
F, = 2HchmT MW_” forn=1,3,5,---
p 2 7
mNgm Wy
1, W (25)
Am = ?NST_W form:1,2,3,--- .
p 2 Tp
W.N.,
Am — t 8/’[/0
21, g

b) Assume that H. = 950 kA/m, h,, = 10 mm, ¢ = 1 mm, Ny = 6,
WT/—;” = 0.8, % = %, zr = 1, and 7, = 1. Using MATLAB, calculate the
Fourier coefficients and plot the air gap field density, B, (z) = A F;.

c) When the rotor MMF travels over z, = [0, 27,], plot the air gap field
variation at the point x = 7, i.e., B,(7) for 0 <z, < 27,

d) Using the result of c), plot the radial force density P, = By for

210 T=T,
0 < 2, < 27, using MATLAB. ’




Chapter 12

EV Motor Design and Control

EV share is steadily increasing as the battery cost reduces and power density in-
creases. For vehicle drive, the motor should have a high starting torque and produce
high power during high speed. Internal combustion engines (ICEs) are limited in
the working range in comparison to electric motors. For example, ICEs cannot
produce torque at zero speed, and its efficiency drops quickly with speed. These
restrictions are solved by gear shift and slip mechanism. Gear shift offers several
torque-speed curves as shown in Fig. 12.1. On the other hand, electric motors have
a large starting torque, and can work over a wide speed range. EV motors are
normally used without a gear shifting mechanism. The EV range (dotted line) is
compared with multiple torque-speed curves of ICE in Fig. 12.1.

Torque |_

EV Motor

2nd(2:1) QL

—71 >
3w (0.81) ==-_.__

— 5% (0.7:1)

x i
Vehicle Speed 90km/hr 180km/hr
EV Motor rpm 6000rpm 12000rpm

Figure 12.1: Torque-speed curves of an ICE with gear shifts along with an electric
motor torque-speed curve (dotted line).

In this chapter, typical rotor topologies of IPMSMs are compared in terms of
torque ripple, demagnetization, mechanical stress, radial force distribution, etc.
Further, design and manufacturing processes are illustrated. Finally, practical mea-
surement and control methods are explained.

445
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12.1 Requirements of EV Motor

The EV motors need high power density, high short-time overload capability, wide
constant power speed range (CPSR), high efficiency, robustness etc. Among the
requirements, high power density and high efficiency are the most important prop-
erties that a propulsion device should have. The overall efficiency needs to be
evaluated based on driving cycles. Thus, an EV motor must be optimized in a most
frequently used area. It is not easy though to increase the efficiency while reducing
material costs and size. Commonly accepted power densities are 5.7 kW /liter and
2 kW /kg. For high power density, most EV motors adopt water cooling. The motor
volume cost is around US$ 500/kW. EV requirements are depicted in Fig. 12.2.

ompac!
High Power Density
> 5.7 kW/lite r

Torque

Starting

acceleration ight Weig
High Power Density

Most frequently > 2 kW/kg

used area oW CoS

High parts integration

High efficiency < 4.7 US$/kW

Easy Installation
Suitable for service

High speed

Speed

Figure 12.2: EV motor requirements.

Short time high torque capability is required for starting, climbing uphill, and
acceleration. The maximum torque is normally twice as large as the rated torque
and designed to last for 20~40 seconds. The sustaining time is limited by the coil
temperature. In such a high current period, the rotor PM can be demagnetized.
The PM should not be demagnetized under all operation conditions.

The CPSR needs to be wide for high speed driving. Usually, it is 3.5~4 times
greater than the base speed. PM cavities and flux barriers are designed to polarize
the magnetic anisotropy between d and ¢ axes. But, such an effort requires a
sacrifice in the mechanical rigidity against centrifugal force. In addition, the back
EMF needs to be limited. Otherwise, a high terminal voltage may destroy semi-
conductor switches (IGBTs) when the inverter looses control. In addition, EV
motors are required to have low torque ripple and low noise and vibration. Normally,
numerous designs are carried out to optimize the motor under given requirements.

Main specifications of running EV and HEV motors are compared in Table 12.1.
Various types of EV motors currently in use are compared in Fig. 12.3. IMs, robust
and cost effective, meet most of EV requirements. But the efficiency is lower than
that of IPMSM. Therefore, IMs are not popularly used for EV propulsion, although
they are used in Tesla EVs and some GM hybrid electric vehicles (HEVs). Fig. 12.4
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Table 12.1: Torque and power data of EV and HEV motors.

Vehicle Leaf | Prius | Lexus | Camry | BMWi3 | Volt Gen2
(year) 2012 | 2010 | 2008 | 2007 2016 2015
Max. Power (kW) 80 60 110 70 125 87
Pole/slot numbers 8/48 | 8/48 | 8/48 | 8/48 | 12/72 8/72
Power density (kW/kg) | 1.4 1.6 2.5 1.7 2.5 2.25
Max. Torque (Nm) 280 207 300 270 250 280
Max. Speed (rpm) 10,390 | 13,500 | 10,230 | 14,000 | 11,400 11,000

shows photos of Nissan Leaf motor and rotor of Tesla IM. Table 12.2 lists major
parameters of Nissan Leaf 2018 model.

Number Power EVE Compan
of Poles | Density Speed pany

Induction 2.66 Tesla
Motor NA 4 Wihg  18300mPm o dels

Wound rotor

F 1.8 (active) Renault
Synchronous Lr NA 8 KW/kg 11300rpm ZOE
Motor Tt
\") - 1.6 Prius
Shape A% Nd 8 KWikg ~ 12000mPm 2011
I
Double
v N= Nd 12 197 = 8810 rpm Chevy
KW/kg Bolt
Shape .fL
PM ~
Motor 14
Nd 8 10400 rpm Leaf2012
Nabla &l kWikg
Shape __& Nd 8 25 40230rpm ‘eSS
KW/kg P 600h2008
Double
I~ Nd 12 2.5 11400rpm BMW
kW/kg i3
Shape \1.

Figure 12.3: Comparison of EV motors.
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Figure 12.4: EV propulsion motors: (a) Nissan Leaf motor and (b) rotor of Tesla
motor.

Table 12.2: 2018 Nissan Leaf specification.

Requirement Target Condition

Max. speed 10,390 rpm

Rated speed 3,283 rpm

Peak output power | 110 kW 3283~9795 rpm

Max. torque 320 Nm 0~3283 rpm

Battery capacity 40 kWh

On board charger 3 or 6 kW charging time : 16 or 8 hr
Fast charger 50~60 kW 80% charging time : 40 min
Driving range 400 km JCO08

Vehicle gross weight | 1765~1795 kg | Curb weight : 1520 kg
Acceleration time 8.5 sec. 0~100 km/hr

12.2 PMSM Design for EVs

PMSM design requires a multivariate optimization process that includes improving
efficiency and power density, reducing torque ripple and noise, and enhancing dura-
bility. Typical constraints are rigidity and motor cost. Thus, costly PM usage must
be minimized while keeping ruggedness against demagnetization. Furthermore, the
mechanical rigidity should be assured in the cavity and bridge structure around the
PM.

12.2.1 Pole and Slot Numbers

The pole and slot numbers are the most critical numbers that affect the overall motor
performances. Concentrated winding offers the advantage of short end winding.
But, distributed windings are generally used in EV propulsion motors, because
high efficiency is required in a wide speed range with a low PM loss. As shown
in Table 12.1, frequently used pole-slot combinations are (Ng, P) = (48,8) and
(72,12), where N, and P are the slot and pole numbers. The 48 slots and eight
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poles are used in EV motors, such as Toyota Prius, Honda Accord, Nissan Leaf,
etc. Chevrolet Volt Gen 2 PHEV and BMW i3 motors utilize 72 slots twelve poles.
In both cases, the number of slots per pole per phase is ¢ = 2. Higher slot number
per pole is better to minimize the torque ripple and reduce the air gap harmonics.
However, the manufacturing cost increases with decreased slot fill factor.

As shown in Section 11.5.4, high pole machines are advantageous in reducing the
stator back iron. Therefore, a high pole number is preferred in order to minimize the
motor weight. But, high pole machine suffers a large core loss since it demands high
electrical frequencies. Even at such a risk, BMW i3 utilizes twelve pole motors to
increase the power density as high as 2.5 kW /kg. Note that the electrical frequency
at the maximum speed is 11400/60 x 6 = 1140 Hz. Iron loss is normally severe with
1.1 kHz fundamental wave. To mitigate the eddy current loss, thin silicon steel
(0.2 mm) is utilized in the i3 stator core. Note that thin silicon steel is expensive
due to the difficult rolling work. To minimize the scrap after stamping, stator core
is constructed by joining band type segmented pieces having dovetails. Unlike the
stator, the rotor is made of a thick standard silicon steel.

12.2.2 PM and Flux Barrier Arrangements

PM imbedded topologies are preferred in traction applications due to the saliency
and mechanical robustness. Shape and arrangement of flux barriers determine the
reluctance torque while affecting the torque ripple and noise and vibration. Fur-
thermore, the flux barrier should be mechanically robust against centrifugal force.
Manufacturing convenience is another important requirement. By and large, the
PM arrangements are categorized as V-type, double V-type, V-type, and double
I-type as shown in Fig. 12.5. The V-type is often called delta-type. Single V-type
arrangements are used in most Toyota hybrid vehicles like Prius, Camry, Lexus
RX450h, etc. Double V-type is used by General Motors in Spark EV and Chevrolet
Volt. V-type is used in Nissan Leaf and Toyota Lexus LS 600H. Finally, double
I-type is used in BMW i3.

Although types are different, all of them can be understood in the context of
synchronous reluctance motor (synRM). Note that group of cavities are arranged in
rows, so each row acts as a flux barrier. Except for the V-type, the rest have double
layer structures. In general, multi-layer structures are better in suppressing noise
and torque ripple, since they allow more degrees of freedom in shaping the PM flux
density. It was reported in [6] that the influence of armature reaction decreased as
the layer number increased. As a result, the cross coupling inductances, L4, and
L are low with the V-type structure.

But the overall performances of four types are almost the same, while the V-type
is advantageous in low manufacturing cost and high demagnetization resistance. Us-
ing the frozen permeability technique [7], torque can be decomposed into reluctance
and magnetic components.

Regarding the torque ripple, it is recommended to choose the number of layers
according to Ng/P +2 [5]. Thus for a machine with 48 slots and eight poles, the low
ripple choices are 4 or 8 layers. Note, however, that manufacturing complexity and
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(c)

(d)
Figure 12.5: Typical EV motor designs: (a) single V-type, (b) double V-type, (c)
V-type, and (d) double I-type.

cost increase as the layer number increases. Fig. 12.6 shows a four layer structure
of Chevrolet Volt ferrite motor (Motor A) [2].

Figure 12.6: Rotor of Chevrolet Volt ferrite motor that has four layers.
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Single V-Shape

Two PMs are placed facing each other with the same polarity in a pole, so that
squeezed flux is forced out to the air gap. Cavities for PMs are extended from the
center bridge to the rotor surface. As a result, two of them form a long cavity band.
It acts like a flux barrier of SynRM. It results in a high saliency ratio, since the
flux barrier hinders the passage of the stator d-axis flux. Due to the large saliency
ratio, reluctance torque is effectively utilized in the field weakening range. Note
that there are two g-axis flux passages inside and outside of the flux barrier. The
PM size, position, flux barrier size, and PM coverage ratio determine the overall
performance.

The bridges are required for structural integrity. The bridge ends are treated
with round corners to avoid stress concentration. A large curve radius is more
effective in distributing the stress regularly. However, part of PM flux leaks through
the bridge, reducing the PM flux linkage to the stator winding. Therefore, the
thinner the better from the magnetic view point. Therefore, the bridge width is
determined while compromising the mechanical strength with the loss of PM flux.

The V-type is relatively easier to manufacture than the double V' or delta types,
because the number of magnets are smaller. Further, the PMs are less vulnerable
to demagnetization since the PMs are placed away from the air gap. However, the
V shape yields relatively large cross-magnetization. In particular, the symmetric
distribution of PM flux is easily distorted by the g-axis current (armature reaction),
and the variation is intensified as the current increases.

Double V-Shape

Double V shaped design has two rows of flux barriers at each pole, though the
widths are different. The expected benefits are: The saliency increases as the flux
barrier doubles. More degrees of freedom are given in locating the PMs and flux
barriers, so that the torque can be maximized while reducing the torque ripple and
noise-vibration. The double V' design is more resistant to the armature reaction
due to the increased number of flux barriers. As a consequence, the inductances,
Lg and L, of double V' type machine do not change as much as a single V' type
machine.

Delta and Double I-Shape

The delta-shaped design can be seen as a mixture of V' and I shapes, or a variation
of double V shape. The I magnet increases the peak field density, while making the
EMF closer to a sinusoidal shape. The same benefits can be expected with the dou-
ble I machine. It utilizes fewer magnet numbers than the double V. The forefront
cavity for I magnet blocks the penetration g-axis field, thereby alleviates the arma-
ture reaction. Thus, the cross coupled saturation effect is reduced. However, the I
magnet tends to be demagnetized by the field harmonics. The slotting effects are
more detrimental in the normal high inductance machines. Several exquisite cavities
around the I magnet can reduce EMF harmonics and demagnetization possibilities.
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@) (b)
Figure 12.7: GM Volt Gen 2: (a) stator and (b) rotor.

12.3 PMSM Design for EV Based on FEA

Major design processes are illustrated with an example PMSM developed for a C-
class passenger vehicle. The major parameters are listed in Table 12.3. Fig. 12.8
shows a photo of a developed motor and its coil design layout, and Table 12.4 lists
coil data.

(a) (b)
Figure 12.8: (a) Photo of a developed motor and (b) coil design layout.

12.3.1 Flux Density and Back EMF Simulation

Fig. 12.9 shows a mesh model and flux density simulations under (I, ) = (150 A}ps,
30°) and (250 Ay, 43°). The flux density reaches 1.8 ~ 1.9 T at the teeth of
major flux passage under high load conditions. It indicates that local saturation
is developed by high g-axis current. In general, motors are designed so that the
maximum flux density does not exceed 1.6 T. Nevertheless, high saturation values
are tolerated in EV motors, since more emphasis is put on the power density rather
than the linearity.
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Table 12.3: Major parameters for an IPMSM for EV propulsion.

No. of poles 8

Power (max) 100 kW

Max. torque (60 sec.) 320 Nm

Max. current 293 Arms

Rated torque (> 30 min) | 160 Nm

Rated current 150 Ajms

DC link voltage 260~360 V
Base speed 3600 rpm

Max. speed 12000 rpm
Inductance (Lgy/Lg) 0.234/0.562 mH
Coil resistance (rs) 13 m&2

Cooling Water (12 liter/min)
Max. current density (rs) | 17.4 A/mm?
Max. electric loading 854 Aps/cm
PM flux (¢,) 0.0927 Wb

Table 12.4: Coil specifications

Insulation class N || Coil diameter 1.0 mm

Connection Y | Coil area/slot 51.8 mm?

No. of turns per phase 24 || Slot fill factor 47.4% (bare copper)
No. of conductor /slot 3 || Coil length/phase | 10.9 m

No. of strands/phase winding | 22 || Resistance/phase | 0.015 Q (100°C)

Stator core

(@)

Figure 12.9: (a) Mesh model, (b) flux density under (150 A;ms, 30°), and (c)
(250 A s, 43°).

Fig. 12.10 (a) and (b) show a back EMF simulation result and its harmonic spec-
trum at the rated speed when the PM temperature is 140°C. From the fundamental
component, the back EMF coefficient is calculated as 1, = 143.8/(60 x 4 x 27) =
0.095 Wh. Note that the flux density reduces as the temperature increases, i.e.,
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Figure 12.10: Back EMF simulation at 3600 rpm: (a) plot versus time and (b)
harmonic analysis.

the temperature coefficient of remanence flux density of Nd magnet is —0.12 %/K.
Thus, 0.095 Wb is a smallest EMF coefficient, since motor PM is regulated below
140°C in all normal conditions.

12.3.2 Voltage Vector Calculation

Fig. 12.11 shows a moment of current flow when the full inverter DC link voltage
is applied to the motor © — w terminal pair. Note that the peak line-to-line voltage
is equal to the DC link voltage. Therefore, in this example the maximum phase
voltage is Vj./v/3 = 360/1.732 = 207.9 V.

Y

Figure 12.11: Inverter schematic diagram showing that the peak line-to-line voltage
is equal to V.

Exercise 12.1 Determine the motor terminal voltages at 2500, 7200, and
12000 rpm when the current magnitudes and angles are (I, §) = (453, 43°), (453,

75.25°), and (453, 80.75°), respectively. Note here that I = ,/i5? + i¢?. Using the

data in Table 12.3, draw voltage and current vectors for the three cases. Check that
the phase voltages are less than 207.9 V.
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Figure 12.12: Voltage and current vectors for (a) 2500, (b) 7200, and (c) 12000 rpm
(Solution to Exercise 12.1).

Solution. The electrical speed is % X 2m x 4 = 1047.2 rad/sec. The back EMF

is equal to wet,, = 1047.2 x 0.0984 = 103 V.

weLgig = 1047.2 x 0.000234 x (—308.6) = —75.6 V
weLqig = 1047.2 x 0.000562 x 331 = 194.8 V.

On the other hand, the ohmic drop is equal to r4i§ = 0.0147 x (—308.6) = —4.5 V
and rgiy = 0.0147 x 331 = 4.9 V. The terminal voltage is

Vin = \/ (Ymwe + weLgi§ + 15i6)? + (weLqit + 14i5)?
= /(103 —75.6 +4.9)2 + (—194.8 — 4.5)2 = 202 V.

Therefore, the voltage angle is equal to

—v8 199.3
5 = tan"! <ﬂ> = tan~! <—> = 80.8°
vg 32.3

Since 8 = 43°, PF = cos(8 — 0) = cos(—37.8°) = 0.79. Repeating the same for
7200 and 12000 rpm, we have voltage and current vectors as shown in Fig. 12.12,
in which the relative magnitudes and angles are respected. |

12.3.3 Flux Linkage Simulation and Inductance Calculation

Fig. 12.13 shows a result of time stepping analysis. The flux linkages, A,, Ap, and
A are obtained for one pole period 0 < . < 7 with the phase currents, (i4,p,%.) =
(I coswet, I cos(wet — &), I cos(wet — 4?”)), where 0, = wet. The d- and g-axis flux
linkages are calculated by the transformation map:

[)\2(96)] 2[ cosfe  sinfe ] [1 -1 1 ] igz; o)
o —3 i b\Ve .
Ag(0e) 3| —sinf. cosf, 0 @ _ @ o)
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Fig. 12.13 (a) and (b) show (A4, Ay, Ac) and the corresponding (AG, A7) [8], [9].
As discussed in Section 11.5, the ripples in A7 and Aj are caused by the stator
slotting, rotor permeance harmonics, and the MMF harmonics. Fig. 12.14 shows
three dimensional plots of flux linkages over the whole current range. It shows a
decoupling between the d and ¢ axes, though not perfect. That is, A depends only
on i, whereas A7 only on 7. Note from Fig. 12.14 (a) that A\ has a big offset when
ig = iq = 0. It is due to the rotor PM flux in the d-axis. However, Ay = 0 at zero
current. It justifies

Aalig,ig) = hm + Lalig, ig)ig (12.2)
Aligrig) = Lq(ig, ig)ig, (12.3)

where Lg and L, are d and g-axis inductances, respectively. It should be noted
here that Ly and L, are not constants due to core saturation. Therefore, they are
represented as functions of currents.

Fig. 12.15 (a) and (b) show three dimensional plots of flux linkages of the
IPMSM. Inductances are calculated from (12.2) and (12.3) such that

Aa(id,iq) — Um
iq
)‘Q(idv iQ)

q

La(ig,ig) = (12.4)

Ly(ig,1q) = (12.5)
Fig. 12.15 shows inductances calculated by an FEM tool over a wide current range.
The L, variation is minor, whereas the L, variation is noticeable. Fig. 12.15 (c)
and (d) show inductances versus current angle, 5 when the current magnitude is
fixed at 150 A5 and 250 A,.,,s. Note that L, increases as 3 increases. The reason
is that the g-axis current decreases along with 5. Furthermore, nullification of PM
flux in the air gap becomes intense, thereby the core is released from saturation.

12.3.4 Method of Drawing Torque-Speed Curve

It is complex to find the maximum torque curve under voltage and current limit,
since the solutions are obtained from the conditions of MTPA, maximum power, and

0.15 0.101
0.1 = 0.09
oy / = Agl—75,129.9)
2 005 o 0.091
g Nl Vel Vad Yald Yab Yab |
£ 5
2005 x 0.081 _
B 2 A(—75,120.9)
[ 0.076
-0.15 0.071
0 90 180 270 360 0 90 180 270 360

Electrical Angle [deg.] Electrical Angle [deg.]
(a) (b)
Figure 12.13: Time-stepping analysis: (a) flux linkage of phase coils, (b) flux linkage
of d and ¢ axes in the synchronous frame.
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current angle when the current magnitude is fixed at 150 and 250 A,.,s.
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versus

MTPYV depending on the speed range. It was illustrated previously in Section 7.4.3

and 7.4.4.

An easy and practical method is to utilize Excel spreadsheet. In the spreadsheet,
set P, ¥, rs, Lqg and L, as fixed parameters. On the other hand, let I, and 3 the
input variables to be adjusted manually. A decision criterion is the motor terminal
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voltage. That is, the maximum power is tracked below the voltage limit at each
speed, while adjusting the current magnitude and angle. Furthermore, an additional
voltage margin (about 7 ~ 10 V) is necessary for current regulation. The voltage
margin should be reserved to accommodate the voltage reference that comes out of
the PI controller. Inductances are assumed to be constant for convenience in the
first place. Later, the case will be treated with the inductance variation.

Fig. 12.16 shows a calculation method of torque-speed curve using the Excel
sheet. The procedure for using the Excel program is:

1. Input the motor parameters P, 75, Lgq, Lq, 1, in the first column.

2. Put the motor motor speeds in rpm in column ‘C’ and put the

corresponding electrical speeds in column ‘D’.

3. Put a (maximum) current magnitude, Iy, = /i +i5? in column
»and put current angle, 8 in column ‘F’. The current angle must be

| 5AS2'(3/4)"5AS4"H3+5AS2"(3/4)"(SAS16-5A$18)"G3"H3 || D3*$A$4+D3"$A$16"G3+$ASEIH3

-E3*SIN(F3/180*PI()) 3*C3/60*2*PI()* 1073 SQRT(K3A2+L3A2§|

| E3"COS(F3/180°PI()) | | $A$6*<5333*$A$1 s3] [ \[-ATAN2(L3K3)*180/A10)
C3/60*2*PI()*$A$2/2 "
| Manual | X |\l‘\l3fF3 ”\C‘OS(O3/\1‘ 80*PI()
il L b L] o F
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Figure 12.16: (a) Excel spreadsheet for torque-speed curve, (b) torque, power,
current angle, and (c) current, voltage, power factor.
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increased with speed. Put i = —I;sin and i = I5cos 8 in columns
‘G’ and ‘H’.

4. Based on (ig, ig), write torque and power equations such that T, =
3P/A(Ymig + (Lg — Lg)igig) and P, = T, X 2we/P. Put them in column
‘I’ and ‘J’.

5. Based on (ig, ig), write voltage equations such that v = rsi§—we Ly

q’
vg = TsigtweLgig+ wethm, and Vs = Jv5? + vé?. Put them in columns
‘K, ‘L7, and ‘M.

6. Select an initial current angle, 8 which maximizes the torque. The
MTPA current angle can be found by changing S manually. In this
example, the initial current angle is § = 43°. Put the same (§ in the
following column until the motor voltage, Vi + AV reaches nearly the
maximum, Vy./v/3, where AV ~ 7 ~ 10 V is a voltage margin provided
for current controller. The speed at which V;+AV = Vj./ /3 determines
the end of the constant torque region. In this example, the constant
torque range is (0, 2500) rpm.

7. In the CPSR (from row 8), increase 8 manually. Maximize the torque,
but check if the voltage condition, Vs + AV < Vy./v/3 is satisfied.

8. Repeat the process of increasing both speed and current angle. If 3 is
close to 75°, the voltage limit condition cannot be satisfied by adjusting
B only. We have to reduce the current magnitude, I;. It is the range of
MTPV. In such a high speed range (from row 13), change both I and

3.

Fig. 12.16 (b) and (c) show the plots of torque, power, current angle, current,
voltage, and power factor based on the data in Fig. 12.16 (a). Note that the con-
stant power speed region (CPSR) is extended to 12000 rpm. According to the
Fig. 12.16 (b), the starting torque is as large as 406 Nm. It is not a realistic value
since the core saturation is not reflected.

In Step 6, the torque is maximized in the low speed region. The voltage limit
does not put any limit in the low speed region. In Step 7, the speed increase results
in the voltage increase. To meet the voltage condition, the current angle must be
increased. However, a large increase will cause a big power drop. So, it is necessary
to increase f3 slightly at each step. In this example, Vy./v/3 = 360/v/3 = 207.9 V
and AV = 5.9 V. It means that V; should be less than 202 V. In Step 8, I is reduced
to 445 A at 7200 rpm to make Vy = 202 V with 8 < 81°.

Exercise 12.2 Determine the current magnitude and angle so that the motor
produces the maximum power in the field weakening region up to 10000 rpm. The
motor parameters are ¢, = 0.103 Wb, ry = 0.0147 Q, Vg =360 V, Ly = 234 uH,
L, =562 pH. The maximum current is Iy = 280 A (peak), and set the voltage mar-
gin, AV =6 V. Calculate the maximum torque and power using Excel spreadsheet.
Plot torque, power, and current versus speed.
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Excel Spreadsheet with Inductance Change

The coupling terms, —weLgig and weLqig are large constituents in the phase volt-
age when the speed is high. Thus, the inductance variation affects a lot voltage
and torque equations. Fig. 12.17 shows an extended version of Excel sheet that
incorporates the change of Lq and Lg. Two columns are provided to write different
inductance values depending on current magnitude and angle. For this purpose, an
inductance look-up table as shown in Fig. 12.15 (a) and (b) is needed. Inductances
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Figure 12.17: (a) Excel spreadsheet for power and torque calculation with the
inductance look up table and (b) the corresponding torque and power curves.

are either computed by a FEM tool, or obtained by experiments. It requires an
iterative process between (I, 3) and (Lg, Lq). As we change (I, 3) to find a max-
imum torque below a voltage limit, the inductance also changes. Then, it requires
us to change (I, B) again to satisfy the voltage limit. While doing such a minor
tuning, some interpolation methods can be used to find Lg and L, that are not
listed in the look-up table.
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Figure 12.18: Comparison between Excel spreadsheet calculation result and exper-
imental data.

Comparison with Experimental Data

Experimental and computed results are compared in Fig. 12.18. The computation
was done with the Excel spreadsheet. The inductance look up table was obtained
by using an FEM tool. Generally, the computed results match well with the exper-
imental ones in overall range. The maximum error is less than 7%, and the errors
are resulted from the inductance error and the uncounted effects such as friction
and windage loss.

Exercise 12.3 Consider the motor with the following parameters: number of
poles, P = 8, rotor flux linkage, 1, = 0.0984 Wb, and phase resistance, ry =
0.015 . In all cases, the terminal line-to-line (peak) voltage should be less than
325/v/3. The maximum current magnitude is I, = 212 A. Determine the angle
so that the motor produces power over 60 kW in the field weakening region up to
8000 rpm. Fill the blanks in the following Excel spreadsheet, and plot the curves
of torque, power, terminal voltage, and power factor.

12.4 Finite Element Analysis

Nowadays, commercial finite element analysis (FEA) tools are very powerful cov-
ering a wide range of electro-magnetic, thermal, and mechanical stress analyses.
Through time-stepping analysis, torque ripple and core loss can be computed. With
a 3D-FEA model, the PM loss can be calculated.

12.4.1 Torque Simulation

Fig. 12.20 shows toque simulation results for different current conditions before and
after skewing at 3600 rpm. The amount of ripple reaches 28.5%, but it reduces to
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Figure 12.19: (Exercise 12.3) Excel spreadsheet for power and torque calculation
with variable inductances.

10% after skewing. It shows that the torque ripple is low with the low currents.
Since the motor pole number is eight, one electrical cycle is 90° mechanically. It
can be easily observed that the dominant ripple component is the 6" order. The
skew angle is usually chosen to be a half slot pitch. In this 48 slot machine, the slot
pitch is equal to 3.75°, which corresponds to 15° in electrical angle.
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Figure 12.20: Toque simulation results at 3600 rpm before and after skewing.

12.4.2 Loss Analysis

An FEM tool is utilized to calculate the core loss. Fig. 12.21 shows the stator core
loss density plots under various current and speed conditions. As for an electrical
steel, the loss data of 27TPNF1500 was utilized: The specific core loss is Wy5/50 =
2.03 W/kg and Wyg 400 = 13.3 W /kg, and the electrical resistivity is 56.5x1078 Q-
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m. Most loss takes place around the boundary of stator teeth. It shows a dramatic
increase at 12000 rpm (800 Hz). Note that the losses in the rotor core and PMs are
relatively small, since the fundamental component is seen as a DC.

250 A rms,
3600 rpm

300A rms,
300 rpm

I 6.0E+06

4.5E+06
3.0E+06

1.5E+06

I 0.0

Figure 12.21: Iron loss distribution: (a) 300 A;ms, 300 rpm (b) 250 A, 3600 rpm,
and (c) 250 Ayms, 1200 rpm.

250 A rms,
12000 rpm

150 A rms,
3600 rpm

Fig. 12.22 shows copper and iron losses along with the maximum torque-speed
curve. The copper loss is calculated according to the ohmic law. The iron loss is
separated into hysteresis and eddy current losses. In the low speed (constant torque)
range, the copper loss is dominant over the iron loss. With the speed increase, the
current is reduced to meet the voltage limit (V. = 360 V). Correspondingly, copper
loss decreases. In the low speed region, the iron loss is minor. But in the high speed
region, it is comparable with the copper loss. Among the loss components, the
proportion of eddy current loss expands with the speed, since it is proportional to
the square of speed. At 12000 rpm, the electrical frequency is 12000/60x4 = 800 Hz,
with which the eddy loss itself amounts to 2 kW. Note on the other hand that the
hysteresis loss is almost steady.

12.4.3 PM Demagnetization Analysis

Fig. 12.23 shows the level of PM demagnetization, when the PM goes through a
temperature cycle of 60°C, 180°C, and 60°C. It is under a current loading; 320 A,
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Figure 12.22: Copper and iron losses along with the maximum torque-speed curve.

and 8 = 43°. The level of demagnetization is determined by a change in the PM flux
density before and after thermal loading. A certain demagnetization is observed in
Fig. 12.23 (d). However, the original state is recovered fully after the temperature
returns to 60°C. It says that no permanent demagnetization has taken place.
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Figure 12.23: Demagnetization analysis with I = 320 A;,s and S = 45° (a)
temperature profile, (b) torque responses, and (c), (d), (e) percentage of demagne-
tization.

() (d) (e)
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12.4.4 Mechanical Stress Analysis

The PMSM rotors have many cut-outs to insert PM and to block out flux passage.
However, narrow bridges are necessary to hold mechanical integrity. As the rotor
speed increases, the centrifugal force is concentrated on the edge of flux barriers
and bridges. Under the maximum speed condition, the mechanical stress should
not exceed the yield stress of the steel. If a high stress point is found, the bridge
design should be modified to disperse the stress concentration: The design change
includes

1) Widen bridge width;
2) Increase the radius of curvature in the cavity corner;
3) Add fillets at the corner of bridges.

12000rpm

3600rpm 8000rpm

MPa

l 550.0

387.5

225.0

I 112.5
0.0

(a) (b) (c)

Figure 12.24: Mises stress and displacement (x400) simulation: (a) 3600 rpm,
(b) 8000 rpm, and (c) 12000 rpm.

Widening bridge often increases the PM leakage flux, so that it reduces torque or
increases the PM usage. Additionally, many magnetically unnecessary parts are cut
out to reduce the mass of rotor. It may reduce the stress in the bridge, or help
stress distribution.

Fig. 12.24 shows Mises stress and displacement at different speeds. The dis-
placement was 400 times exaggerated. A rule of sum is to keep the maximum
displacement less than 10 pm at 20% over speed. The maximum displacement does
not have a direct relationship with the maximum stress. The maximum displace-
ment occurs in the center part of a pole, whereas the maximum stress occurs in the
bridges.

Table 12.5 shows the steel and resin (magnet adhesive) data required for me-
chanical FEA. In most EV motors, the cavities are filled with some resin, which,
once solidified, disperses the stress on the larger area. It minimizes deformation and
reduces stress peak. Fig. 12.25 shows effects of resin at 12000 rpm. One can see a
contrast before and after filling the resin in the PM cavities.
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Figure 12.25: Rotor distribution of Mises stress and deformation at 12000 rpm
without resin (a), (b) and with resin (c), (d): (a) (c) Misses stress and (b) (d)
deformation.

Table 12.5: Mechanical properties of electrical steel and magnet adhesive.

Material 27TPNF1500 2214
(POSCO Elec. Steel) | (3M Magnet Adhesive)

Tensile strength 410 Mpa

Poisson ratio 0.3 0.35
Young’s modulus || 165 Gpa 5.17 Gpa
Density 7600 kg/m? 1438 kg/m?

12.5 PMSM Fabrication

The stator of PMSM is basically the same as that of induction motor. But, the
rotor fabrication is different in many ways due to the PM. The general assembly
process is illustrated with pictures.

12.5.1 Stator Assembly

Fig. 12.26 shows the states of stator core stacking, welding, and coil insertion.
The stack is made of multiple sub-stacks. For example, Fig. 12.26 (b) shows the
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Figure 12.26: Stator assembly: (a) core stacking, (b) welding, and (c) slot liner
insertion.

whole stator core is made of 4 sub-stacks. Even isotropic steel sheet has different
permeabilities depending on the directions. The permeability is greater along the
rolling direction than the transversal direction. Thus, not all steel sheets should be
stacked in a uniform direction. It is necessary to randomize the rolling direction
in the stack. A normal practice is to stack sub-stacks with 90° shifts as shown in
Fig. 12.26 (b). The sides of stack are welded while being pressed by a 10 ton press.

Both sides of silicon steel sheet is coated with enamel of thickness 0.5 ~ 0.8 pm.
Including the enamel thickness, the stacking factor is in the range of 97.5 ~ 98%.
The slot liner has a high dielectric strength (18 ~ 34 kV/mm), thus it is used as
an isolator from the stator core. It has a smooth surface to facilitate coil insertion.
In addition, the required properties are mechanical toughness, thermal stability,
flexibility, and resilience against chemicals.

The coil is classified depending on the thermal capability as shown in Table 12.6.
In EV motor, ‘N’-class coils are used which are coated with poly-amideimide insu-
lation material. In the example motor, 22 strands of AWG 18 coils are used in
the phase winding. Further, 3 coil bundles are inserted in each slot, whose area is
109 mm?. Since the diameter of AWG 18 coil is 1.02 mm, the sum of coil sectional
area in each slot is equal to 7 x 0.5% x 22 x 3 = 54.3 mm?. Therefore, the slot fill
factor is 54.3/109 x 100 = 49.8% on the basis of bare copper. On the other hand,

the maximum current density is equal to J = % = 18.52 A/mm?2.

Table 12.6: Thermal class of coils

Thermal classes Y A E B F H N
Endurance temp. (°C) || 90 | 105 | 120 | 130 | 155 | 180 | 200

Fig. 12.27 shows a model for coil end turn calculation and the length per loop
is also estimated according to

lrn = 2l + 21y, (12.6)
Iy = 1.37,+3hy+2l,, (12.7)
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Figure 12.27: Coil end turn length calculation model.

where [}, is the end turn length, 7, is pole pitch, hq is the slot height, and [, is the
length of coil neck over the stator core. In the example motor, [ = 1.3 x 67.15 +
3 x 24.45 4+ 2 x 3 = 166.7 mm. Thus, the total length is equal to 2 x (166.7 4+
120) x 24 x 1073=13.8 m. Therefore, the coil resistance consisting of 22 strands is
0.021/22 x 13.8 = 0.013 Q.

Fig. 12.28 shows a second part of stator core assembly. The neutral point is
isolated with a special tape made of silicon rubber and glass cloth. It is an adhesive
tape having self fusing property, as well as the heat and water resistance. The end
turn coil temperature is measured using an NTC sensor made of a semiconductor
material such as sintered metal oxides. Its resistance decreases as the temperature
rises. Varnish impregnation is a common process that

increases the overall dielectric strength,
improves the structural integrity of the coils,
reduces or eliminate winding noise,
improves heat transfer,

reduces partial discharge.

Vacuum impregnation is normally used to remove the trapped air bubbles from the
slot and fill the empty space with the resin that has a high dielectric strength. The
resin, once solidified, facilitates heat transfer from coils and bonds the wires tightly.
Thus, it increases cooling efficiency and reduces noise during operation.

Fig. 12.29 shows stator housing, core insertion, and isolation testing. The body
part of stator housing consists of two pieces of cast aluminum (AC4C-T6). The
inner part has spiral cooling water channel. The core assembly is inserted into the
housing via shrink-fitting.

A typical isolation test is dielectric strength testing (Hipot test) that measures
the ability to withstand a medium-duration voltage surge without sparkover. It may
be destructive in the event of fault. Another non-destructive method is to measure
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Figure 12.28: Second part of stator core assembly: (a) end-turn isolation between
phase coils, (b) neutral point isolation, (c) temperature sensor attachment, and (d)
vanish impregnation.

the insulation resistance. Testing standards for low voltage motors are summarized
in Table 12.7

Table 12.7: Low voltage motor testing standards.

Condition Standard
Dielectric withstand test | 1 kV(1 min) | < 5 mA
Insulation resistance test || 500 Vyc > 100 MQ

12.5.2 Rotor Assembly

To give a step skew, the rotor is segmented axially into many sub-stacks. In general,
a larger number of segments yield a less torque ripple. Four to six step skews
are widely used for EV motors. For example, see Fig. 11.48. In some cases, a
magnet in a cavity is segmented into multiple pieces to reduce more the eddy current
loss. Fig. 12.30 shows an example. PMs are coated with Nickel plating to prevent
corrosion. Specific magnet data are listed in Table 12.8.
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(c) (d)

Figure 12.29: Stator housing assembly and isolation test: (a) aluminum housing
inner piece, (b) housing outer piece, (c) core insertion via shrink fitting, and (d)
coil isolation test.

Table 12.8: Nd magnet data

Name N39UH Mass Density 7600 kg/m?

B, 1.22~1.28 T || (BH)max 286~318 kJ/m?
iHe 1989 kA/m | »H. 915 kA/m
Poisson Ratio | 0.3 Young’s Modulus | 150 GPa

-
L A 2l
* ETH il

Figure 12.30: PM segmentation.

Fig. 12.31 shows rotor core assembly and balancing. Cores are stacked via a
stacking jig. Segmented magnets are inserted with glue. The glue Poisson ratio is
0.35, which is similar to that (0.3) of magnet and steel core. The rotor stack is
tightened with two end plates, then it goes through balancing process. Unbalanced
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Figure 12.31: Rotor core assembly and balancing: (a) rotor core stacking, (b) mag-
net insertion with glue, (c¢) balancing process, and (d) result of end plate trimming
out for balancing.

state is corrected by trimming the end plate. Fig. 12.32 shows the shaft components
consisting of spline coupler, motor shaft, bearing and wave spring washer, and
resolver rotor and stator. However, the resolver is attached after housing assembly.
The shaft material is a Cr-Mo alloy steel (SCM440) and its surface is treated by
abrasive machining. Fig. 12.33 shows the last assembly step. Resolver components
are installed after the rear bracket is assembled.

12.6 PMSM Control in Practice

The real machine shows more diverse feature than can be described with an ideal
model. The core saturation is a typical nonlinearity that is hardly handled with a
linear model. Further, core losses and torque ripples are not rendered in the dynamic
model. The coil resistance, inductance, and the back EMF constant are the three
important motor parameters. In this section, motor parameter measurements and
practical control methods are considered.

12.6.1 Coil Resistance Measurement

The coil resistance can be measured simply by an Ohm-meter. But, the resistance
changes depending on the coil temperature. Concerning the temperature influence,
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Figure 12.32: Shaft assembly: (a) spline coupler, (b) motor shaft, (c) bearing and
wave spring washer, and (d) resolver rotor and stator.

the following two empirical equations are widely used.
py = p2o(1 + (¥ — 20)), (12.8)

where pyg = 1.72 x 1078 Q-m is the resistivity of copper, a = 0.0039 K~!, and o
is the temperature in °C. Alternatively, the following interpolation method can be

used:
p2 2345+ 17

o1 2345+ 01

For example, if the coil temperature is 150°C, then the resistance will increase by
51% from that at 20°C.

(12.9)

12.6.2 Back EMF Constant Measurement

The rotor flux constant is measured simply by detecting the open circuit line-to-line
voltage of the motor terminal. The measurement procedure is

a) Set the motor under test on a dynamometer;

b) Rotate the shaft of the motor at a fixed speed by the dynamo (load)
motor;

¢) Measure the line-to-line voltage for 5 ~ 10 periods;

d) Analyze the measured voltage using the Fourier series expansion, and
read the fundamental component, Vj(1);
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(c) (d)

Figure 12.33: Last assembly step: (a) rotor, bearing insertion, and a front bracket
assembly, (b) resolver insertion to the rear bracket, (c) housing assembly, and (d)
coil end termination.

e) Calculate the rotor flux according to

Vi /V3

U = Vaw/ V3 (12.10)

wp X P/2

Exercise 12.4 Determine the back EMF constant of an 8 pole motor based on

the experimental result shown in Fig. 12.34. The open circuit line-to-line voltage
was measured at 1000rpm.

Solution. Since the fundamental component of line-to-line rms voltage is equal to
51.8 V, the phase voltage peak is 51.8 x v/2/v/3 = 42.3 V. Note also that w, =
(1000/60) x 27 x 4 = 418.9 rad/s. Since vy = weiy, when i = ig = 0, we have
Uy = 42.3/418.9 = 0.101 V - s. |

12.6.3 Inductance Measurement

The inductances are measured in the steady state utilizing the voltage current rela-
tion in the synchronous frame. An inverter and a dynamometer should be prepared
before the measurement. The following is the measuring procedure when the current

is (i5, i¢):
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Figure 12.34: (a) Line-to-line open circuit voltage at 1000 rpm and (b) its spectrum.

a) Set the motor under test on a dynamometer;

b) Set the inverter in the current control mode and fix the current com-
mand at the given value, (i3, if);

c¢) Rotate the shaft of the motor at a fixed speed by the dynamo (load)

motor;

d) Send the inverter internal data of voltage, (v§, vg) and current, (i, i5)
to a measuring PC via a communication port;

e) Calculate

e e
Vg = Tslg — Welm
Ly = — (12.11)
Wel§
& e
e’q
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(a) (b)

Figure 12.35: Excel spreadsheet for inductance measurements: (a) Lg and (b) L.

Fig. 12.35 shows a calculation example. A low speed 500 rpm is selected with
(ig", ig") = (=50, 0) and (i7", ig*) = (0, 50). Fig. 12.36 (a) and (b) shows plots
of Ly and L, versus current. Due to core saturation a general trend is that the
inductance decreases as the current magnitude increases. But L, increases initially
and then decreases along with ig. The rotor flux seems to be responsible for such a

nonlinear behavior. Fig. 12.37 shows 3D plots of inductance measurements versus

(@5, 7q)-
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[mH] [rmH]
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ig [&] by A

(@) (b)

Figure 12.36: Inductance plot versus current: (a) Ly when ig = 0 and (b) L, when
i4 = 0.

(a) (b)
Figure 12.37: 3D measurements of (a) Ly and (b) L.

12.6.4 Look-up Table for Optimal Current Commands

As discussed in Section 7.4.1, the torque depends on both ig and 47 in IPMSMs. An
optimal current command, (i7", ig*), should be selected for each torque and speed,
(T., w,) to maximize the efficiency. In practice, the optimal current commands
are found experimentally, and stored as a current command look-up table. The
experimental method searches (i, i¢*) of the minimum magnitude for each (T, wy)
using a dynamo system. Therefore, it does not require an inductance table. The
nonlinearity or current dependency is already reflected in the experimental data.
Therefore, the experimental method provides a more accurate table than the model

based one. The (optimal current) look-up table is used for the control in practice.

Experimental Method for a Reference Current Table

The optimal current commands are found by dynamo experiments. Figs. 12.38 and
12.39 show a photo of a dynamo system and its connection diagram. A bidirectional
DC power supply acts as a battery simulator, and is connected to the inverter DC
link. The power analyzer monitors motor current and voltage at the motor terminal,
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from which electric power to/from the motor can be calculated. A torque sensor
monitors the shaft torque and speed. During the test, most of the energy circulates
in the loop consisting of mechanical link and AC/DC/AC electrical devices.

Figure 12.38: Photo of a dynamometer.

(( DC voltage Inverter
3 Phase . Torque
ACsource| 8| 5| _ meter c:@
o|l>m| © Load Motor
=Zl8 3| o motor under Test Power
= 35|l®E|l 2
aOo|mn| £ analyzer

Figure 12.39: Dynamo connection diagram.

The experimental procedure is listed in the following. The basic idea is to find
the current of minimum magnitude under a voltage limit among multiple current
sets that yield the same torque at a fixed speed. As shown in Chapter 7, the desired
solution is found at an MTPA point or an intersection between torque and voltage
curves. Due to the voltage limit, experiments start with a large value of current

angle.

a) Set an inverter for an IPMSM under test at the current control mode,
connect the inverter DC link to the bidirectional DC power supply, and
set the DC link voltage at Vi;

b) Let i = 0;
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c) Rotate the motor shaft at a constant speed, w? by the dynamo motor;
d) Let j = 0;

e) Set current magnitude, I¥/. Choose a sufficiently large current angle,
(%% for k = 0. The current angle needs to be large so that the terminal

voltage does not exceed its limit. That is, 1/1}22 + US2 + AV < ‘\% for

the current set, (5, i¢) = (—I% cos Bk T sin 89F), where AV > 0 is a
voltage margin for current control.

f) Operate the inverter with the current command,
(i5*, ic*) = (—I" cos Bk I sin 39*), and measure torque, Tk,
g) Increase the index k <— k + 1 and let Buk+l) — gigk _ A gk

where AB* > 0. If /052 + ve2 + AV < % for B+ goto f);

h) Else, find max{T/7°, T{7* ...  T#*Y,
and increase the index j + j +1 and let I*U+D) = [id ¢ AT?, If [0+ <
I, goto e);

i) Else wit! = Wi + Aw, for some Aw, > 0, and goto c).

Fig. 12.40 shows a flow chart for experimental search. It consists of three loops. The
k-loop represents a repeated torque testing procedure for a given current magnitude
while decreasing 5. On the other hand, the current magnitude is increased in the
j-loop which includes the k-loop. Examples at 2750 rpm and 10000 rpm are shown
in Fig. 12.41. In the case of low speed (2750 rpm), the maximum torque is found at
the MTPA points. However in the high speed (10000 rpm), the maximum torque is
found at the intersection with the voltage limit.

The final search results are shown in Fig. 12.42, in which optimal current values
are indexed by torque and speed. Note that each curve in Fig. 12.42 represents a
group of optimal current commands for different torques at a fixed speed. That
is, the coordinate of a point is an optimal current command, (i7", 7g*). In other
words, it is a current of the minimum magnitude that produces a marked torque.
For example, (i, ig) = (=195, 230) A is the optimal current to produce 216 Nm at
2750 rpm.

The look-up table maps from (7, w,) to (i, q) Fig. 12.43 shows an example
look-up table for V. = 360 V. Current command is read based on the percentage
torque throttle and flux.

Speed Calibration Based on DC-link Voltage

In most EVs, the main battery is directly connected to the DC link and the battery
voltage changes depending on the state of charge (SOC). It will be onerous if we
were to make as many current command tables as different Vj.’s. The key question
here is ‘Is there a way to use a single reference table independently of the DC link
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Figure 12.40: Experimental procedure searching for the optimal current map.
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Figure 12.41: Measured torque data: (a) 2750 rpm and (b) 10000 rpm.

voltage?’” The answer is ‘yes’, and the method is to use a speed scaling strategy
depending on the DC link voltage. In the following, fictitious speeds are utilized.
The basic idea is to reflect the voltage change as a change of speed in reading the
reference current (look up) table.

Note that the motor speed have a fixed linearity with the flux when the DC
link voltage is fixed. Therefore, the table can be read based on flux, instead of

speed. The speed is scaled via flux. Note that |/A%% + A2 = Vdc/(\/gwe) in the
steady state if ohmic drop is neglected. The detail is illustrated with the following
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gl
r 350
(360V,2750rpm) —+ _ 309Nm
278Nm - 300
242N
(360V,3300rpm) —__, m | 250
288Nm 216Nm
(360V,3810rpm) 185Nm 200
T~
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(360V,4500rpm)
208N\‘ v L 150
(360V,6200rpm) ——> L 100
139Nm
(360V,10000rpm), N - 50
360V,12000rpm S 55Nm
T p— pm) A% 0
-500 -400 -300 -200 -100 0

Figure 12.42: Optimal current command set obtained through dynamo-
experiments when V. = 360 V.

Torque throttle [%]
Speed
Step | Flux | at360V 0 10 20 30 40 50 60 70 80 90 100
[rpm]
0 [o180435| 2750 (0.0,00) | (16.2,49.8) [ (-39.7,89.1) | (-69.3,120.0) | (-944,151.1) | (-128.8,177.3) | (-163.8,202.2) | (-200.4 230.5) | (-234.7,260.6) | (-278.0,287.9) | (-320.0,320.0)
1 [oa70307] 2013 (00,00) | (162,498) | (-394 ,885) [ (686 118.8) | (:96.3,148.3) | (-127.2,175.1) [ (162.9,201.1) | (-197.6 227.3) | (-231.8 257.5) | (-274.6 284.3) | (-346.7 290.9)
2 0160359 3095 (0.0,00) | (162,49.8) [ (-385,86.6) | (-65.1,117.5) | (:94.0,144.7) | (-124.7,171.6) | (-155.0,198.4) | (-190.1 ,222.6) | (-239.6 ,240.4) | (-302.7 248.6) | (-370.7 250.6)
3 [0.150321 3301 (0.0,00) | (157 ,484) [ (-374,84.0) | (-63.1,113.8) | (-884,141.5) | (-116.8,166.8) | (-151.5,188.5) [ (-201.0,201.0) | (-254.2,211.8) | (-315.9,222.0) | (-387.9,233.1)
4 |o140283] 3538 (0.0,00) | (-141,46.0) [ (-343,80.7) | (-56.5,110.9) | (-82.3,137.0) | (-124.2,152.3) | (-168.2,165.8) | (-215.0 177.2) | (-268.4,188.7) | (-3204,198.7) | (-401.4 209.0)
5 [0130244] 3810 (00,00 | (125 435) | (-320,755) | (-52.6,103.3) | (-915,1205) | (-132.8,133.2) | (-176.8,145.7) | (-221.3,157.3) | (-272.2 ,167.5) | (-332.5,176.0) | (-4134,184.1)
6 [0120208] 4128 (0.0,00) | (-11.3,394) [ (-286,70.8) | (-60.6,90.5) | (-98.6,105.3) | (-1395,117.5) | (-181.2,128.3) | (-223.6 138.6) | (-272.4,147.3) | (-333.2,155.4) | (-423.1,160.7)
7 [o10168] 4504 (0.0,00) | (105,36.7) [ (-335,62.3) | (-68.9,78.7) [ (-105.3,92.2) | (-1434,103.4) | (-180.7,113.8) | (-224.3 123.3) | (-269.7,131.0) | (-328.8,137.5) | (-430.2,140.6)
8 [ o010013 4956 (00,00) | (200,308) | (48.1,51.8) [ (786 ,66.9) [ (-111.8,79.5)[ (1453 .90.4) [ (180.6,100.1) | (-219.3 108.4) | (-261.4 115.3) [ (-317.1 121.1) | (-420.8 123.0)
9 0090092 5508 (-28.3.,0.0) | (44.4,24.8) | (-65.0 42.7) | (-92.7,57.1) | (-121.9,689) | (-151.8,79.0) | (-182.2,87.7) | (-217.6,955) | (-256.2,102.0) | (-305.6,107.3) | (-395.2,109.6)
10 |0.080054] 6199 (-55.2,00) | (-65.9,214) | (-83.2,35.7) | (-104.1479) | (-128.8 58.4) | (-155.7 67.4) | (-184.575.7) | (-215.2,82.6) | (-2506,88.7) | (-295.2 936) | (-377.0,95.4)
11 |o.070016] 7087 (-82.0,00) | (-93.2,169) [ (-106.4,28.9) | (-121.0,39.3) | (-141.7 48.8) | (-1644 56.9) | (-187.4,63.8) | (-215.1,70.3) | (-2445,759) | (-283.0,80.1) | (-365.9.81.1)
12 [0059978] 8278 [(-111.7.,0.0) ] (1193 14.9) | (1277 24.8) | (-139.1 326 )| (-154.6 40.6) | (-173.2 474) | (-1935537) | (2169 59.3) | (-2435 639) [ (-278.9.68.0) | (-346.6 69.9)
13 [ 0.04994 9936 [(1386,0.0)| (-1479,12.7) | (-157.2,19.3) | (-164.8,26.1) | (-178.1,32.4) | (-191.4,38.2) | (207.7430) | (2269 47.8) | (-247.6 526) | (-275.8,56.1) | (-327.2,58.3)
14 0039902 12436 [(-173.9,0.0) | (-177.8,11.5) | (-178.8 16.6) | (-186.8,21.6) | (-192.0,26.3) | (-199.9,30.6) | (-213535.0) | (-230.1,385) | (-246.8 41.7) | (-270.7 44.6) | (-307.6 4655)
15 0029864 16616 [ (-198.0,0.0) | (-199.1,11.8) | (-203.1,15.3) | (-205.7 18.4) | (-2125,21.6) | (-219.3,24.2) | (228927.3) | (-237.2,295) | (-248.2,32.2) | (-263.6 34.7) | (-294.8,35.7)

Figure 12.43: Example (i, i) look-up table for Vg, = 360 V.

example: First, consider the maximum flux which is utilized at a rated speed. The
rated speed of example motor is w, =2750 rpm, and the nominal battery voltage is
Vie = 360 V. Thus, the maximum flux is calculated as

360

Amaz = = 0.18043 Wh. 12.13
/B % 2750/60 x 27 x 4 (12.13)

Second, consider a case of the minimum flux. It will be found at the maximum speed
operation under the minimum voltage. Assume that the battery voltage is reduced
to 260V in a complete depletion state. Then, the minimum flux is calculated at the
maximum speed, 12000 rpm such that

260

Amin = = 0.02986 Wh. 12.14
V3 % 12000/60 x 21 x 4 (12.14)
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Table 12.9: (a) Reference table between flux and speed at the nominal voltage
Ve = 360 V and (b) speed calibration depending on different DC link voltages.

DC Link Volt. Vdc=360V Flux Calibrated | Calibrated

RPM Flux Vo260V | Veema30v
0 2750 0.18043 0 | 018043 | 1987 3285
1 2913 G0 1 | 017040 | 2104 3479
2 3095 0.16036 2 | 0.16036 2235 3696
3 3301 0.15032 3 | 0.15032 2384 3943
4 3538 0.14028 4 | 0.14028 2555 4225
5 3810 0.13024 5 | 0.13024 2752 4551
6 4128 0.12021 |:> 6 | 0.12021 2982 4931
7 4504 0.11017 7 | 011017 3253 5380
8 4956 0.10013 8 | 0.10013 3579 5920
9 5508 0.09009 9 | 0.09009 3978 6579
10 6199 0.08005 10 | 0.08005 4477 7404
11 7087 0.07001 11 | 0.07001 5119 8465
12 8273 0.05998 12 | 0.05998 5975 9882
13 9936 0.04994 13 | 0.04994 7176 11868
14 12436 0.03990 14 | 0.03990 8982 14854
15 16616 0.02986 15 | 0.02986 12000 19847

(a) (b)

The full flux range is [Mnazs Amin]- Make N+1 flux levels by dividing \paz — Amin
equally. The next procedure is to determine the speed, namely the fictitious speed,
corresponding to each flux level such that

Vdc
V3 x A\

Table 12.9 (a) shows a reference speed-flux relation. Note that the speed was ex-
tended to 16616 rpm with the lowest flux level.

This reference table can be used to recalculate the speeds for different DC link
voltages. Table 12.9 (b) shows the fictitious speeds for V. = 260 V and Vy, =
430 V. The speed is recalculated to account for the DC link voltage change, i.e.,
the fictitious speed is made according to (12.15) for different Vp.’s. It tells us that
if Vg =260 V, 0.13 Wb is the maximum tolerable flux at 2752 rpm (See row 5 of
Table 12.9 (b)). On the other hand, if V. = 430 V, the speed can be increased to
4551 rpm for the same flux.

Wk = for 1<k <N. (12.15)

Reading Optimal Current Commands

Fig. 12.44 shows an illustration how an optimal current command is read from the
reference table when the DC link voltage is different. Recall that Fig. 12.42 was
developed for V. = 360 V. Here, it is desired to use the reference table when the
DC-link voltage is different.
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i2]a) [ 3600rpm, 100Nm at 260vdc |
BL
IO 3y \
..
T . R -
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Ut inoiemEe | - speed (rpm)
. =t Speed (rpm) Flux for Vd=260V
b v O 2750 0.18043 o | 018048 1987
I} L -
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12 8273 0.05998 12| 0.05998 5975
13 9936 0.04994 13| 0.04994 7176
14 12436 0.03990 14| 0.03990 8982
15 16616 0.02986 15| 0.02986 12000

Figure 12.44: Procedure for reading current command based on the fictitious
speeds.

For example, assume that it is desired to find an optimal current command to
produce 100 Nm at 3600 rpm, when the battery voltage is Vg = 260 V. A first
step is to read a feasible flux for 3600 rpm from the 260 V column in Fig. 12.45.
It is read as 0.1 Wb. Then, find a row of the nearest flux value from the reference
(360 V) column. The eighth row of 360 V column has the same flux level, and the
corresponding speed is 4596 rpm. It is a fictitious speed that was translated into
the 360 V system. Finally, read the current commands from the current look-up
table corresponding to 4596 rpm and 100 Nm. In this example, the desired current

command is read (i7", ig*) = (—140, 105) A from the chart shown in Fig. 12.42.

Exercise 12.5 Suppose that the battery voltage is reduced to 300 V when the
motor runs at 4200 rpm. It is desired to generate 110 Nm. Find an approximate
(ig*, ig") using the chart shown in Fig. 12.44.

Fig. 12.45 shows a command block which yields the current commands based on
torque, speed, and the DC-link voltage. Note that the table is indexed by quantized
torque and flux, and that the table readings are interpolated before outputting.

Motor Efficiency Plot

Fig. 12.46 shows an efficiency map of the motor obtained via experiments. For each
operating point, the output torque and speed are measured to calculate the shaft
mechanical power. Via a power analyzer, the input power to the motor is measured.
The efficiency is calculated by dividing the mechanical power by the electrical input
power. In general, efficiency is the lowest in the high torque-low speed region, where
the copper loss is dominant. The other low efficiency region is the low torque-high
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Figure 12.45: Current command block including an optimal current look up table
and a speed calibration algorithm depending on the DC link voltage.

speed region, where the mechanical loss and core eddy current loss are high. The
highest efficiency reaches 97.5%, and is found in the middle of the 45 degree line.
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Figure 12.46: Efficiency map obtained by experiments.

12.6.5 Torque Control with Voltage Anti-Windup

Fig. 12.47 shows a typical block diagram for an EV motor torque control. The torque
command T™ is read from a vehicle control unit (VCU) to the current command
block. Then, an optimal current command is read from the current command look-
up table based on torque command, speed, and DC link voltage. The inductance
look-up table is used to calculate more precisely the decoupling compensation terms.
It also contains a voltage anti-windup scheme. It computes the reference voltage

(line-to-line voltage peak, v/3 vgz + v§2) and compares it with the DC link voltage
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measurement, V.. If the DC link voltage is lower than the voltage reference, then
it should decrease the flux level. In such a case, the voltage anti-windup feeds back
a negative value so that a reduced flux is fed to the current command block.

Voltage anti windup

Battery
Management
System

Vdc

- -
SRCBLATEE" 3
‘_‘ Current LUT ar .
] e
iq_|

6
Accel Pedal Brake Pedal

R'D
Converter

Inductance LUT @e

Figure 12.47: EV control block diagram containing a current look-up table and a
voltage anti-windup.
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Problems

12.1

12.2

12.3

12.4

12.5

12.6

Consider an eight pole, 48 slot IPMSM. The air gap bore radius is 78 mm,
and has a triple layered winding. The peak phase current is 350 A;s. Find
the electric loading.

Using the data in Table 12.3, determine the motor terminal voltages at
10000 rpm when the current magnitude and angle are (I, 8) = (350, 55°).
Find the minimum B to make the magnitude of line-to-line voltage less than
202 V. Find the PF.

Consider an IPMSM with P = 8, ¥,,, = 0.09 Wb, r; = 0.01 €, L; = 280 uH,
and L, = 500 pH. The inverter DC link voltage is Vg, = 325 V. Determine
the current magnitude and angle so that the motor produces the maximum
power up to 10000 rpm. The maximum current is Iy = 280 A (peak), and set
the voltage margin, AV = 6 V. Calculate the maximum power curve using
Excel spreadsheet. Plot torque, power, and current.

Determine the back EMF constant of a six pole motor when the measured
line to line fundamental peak voltage is 100 V at 3600 rpm.

Consider an eight pole IPMSM with the following parameters: 1, = 0.09 Wb,
rs = 0.01 Q, Ly = 280 pH, and L, = 500 pH. Using the method shown in
Fig. 12.40, obtain a set of torque maximizing current commands, (i5*, 22*)
for I,= 50, 100, 150, 200, 250 and 300 A When the motor speed is 4500 rpm

and the battery voltage is 320 V. Plot (ig*, if *) in the current plane.

Consider an IPMSM that yields the optimal current sets shown in Fig. 12.42.
a) Assume that the IPMSM is producing 185 Nm at 4500 rpm. Read the
optimal current command from Fig. 12.42. b) Assume that the battery
voltage is reduced to 320 V from 360 V. Using Figs. 12.42 and 12.44, find
an optimal current set, (i5*, ig *) that generates 185 Nm at 4500 rpm under
Vie =320 V.

c) Suppose that the IPMSM parameters are Ly =0.234 mH, L, =0.562 mH,
rs =13 m$2, and ¥y, :0 0927 Wh. Using Excel spreadsheet, find an optimal
current solution (ig*, 7g*) that generates 185 Nm at 4500 rpm under V. =
320 V. Compare the result with the one of b).
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12.7 Assume that a 3 phase eight pole IPMSM is rotating at 3000 rpm by an
external force. Before ¢t = 0.0175 s, no current was injected. Neglect the coil
resistance.

a) Find the back EMF coefficient, 1, from the open circuit voltage.

b) Suppose that current flows after t = 0.0175 s. Then the voltage is reduced
to Vi = 86 V, and the voltage angle, measured from the g¢-axis, is 45°.
Assume that that current magnitude is Iy = 86 A, and that the current is
delayed by 20° from the voltage, i.e., the current angle is 20°. Find v, vg,
ig, and ig using the voltage vector diagram. Find L4 and L.

c¢) Construct an IPMSM model with Lg and L, obtained in b) with MATLAB
Simulink. Construct d and g¢-axis current controllers, and set the current
commands by the currents obtained in b). Show that the a-phase voltage
waveform is identical to the one shown in the following figure (c).

Currerbinpection at1= DEATSE
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-80 Gt injaction al 1= Q01TS

o 0.005 00 0MHS 002 0025 005 0035
(b)
150

100 ' ‘

&0

vy V] iz [A]

-ED

-100

-150
4] 0.005 0. 0.015 0.02 0.025 0.03 0.03%
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Consider a three-phase twelve pole PMSM for the EV bus which has following
inductances. The rated current is I, = 420 A and the battery voltage is
600 Vpc.

a) The fundamental component of a phase voltage is 67.482 V when the shaft
speed is 300 rpm. Find the back EMF coefficient, ..

b) Using the following inductance table, draw the torque curve versus current
angle g from 30° to 80° when the rated current flows. Determine the current
angle that maximizes the torque.

Beta (°) | Lg (mH) | L, (mH)
30 0.69 1.59
35 0.70 1.63
40 0.71 1.67
45 0.72 1.72
50 0.73 1.77
55 0.74 1.82
60 0.75 1.88
65 0.77 1.95
70 0.79 2.02
75 0.83 2.11
80 0.88 2.27

c¢) Using Excel spreadsheet, calculate the torque and power for I, = 420 A at
different speeds: 300, 600, 900, 1000, 1180, 1300, 1500, 1800, 2300, 3200 rpm,
Draw torque and power curves versus speed.

Consider a three phase 48 slot eight pole motor which has following motor
parameters: number of turns per phase N,;, = 16, stack length [;; = 150 mm,
stator inner diameter (air gap radius) Dy = 160 mm, and slot height
hg = 25 mm, slot width w; = 8 mm.

a) The coil diameter is 1.0 mm. Calculate the number of strands so that the
fill factor is in [0.43 ~ 0.45]

b) Calculate the coil length per phase using (12.6) and (12.7), where [, is
3 mm. (Hint: Calculate the pole pitch 7, using Dy; and use lpp, = Npb - liurn-)
c¢) Calculate the resistances of the phase winding when the coil temperature
is 20°C and 140°C. Use the resistivity pag = 1.724 x 107° ©Q - mm at 20°C.
At 140°C, use formula (12.9).

d) Calculate the copper loss when the current is 160 A5 at 140°C.

A typical BLDC motor has 120° coil span and 180° PM pole coverage arc in
electric angle. Therefore, the ideal back EMF exhibits a trapezoidal wave-
form with 120° flat top (bottom) regions as shown in the following:

a) Using T and FE, expand the back EMF in Fourier series.

b) Note that the EMF is plotted versus mechanical angle. Let T' = 7. De-
termine the number of poles.
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e (#) | T/

c) Assume that £ = 100 V. Calculate the Fourier coefficients for n =
1,2,3,---, 15 and plot the harmonic spectrum.
d) When the rotating speed is 3000 rpm, calculate the back EMF coefficient

(e
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Chapter 13

Vehicle Dynamics

Since the land vehicles are designed to move primarily in one direction, only single
dimensional lateral dynamics are considered. There are five lateral force compo-
nents: inertial force, longitudinal traction force, air drag, tire rolling resistance, and
gravity when the vehicle is moving up or down a hill.

13.1 Longitudinal Vehicle Dynamics

Fig. 13.1 shows the lateral force components for a vehicle moving on an inclined
road. Air drag, Fiero, rolling resistance, F.j;, and gravity constitute the road load.
Traction force, F}, is provided via the slip between tire and road, and the engine
or electric motor is the real power source for the slip generation. The difference
between the sum of road loads and the traction force is used for acceleration or
deceleration:

d .
mUEVgC =F, — Fuero — Frot — mygsina (13.1)

where V,, is the vehicle velocity along the longitudinal z-direction, m,, is the vehicle
mass including passenger loads, ¢ is the acceleration of gravity, and « is the incline
angle of the road.

Figure 13.1: Lateral force components of a vehicle.
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13.1.1 Aerodynamic Drag Force

When a headwind blows at a speed of V.4 to a moving vehicle, the aerodynamic
drag force exerted on a vehicle is calculated as

pCaAr

(Vx + vaind)2 (132)

Faero =

where p is the mass density of air, Cy is the aerodynamic drag coefficient, and Ap
is the equivalent frontal area of the vehicle. The mass density of air is equal to
p = 1.225 kg/m3 at the commonly used standard set of conditions ( 15°C and a
101.32 kPa ). The frontal area A is in the range of 79 —84% of the area calculated
from the vehicle width and height for passenger cars [5]. The aerodynamic drag
coefficient is typically in the range 0.2 < Cy < 0.4: Cy = 0.3 for common passenger
cars and Cy = 0.4 for common sports utility vehicles.

To investigate the aerodynamic effect separately, we assume in the following
that a vehicle is traveling a horizontal road when the headwind is equal to zero.
Neglecting the rolling resistance, (13.1) reduces to

dV, pAFCd
mvd_tx = _TVJE + F,. (13.3)
Let K; = \/pglvaCd and Ko = \/i—f]. Then it follows from (13.3) that
av,
dtx = —KV2 + K3
Separating variables, we obtain
vy, vy,
- = —2K1 Kodt.
V, - Ko/ K1 Vi + Ko/K; e
Thus, integrating over [0, t], it follows that
We = Ko/Bul o k.
|Va¢ + KQ/K1|

Note however V, < K5/K;. Thus, we have
~Vp + Ko/ K1 = (Vy + Ko/ Ky )e 2152t

Therefore, the velocity is given as [3]

K2 eKlKQt _ e*KlKQt

K
= E6K1K2t+e_K1K2t = Etanh (KlKQt) (134)

Since the hyperbolic tangent function is monotonically increasing, the maximum
velocity is obtained as

Va(t)

Ky Ky 2F,
max Vy(t) = tlgglo il tanh (K Kot) = %\ oapcy (13.5)

This is a velocity limit caused by the aerodynamic drag force. That is, the maximum
velocity is determined mostly by the thrust and aerodynamic coefficients.
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Exercise 13.1 Consider a vehicle with parameters: m, = 1000 kg, Ap =
2.5 m?, p = 1.225 kg/m?’, and Cy = 0.3. Assume that the traction force is equal
to 2 kN. Considering only the aerodynamic resistance, calculate the maximum
velocity. Repeat the calculation when Ap = 1.5m?.

Solution. K; = \/pAFCd/(QmU) = 0.0214 and K9 = 1.414. The maximum

velocity is equal to 66.07 m/s = 238 km/h. When Ar = 1.5 m?, the maximum
velocity is 307 km/h. [

13.1.2 Rolling Resistance

As the tire rotates, a part of the tire is continuously depressed at the bottom, and
then released back to its original shape after it leaves the contact region. Fig. 13.2
shows a tire depression. These depressing and releasing processes are not totally
elastic. That is, due to the damping action, energy is consumed during the deform-
ing and recovering processes. Such a loss of energy in the tire is reflected as a rolling
resistance that opposes the motion of the vehicle.

Obviously, the amount of deformation depends on the vehicle’s weight. Typi-
cally, the rolling resistance is modeled to be proportional to the normal force, F,
on the tire, i.e., the sum of rolling resistance is

Froll = fT‘FZ = frmvg Cos &, (136)

where f,. is the rolling resistance coefficient. Typical values for radial tires are in
the range of 0.009 ~ 0.015. The rolling resistance is affected by the vehicle speed,
but the speed dependent term is very small so that it is usually neglected [1]. If
the weight distribution between the front and rear wheels is not even, the rolling
resistance should be calculated separately.

Slip &,  Contact
region

Figure 13.2: Rolling resistance and slip.

Exercise 13.2 Suppose that the weight distribution of front and rear wheels
is 6:4, and the vehicle mass is 1200 kg. Find the rolling resistance force, when
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fr = 0.015. Assume that the vehicle is running at the speed of 80 km/h, while the
traction power is equal to P, = 30 kW. Find the percentage of the rolling resistance
out of the total traction force.

Solution.
Front wheels : F,o; = 0.015 x 1200 x 0.6 x 9.8 = 105.8 (N),
Rear wheels :  F,o; = 0.015 x 1200 x 0.4 x 9.8 = 70.6 (N).

The total tire traction force is equal to F, = P,/V, = 30000/(80000/3600) =
1350 N. Thus, the percentage of the rolling resistance is equal to (105.84-70.6)/1350 x
100 = 13%. [

13.1.3 Longitudinal Traction Force

The longitudinal traction force F) is based on a friction that is proportional to the
slip between the tire and road surfaces. The slip speed is defined as the difference
between the circumferential speed of the tire, r,w, and vehicle velocity, V.., where
7w is the wheel dynamic rolling radius and w,, is the angular speed of the wheel.
The normalized slip is defined as [2]

TwwWw — Vg
Sy = —. (13.7)
TwWy
L acceleration
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Figure 13.3: Longitudinal traction force as a function of wheel slip.

Experimental results have shown that the longitudinal traction force increases
in proportion to the slip in the low slip range. The force grows almost linearly with
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the slip but decays after a certain slip. Fig. 13.3 shows a typical longitudinal friction
coefficient versus slip and it is modeled with a nonlinear function, u(-), as

Fy = /“L(Sa?)Fz(dr)a (138)

where F(4-) is the normal force on the drive axle. However, it depends on the
road and tire conditions. On dry concrete or asphalt, the traction force increases
until the slip reaches 20% [1]. Fig. 13.3 also indicates that the slip always takes
place whenever traction force is generated. In the linear region, the traction force
is modeled as

F,. = j1508:Myg COS Q. (13.9)

where pgg is the longitudinal friction coefficient.

Exercise 13.3 Assume that a vehicle of m, = 1200 kg is on the horizontal
plane. According to the curve shown in Fig. 13.3, the traction force is equal to 4kN
at s, = 0.1. Determine p4g.

Solution.
4000

= = 3.4. |
0.1 x 1200 x 9.8

Hs0

13.1.4 Grade

The grade is defined as a percentage, i.e., % grade = % x 100, where d and Ah are
horizontal and vertical lengths of a slope, respectively. Then the grade angle, « is

equal to
%grade

100

Typical grade specifications are 7.2% for normal driving and 33% for vehicle launch

[1].

o = arctan

(13.10)

Exercise 13.4 Assume that a vehicle of mass 2000 kg is moving on a uphill of
grade 20%. Calculate the force due to gravity.

Solution. Note that o = arctan(20/100) = 11.3°.
Thus, mgsina = 2000 x 9.8 x sin 11.3° = 3841 N. |

13.2 Acceleration Performance and Vehicle Power

Vehicle dynamics (13.1) is rewritten as

dvx o L .o PCdAF
At my ¥ 2

V2 — frmygcosa — mygsin a> . (13.11)
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The difference of tractive force, F,, from the sum of road loads (gravity, rolling,
and aerodynamic resistances) is used for accelerating the vehicle.

Acceleration is an important feature in the vehicle performance evaluation. Most
passenger cars have 4 ~ 12 second acceleration time from zero to 100 km/h. Con-
sider, for example, a car that has 10 seconds acceleration time for 0—100 km/h.
Then, an average acceleration is 0.28 g. Fig. 13.4 shows the inertial force compo-
nents for 0.28 g acceleration. Note that the inertial force takes the largest percent-
age (See Fig. 13.4(a)). The next largest component is the gravity when the grade

is 7.5%. The aerodynamic force becomes noticeable when the vehicle speed exceeds
100 km /h.

Exercise 13.5 Consider a vehicle with parameters: m, = 1500 kg, Ap = 2 m?,

p=1.225 kg/m37 Cyq = 0.3, and f. = 0.01. Suppose that the maximum acceleration
is 0.28 g.

a) Calculate the lateral force components; ngAFVf, mv%, frmyg cos a, and
mygsin o, when the grade is 7.5%.

b) Repeat the same calculation when the vehicle runs at constant speeds when the
grade is 20%.

Solution. Fig. 13.4 shows the magnitudes of aerodynamic, gravity, tire rolling, and

inertial forces. |
8000 8000
Areodynanic force
O Inertial force .
_ | amee ot el
Z aw Gravity S TR Z oo B Tire roll force
@ e ] @ B Gravity
8 o
S S
© 4000 T 4000
8 5
3 3 = B >
7 7 7 7 7 7 v v 7
J B Z Z Z L W e 7l
20 60 100 140 160 20 60 100 140 160
Speed (km/h) Speed (km/h)

(@) (b)

Figure 13.4: Lateral force components versus speeds: (a) acceleration=0.28 g and

grade = 7.5% and (b) zero inertial force with grade = 20% (Solution to Exer-
cise 13.5).

As indicated by (13.8), the vehicle thrust is generated via the slip between the
driving wheels and the load. Note however that the wheel slip is a function of the
vehicle speed, V, Therefore, the traction force cannot be determined, unless vehicle
speed is known, i.e., the complete vehicle dynamics are described by a closed loop:
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Substituting (13.9) for F;, we obtain from (13.11) that

dVy 1 TwWw — Vi pCaAF o .
= — | pso——————mygcosa — ———V2 — frmygcosa — mygsina | .
dt My TwWw 2
(13.12)
Exercise 13.6 [6] Simplified longitudinal vehicle dynamics are:
Juiw = Tuw—TwFy (13.13)
myVy = Fy—Fy (13.14)
-V,
Fy = myg X ug 2w Yo (13.15)
TwWw

where J,, is the wheel inertia, T, is the wheel shaft torque, and F}; is the road
load representing the sum of the rolling resistance, gradient, and aerodynamic drag
forces. Draw a block diagram of the longitudinal dynamics based on (13.13)—(13.15)
regarding F;; as an external disturbance.

13.2.1 Final Drive

Consider an EV drive line model, shown in Fig. 13.5. Denote by g4 the whole gear
ratio from the motor shaft to the wheel axle. Also, we denote by 14, the drive line
efficiency, i.e., the efficiency of the drive train between the motor and the axle.

vy Ty

To oy — Differential

gear

8 N\
Ny = Ty o

Reduction
gear

Ve = rutite(1 — 8¢)
P, = [P

Figure 13.5: EV drive line model.

Note that
Ve = rpwy(l — s3) =1y (—) (1 —s,), (13.16)
9dr

where r,, is the effective radius of the driving wheels. Therefore, the vehicle traction
power is equal to

v,
P =T, = T, <ﬂ> (1— s5)
Tw 9dr

= Tewrng(1 — sz), (13.17)
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where T, is the torque of the wheel axle. In the second equality of (13.17), the
loss in the drive line is reflected by multiplying 74, i.e., the motor shaft torque is
reduced such that Teng. = %”T.

We also denote by 7y the whole efficiency from motor shaft power, P, to vehicle

traction power. Since P, = T.wy, it follows from (13.17) that

P,
ny = Fz = ngr(1 — sz). (13.18)

Thus, the whole efficiency is comprised of the drive line efficiency and the efficiency
in the force conversion between the wheel surface and the road. Note that there is a
significant loss mechanism associated with the wheel sleep. Specifically, the power
loss caused by the slip is equal to P.ng-s, or vaxlf—zsz. The Sankey diagram for
the motor power is depicted in Fig. 13.6.

Motor power
H

iy LV
Vehicle
fom cos rrepq SIN ekl inertial load
LS R Ay
. Gravit
o | 15 } 'I3 Roll y
- resistance
Pl — 14,) Pothi 8o Aerodynamic
drag

Drive line loss Wheel slip

Figure 13.6: Sankey diagram for the EV motor power.

13.2.2 Speed Calculation with Torque Profile

The maximum torque curve of a motor is divided into two segments: constant torque
and constant power regions. The two regions are separated by the base speed, wy,
as shown in Fig. 13.7. Therefore, different values of the tractive effort should be
used for the maximum acceleration.

Utilizing (13.17) and (13.18), it follows that

F. o= & _ Tendrwr(l - Sx) _ Tendrgdr
TV, Twww (1 — Sz) rw

(13.19)

Using the base speed, wyp, of the traction motor as a pivot value, the maximum
tractive effort of EV is set as

Tegdrndr
= Tw ,  Wr S Wy
T Penf
¥, Wy > Wp.

x
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Table 13.1: Example EV parameters

Vehicle Motor
Curb weight 1313 kg Max. torque | 400 Nm
Drag Coeff., Cy4 0.3 Base speed 1200 rpm
Frontal area, Ap 1.746 m? || Max. speed | 6400 rpm
Rolling resistance, f, 0.009 Max. power | 50 kW
Dynamic tire radius, ry, | 0.29 m

Then, the governing equations for the maximum acceleration are

d;? = miv <T€g:7;ndr — frmyg — @Vf) for constant torque region.
(13.20)

d;? = miv <P‘e/:f — frmyg — pC;AF V$2> for constant power region.
(13.21)

Constant torque
/

Constant power

Motor tractive effort

Speed
Figure 13.7: An EV motor tractive effort.

Exercise 13.7 Consider an EV with the parameter listed in Table 13.1.

a) Assume that g4 = 4.1 and ng- = 0.95. Calculate the maximum tractive effort.
Draw the tractive effort versus speed for 50 kW constant power.

b) Assume that the vehicle mass with a load is 1500 kg. Compute road loads
according to

CyAr
Frl = i 9

when the grades are 0, 10, 20, 30, and 35%. Draw the load lines versus speed.

Vﬁ + frmygcosa + mygsin a
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Solution. T 400 x 4.1 x 0.95
Fx _ e9drTdr _ X 4.l X U. — 5372 N.
Tw 0.29

The vehicle speed corresponding to the motor base speed (with zero slip) is

1200 1 3600
— X2 — 2 —— =32 km/h.
go 2> g x 029 g5 = 32 km/
Calculation results are shown in Fig. 13.8. |

»— Tractive effort 35% (19.20
(Motor)

5000 30% (16.7°
z
(2]
T 4000 | .
o 20% (11.3°)
o
(]
O 3000
5 Constant . .
= power curve — 10% (5.7°)
@ 2o (50kW)

Speed (km/h)

Figure 13.8: Motor tractive force and the sum of lateral road loads of an EV listed
in Table 13.1. (Solution to Exercise 13.7).

Exercise 13.8 Consider an EV with parameters: m, = 1598 kg, Ar = 2 m?,
p=1.225kg/m* Cy=0.3, f = 0.015, 7, = 0.284 m, g4, = 9, 174, = 0.9, 7 = 0.8,
and o = 0. The motor has the constant maximum motor torque of 270 Nm under a
base speed. Assume that the vehicle speed corresponding to the motor base speed
is Vup = 30 km/h.

a) Calculate the time elapsed before the vehicle speed reaches 30 km/h. Neglect
the aerodynamic force, since it is small in a low speed range.

b) Calculate the maximum motor power at the time vehicle speed reaches V, =
30 km/h.

c¢) Compute the acceleration performance utilizing Runge-Kutta 4th method based
on (13.20) and (13.21).
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Figure 13.9: Acceleration performance (Solution to Exercise 13.8).

Solution.
a) Neglecting the aerodynamic force, we have

dVy 1 270 x 9 x 0.9 9
— = —0.01 1 8 =4 .
pr 1508 < 0984 0.015 x 598><98> 67 m/s
Therefore, the elapsed time for V,, = 30 km/h is equal to
30 x 1000 1
=1. .
3600 <467 08
b) The motor power is equal to
poor 9 Ve _ozgy 9 30000 oo,
N Tw 0.8 3600 x 0.284

c¢) Fig. 13.9 shows a simulation result based on (13.20) and (13.21) according to
the maximum torque and constant power curves shown in Fig. 13.7. Note that
0—100 km/h acceleration time is 10.7 s. The simulation result shows that the
acceleration time up to 30km/h is 1.8 s, which is quite close to the approximate
solution (1.78 s) obtained in a). [

Exercise 13.9  Consider an EV with m, = 1500 kg and f, = 0.015. Assume that
the drive line efficiency is n; = 0.82. Neglecting the aerodynamic force, calculate
the road load, F, when the road grade is 7.5%. Calculate the required motor power
to maintain a vehicle speed at 36 km/h.

Solution. Note that a = tan~1(0.075) = 4.3°. The required force at steady state
is equal to

F, = frmygcosa—+ mygsina
= 0.015 x 1500 x 9.8 x cos4.3° + 1500 x 9.8 x sin4.3° = 1319.5 N.
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Thus,

1 36000 1
P, = F,V, x — = 13195 16091 W. m
e = Fate o * 3600 0.82

13.3 Driving Cycle

A driving cycle is a standardized driving pattern designed to test the efficiency of
vehicle engines or drive trains. The pattern is a speed-time table which stands for
urban stop-and-go trips or relatively smooth highway cycles. The US Environmental
Protection Agency (EPA) developed the Federal Test Procedure (FTP75) to assess
the performance of vehicles, such as fuel consumption and polluting emissions. The
urban portion of the FTP75 is taken as the urban dynamometer driving schedule
(UDDS). The UDDS, often called LA-4 or FTP72 cycle, has the high percentage of
stop and acceleration/deceleration, and the maximum speed is less than 100 km/h.
A hybrid power train can show a significant gain in fuel economy with the UDDS.

ﬂﬂﬂﬁ (]

2 oo ® o
S o o© o
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Figure 13.10: (a) EPA urban dynamometer driving schedule (UDDS), (b) highway
driving cycle (US06 Hwy), and (c) NEDC.

NYCC is the most representative of urban driving that includes signals and
congestion, with an average speed of only 11.4 km/h. US 06 cycle is an EPA highway
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cycle representing a high speed traffic flow. The average speed is 77.2 km/h, but the
maximum acceleration is 3.8 m/s?. New European driving cycle (NEDC) consists
of four repeated ECE-15 driving cycles and an Extra-Urban driving cycle. But,
the maximum velocity is lower than the real vehicles speed on European highway.
Fig. 13.10 shows the speed plots of EPA UDDS, US06 Hwy, and NEDC, whose
average speeds are 34, 77.2, and 32.2 km/h.

With the vehicle dynamics, it is possible to calculate the energy consumed for
a given driving cycle. The calculation process consists of two parts: one for the
mechanical part and the other for the electrical part. The first mechanical part
covers from the speed profile to motor shaft torque. Based on the vehicle dynamic
model, the required thrust can be calculated. It is depicted in the left column of
Fig. 13.11. The electric power calculation starts from the motor to the battery.
This process is described in the right column Fig 13.11.

Driving cycle « NEDC @ T, w,
, - US06
@ <3 FRn
fah 'JL'_. - UDDS
- FTP-75 @ | ..

4w Current Map
3 3 * Aerodynamics loss . P
@ ‘ Vehicle dynamics ‘ <:| * Rolling resistance loss @ ig ig lofs
@ E Vv « Gravity & inertia power - + Conduction loss
x Yx @ NV | j <:| » Switching loss
Vehicle power ” | I(:gr?;r:goss
P.=FEJV, . - Stray loss
I r=Ey, i §oen

Wheel slip <:| « Drive-train loss
+ Drive train « Wheel slip loss Battery power
@ T w; 3 L. . :
Ppat = E ((_wequq)ld + we(Lgiq + lpm)Lq) + Ploss

Figure 13.11: Loss calculation based on driving cycle.

13.3.1 Mechanical Power Calculation

In order to calculate the traction force, acceleration is calculated numerically from
the speed data such that dd% = (Vo(t+T)—V,(t))/T, where V,, is the vehicle speed.
Once dc% is given, the vehicle thrust or vehicle traction force can be calculated

according to

dVa: pCdAF

F, =m, + Vx2+frmvgcosa+mvgsina. (13.22)
dt 2 —_—
inervtial aoro roll gravity

Note that the wheel circumferential force is equal to the vehicle traction force, F.
In other words, the wheel torque must be equal to T, = r,F,, where r,, is the
effective wheel radius. Note on the other hand that vehicle thrust is made by the
wheel slip, meaning that the circumferential speed and vehicle speed are different.
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Recall that the normalized wheel slip is given by s, = (rywy — Vi)/rwwy, where
wy 1s the wheel speed. Then the wheel power is divided into the two components:

Twwyw = Tywy(l —sg) 4+ Twwwss
T,
= = rewe(1 = sp) + Twwus, - (13.23)
—_———

T e !
~~ Ve road loss
Fy

To summarize, the wheel torque and speed are related to the vehicle counterparts
by

T, = roF, (13.24)
Vi

= —. 13.25
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Figure 13.12: Spread sheet for vehicle parameters and traction force calculation.

Between the wheel and the motor shaft, a drive line exists consisting of the
reduction gear, differential gear, and drive shaft. Normally there are two step
speed reductions: The first one is in the reduction gear box installed in front of
the motor, and the second one is in the differential gear box. The total reduction
ratio is denoted by 1/¢4-. The loss also takes place in the drive train mainly due
to the gear friction. The corresponding efficiency drop is denoted by 74.. The total
reduction ratio and efficiency of drive line is shown in Fig. 13.5. Thereby, torque
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and speed are related to motor and wheel shafts such that
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13.14: Torque and power for US06 Highway.
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An example of spread sheet calculation is shown in Fig. 13.12. Computed results
for NEDC and US06 Highway are shown in Fig. 13.13 and 13.14. The negative
torque and negative power are generated during deceleration. Note also that the
operation range is wide and wild with US06. In the case of US06, two cycles were
simulated.

13.3.2 Electrical Power Calculation

Most commonly, torque and speed commands are transmitted from the vehicle
control unit (VCU) to the inverter. Then the inverter finds an optimal current
command, (5", i¢*) from the look up table (LUT) based on torque and speed. The
method of creating the LUT was discussed in detail in Section 12.6.4. It is assumed

’ NEDC driving cycle ’ USO06 driving cycle
0 0
) 00 ( 400 800 00
-100 -100
-200 -200
-300 -300
-400 | la Time (sec) 400 |la Time (sec)
400 | iq 400
200 200
0 0
D 4 800 1200
-200 -200
-400 -400
Time (sec) Time (sec)

Figure 13.15: Current plots for driving cycle simulation.

here that the inverter current controller is perfect so that the real current follows
the command exactly. In brief, the optimal current set is utilized at each step to
generate the required torque of a driving cycle. Fig. 13.15 and Fig. 13.16 show d
and ¢ axis current commands during over the driving cycles. Note that the d-axis
current is always negative and its profile looks similar to the speed profile of the
driving cycle. It is because there is a tendency that the d-axis current magnitude
is proportional to the speed.

13.3.3 Motor and Inverter Loss Calculation

Then, the copper loss can be calculated such that P, = %rs(i§2 + Z'ZZ). At the
same time, the motor terminal voltage is calculated from the motor model such
that v = rsi§ — welqig and vy = rsig + weldig + wethm. Neglecting the ohmic
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Figure 13.16: Current data in the dq current plane applied for driving cycle simu-
lation.

drop, [A? = X5+ A2 ~ (v5 + v5?)/w?. Thus, the iron loss can be calculated:
Pt = Cfewg()\é—i—)\g) = Cfewg((Ldid—{—wm)Q + (qu'q)Q), where ¢f. = 0.7 and v = 1.6
were chosen based on the FEA loss calculation results.

On the other hand, the inverter loss is calculated based on the IGBT switching
loss, on-drop loss, and diode reverse recovery loss:

21 V,
(tr + tf) + ‘/on?ton de Irrtrr} fsw, (1328)

2V,
Pim):3>< [ de
7['

where I, t,., Vo, I, tr and fg, are current magnitude, rise time, fall time, collector-
emitter on-state voltage, reverse recovery current, reverse recovery time and switch-
ing frequency, respectively. In the calculation, typical automotive IGBT data are
applied: ¢, = 0.09 us, ty = 0.16 ps, and ¢, = 0.06 us. The diode reverse recovery
current is estimated as I, = %I . Computed results of P, Py, and P;,, are shown
in Fig. 13.17. In the inverter loss calculation, V. = 360 V and fs, = 8 kHz were
utilized. The losses were calculated over all torque—speed range using the optimal
current command (ig*, 7g*) for each (T, Lwe).

13.3.4 Efficiency over Driving Cycle

The the required power to and from the battery is equal to

3, . )
P = i(vdzﬁ* + Vgig ") + Pew + Ppe + Pstr +Piny
=Pnmotor
3

= S((cweLgig")ig" + (weLaig" + wethm)ig™) + Pmotor + Pino- (13.29)

Note again that (i7", ig*) is read from the optimal LUT based on the required
torque which was resulted from the driving cycle simulation. Total energy needed

to complete a driving cycle is equal to

t
Epc = / Pyodt. (13.30)
0



506 CHAPTER 13. VEHICLE DYNAMICS

Figure 13.17: (a) Copper, (b)iron, and (c) inverter losses using the optimal current
command sets.
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Figure 13.18: Chart of loss calculation and driving cycle efficiency calculation.

During the deceleration periods, negative power can be generated. If the vehicle
is running down the hill, negative power is created continuously from the wheel.
However, all the negative power cannot be recuperated into the battery. If the
battery is fully charged, the battery cannot receive the braking power. Another
reason not recovering power is that mechanical brake is more reliable than the
electrical braking. On the average, 20 ~ 30% of negative power is recovered in EVs.
As a result, the total consumed energy will be different under the braking scenario.
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Figure 13.19: Comparison of various losses between NEDC and US06.

For computational convenience, the consumed energy is redefined as

t
EDC(Z) = / Pbat V (_ZPmam) dt, (1331)
0
where 0 < z < 1 is a constant, Ppuy = Orgai(t{‘Pbat(T)’L and
if f>
fvg= / ?f_g (13.32)
g if g> f.

It implies that the braking power larger than z P, is not recovered. With such an
energy recovery scheme, the driving cycle efficiency is calculated as

[y FuVydt

13.33
Epc(z) ( )

NDC(z) =
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Fig. 13.18 shows a chart of calculating the loss and the efficiency. Fig. 13.19 shows
plots of various losses during NEDC and US06 simulations.
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Problems

13.1

13.2

13.3

13.4

Consider a vehicle with parameters: m, = 1200 kg, Ar = 1.5 m?, p =
1.225 kg/m3, and Cy = 0.35. Assume that the traction force is equal to 4 kN.

a) Calculate the acceleration time for 0 — 100 km/h considering only the
aerodynamic drag and inertial force.

b) Calculate the theoretical speed limit.

c) Calculate the acceleration time again for 0 — 100 km/h when the wind
blows at 10 m/s in the opposite direction.

Obtain the solution of the following in an explicit form:

t t
K
s(t) = / V,(r)dr = / B2 canh (K, Kor)dr

Calculate the distance traveled during 0 — 100 km/h acceleration under the
conditions of Problem 13.1.

Consider an EV listed in Table 13.1. Assume s, = 0.1 and g4, = 4.1. Utilizing
Ve = % (1—s;), determine the maximum vehicle speed when the motor runs
at 6400 rpm.

Consider a driving pattern show below.

a) Calculate the rolling resistance, gravity, and inertial force using the
data listed in Table 13.1 when the vehicle mass with a load is 1350 kg
and the grade is 10%.

b) Draw the corresponding power plot.

c) Calculate the motor torque and speed for 7 < ¢t < 15 sec when the
wheel slip is s, = 0.1, the drive line gear ratio is g4 = 4.1, and the drive
line efficiency is ng,. = 0.95.
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13.5

13.6

13.7

REFERENCES

Velocity (km/h)

Time (sec)

Consider an EV with parameters: the vehicle mass is m, = 1500 kg, the
maximum motor torque is T, = 250 Nm, the drive line gear ratio is g4, = 4.1,
the drive line efficiency is 74 = 0.95, and the wheel radius is r, = 0.29 m

a) Calculate the maximum grade of an EV at launching. Neglect the
roll force.

b) Calculate the base speed of the motor when the rated power is equal
to 55 kW and the rated torque 450 Nm.

¢) Assuming s, = 0.1, calculate the vehicle speed when the motor oper-
ates at the base speed.

Consider an electric mini-bus with parameters: m, = 4500 kg, r, = 0.35 m,
and f, = 0.01.

a) Assuming the slip, s, = 0.05, calculate wheel speed when the bus
runs at 60 km/h.

b) The motor speed is desired to be 7500 rpm when the bus runs at
60 km/h with the slip 0.05. Determine the gear ratio.

c¢) The required thrust is F,, = 4000 N at V,, = 60 km/h. Determine the
motor power assuming that the drive line efficiency with slip is 0.95.

d) Calculate the roll force according to Fy.o; = frmg.

e) Suppose that the motor starting torque is 330 Nm. Determine the
maximum grade at start.

Consider EV parameters listed in Table 13.1 and refer to the motor tractive
effort shown in Fig. 13.8. Calculate the vehicle 0 — 100 km/h acceleration
time with the following instructions:



REFERENCES

13.8

In (0, 32) km/h range, the maximum torque is applied. Neglect the
aerodynamic drag in calculating the road load.
In (32, 100) km/h range, let ny = 1g,(1 — s,) = 0.8.

011

Obtain a solution by solving (13.20) and (13.21) with the Rounge-Kutta

method.

Consider a one ton electric truck with the parameters: m, = 2736 kg, r,, =
0.343 m, f. = 0.014, Cy = 0.32, Ap = 4.317, p = 1.225, ng. = 0.96 and

sz = 0.04. Using Excel spreadsheet, solve the following problems.

a) Obtain NEDC data from www.google.com with the sampling period,
T =1 sec. Find V, and (V,(t +T) — V,(t))/T as shown in Fig. 13.12.

b) Plot thrust force, F} and mechanical power, P, versus t.

¢) The motor shaft speed is calculated according to w, = gdrﬁ.
Plot the required motor torque and electrical power for the NEDC when
the gear ratio, gy, is 7.767.

d) Assume that the maximum motor torque is 320 Nm, the base speed
is 2750 rpm, and the maximum speed is 12000 rpm. Plot the frequency
map with the motor TN curve as shown in Fig. 13.13.

e) The efficiencies of motor and inverter are 7, = 0.93 and 7;,,, = 0.97,
respectively. Find the battery power over one cycle of NEDC, taking
into account the loss of the motor and the inverter. (Hint: Py, =

Pe/(MmMinv)-)

f) Find the consumed energy in kWh required for NEDC 10 cycles, while
neglecting the regeneration power. (Hint. Epq = f Pyot V 0dt)

g) Find the average consumed energy per km driving in the NEDC
mode when 20% of regeneration power is recuperated. A battery is
full capacity is 30 kWh. Its SOC window is 90%—10%. Find the total
driving mileage per charge in km based on the average NEDC power
consumption.
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Chapter 14

Hybrid Electric Vehicles

Hybrid electric vehicles (HEVs), as the name stands for, have two types of power
sources. An electric power source is added to the conventional internal combustion
engine (ICE), which helps to improve the fuel economy through load sharing and
regenerative braking. Note that ICEs have the optimum fuel efficiency in the middle
speed and high torque range. However, the efficiency is low in the low speed/low
torque region. Therefore, the ICEs have relatively poor performance in urban driv-
ing where there are many stop-go situations. On the other hand, electric motors
generate high torque naturally in the low speed range and have a pretty high effi-
ciency in overall operating region. When the vehicle is driven by a motor in a low
speed region, the overall fuel economy will be improved significantly. In addition,
the motor can force the engine to operate in an optimal condition independently
of the road load. The motor also enables the regenerative braking, i.e., vehicle’s
kinetic energy can be recovered in the battery when the vehicle is decelerating. But,
the ICE’s power is sustainable over a long driving period and have the advantage
of short refueling times.

14.1 HEYV Basics

Typical driving patterns include start, acceleration/incline, cruise, decline, and de-
celeration/stop, as shown in Fig. 14.1. Direct benefits of HEVs can be summarized
as follows:

Idle Off: Idle off means that the engine shuts down during even brief stops. Its
functionality is designed so as not to be noticeable by the driver. As soon as a
driver releases the brake pedal, the vehicle is initially propelled by the motor,
and engine cranking follows soon afterwards. Idle off is particularly advan-
tageous for urban traffic situations; taxis and buses are ideal candidates for
idle off application. According to the tests undertaken by Tokyo Metropolitan
authorities, idling-stopping improved fuel economy as much as 14%.

Regenerative Braking: Regenerative braking is an important feature of the
hybrid systems. The vehicle’s kinetic energy can be retrieved in the form
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of electrical energy during the period of deceleration or braking. That is,
the regenerative braking saves the energy that would be lost as waste heat.
In the LA-4 driving mode, about 25% efficiency improvement is obtained
by hybridization [15] But the regeneration capacity is limited mainly by the
battery rating: It is limited by the maximum permissible charging rate of
the battery and also by the energy capacity. For example, the maximum
power rating of the Prius II battery is 21 kW, whereas the required braking
power is greater than 50 kW. Also, when the battery is already charged fully
regenerative braking is not possible. To improve the fuel economy through
regeneration, the battery capacity should be increased.

Power Assist or Power Split: Conventional ICEs are relatively inefficient at

low speeds (efficiency: 5 — 10%). Hence, it is better to use the electric power
at low speeds, and change to the ICE at high speeds. In the series power
train architecture, the ICE, being dedicated to electric power generation, is
decoupled from the wheel power demand. The ICE can operate at an optimal
operating point, or stops. In the parallel power architecture, the motor assists
the ICE while coping with surges and power deficiencies on the wheels. Of
course, excess engine power is stored in the battery, and used later at high
power requirements. The separating the ICE operation from the direct wheel-
ing requirement is referred to as “power split”. Efficiency enhancement of
HEVs is mostly attributed to this power split.

=%
= S

start accel. / incline cruise decline decel. / stop
engine engine engine motor motor
+motor +motor (regeneration)

Figure 14.1: A driving cycle.

14.1.

1 Types of Hybrids

HEVs are typically grouped into five categories according to the following criteria

[1,2]-

1) Idle-off capability

2) Regenerative braking capacity (up to step 2 : “micro” hybrid)

3) Power assist and engine downsizing (up to step 3 : “mild” hybrid)
4) Electric-only drive (up to step step 4 : “full” hybrid)

5) Extended battery-electric range (up to step 5 : “plug-in” hybrid)
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i) Micro Hybrid: Micro hybrid systems have only the idle off function. A
conventional ICE vehicle can be converted easily into a micro hybrid car by
replacing alternator by an integrated starter—generator (ISG). Mostly the
existing ISGs are powered by 48 V battery. The ISG pulley is connected to
the crank via a 3:1 belt and the maximum torque is 35 ~ 45 Nm. Thus,
the trice torque is applied to the crank shaft during starting. Usually, the
maximum power rating is 10 kW for 12 seconds. Fuel efficiency gain is about
5 — 15%. Photos of ISG motor and inverter are shown in Fig. 14.2.

ii) Mild Hybrid: An electric motor is incorporated in the drive train, but the
ICE is a dominant power source. Mild hybrid systems provide important
HEYV features such as idle off, regenerative braking, and power assisting. Drive
motor often replaces torque converter in conventional automatic transmission.
However, the engine power split is imperfect and the efficiency gain is about
30%—50%. Honda ‘Civic Hybrid’ and Hyundai ‘Sonata Hybrid’ are typical
mild hybrid vehicles.

iii) Full Hybrid: Full hybrids have the power split feature, i.e., the electrical
power train enables the vehicle to run its engine more frequently at its most
efficient operating point. Further, the rated electrical power is large so that
the vehicle can be driven solely by the electric motor (EV mode), though the
range and speed are limited. In a low speed range, the electric motor drives
the vehicle, but at a high speed the engine cuts in. Efficiency gain is about
50%—100%. Toyota ‘Prius’, Chevrolet ‘Volt’ and Ford “Escape” are the full
hybrid vehicles.

iv) Plug-in Hybrid: The battery capacity is increased in plug-in hybrid electric
vehicles (PHEVSs) so that the vehicles can drive a long range in the EV mode.
Since the vehicle battery can be charged from the power grid, a PHEV may
not consume a drop of gasoline when used daily for commuting. Depending
on the all electric range (AER) in miles, they are sorted as PHEV 10, PHEV
40, and PHEV 60. For example, PHEVs with the energy capacity of 10 mile
driving are called PHEV10. The PHEV is a viable solution to reduce the
emission of CO2 and toxic gases in urban areas. Plug-in hybrids are favored
by potential customers due to low operation costs.

Fig. 14.3 shows various types of EVs ranked according to the electrification of
the power train. The conventional ICE vehicle is at the left end, while the battery
electric vehicle (BEV) is at the right end. HEVs and PHEVs are in between, but
PHEVs rely more on electrical power. The battery size of a PHEV determines
the driving range in the all electric mode. In some PHEVs, the ICE behaves as a
charging power source when the battery is depleted below a predetermined level.
Hence, the ICE with a generator is often called a range extender. Further PHEVs
carry on—board chargers so that household electricity can be utilized for battery
charging. Characteristics of hybrid systems are summarized in Table 14.1.
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Figure 14.2: Photos of (a) ISG and (b) inverter.

0%  Micro HEV Full HEV PHEV 20 PHEV 60 100%
Electric * * * * Electric
Trafg'é’"a' Mild HEV PHEV 10 PHEV 40  Battery Electric

4 A Vehicle (BEV) A

Batt Motor
attery
- /
Engine
=3
(a) (b) (c)

Figure 14.3: Degrees of electrification: (a) HEV (b) PHEV (c) BEV.

14.1.2 HEV Power Train Components

HEV power trains consist of an ICE, a motor, a generator, a battery, and a power
control unit. The battery stores and supplies energy from and to the motor and
generator. Another key component is the power split device, which splits the engine
power to the motor, generator, and wheels.

a) ICE:
The efficiency of an engine is based on the fuel flow rate per useful power output,

and brake specific fuel consumption (BSFC) is a measure of fuel efficiency: The
measured power at the crankshaft is denoted by P, and the fuel (mass) flow rate
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Table 14.1: Hybrid systems characteristics.
Micro | Mild Full Plug-in
Hybrid | Hybrid Hybrid Hybrid
Elec. power ISG Motor Motor-Gen. | Motor-Gen.
Motor power 5 kW 16 kW 60 kW 100~120 kW
Engine power split | no no yes yes
Batt. voltage 48V 200-400 V | 200-400 V| >300 V
Batt. capacity 1 kWh 2 kWh 4~16 kWh
Fuel eff. gain 5~15% | 30~50% 50~100% 50~100%
AER no no < 1 km 16~64 km
Gas emission yes yes yes no/yes
denoted by m . Then the BSFC is defined as
U,
BSFC = —-. 14.1
" (14.1)

o

The BSFC map shows the group of contours indicating equi-fuel consumption rate
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Figure 14.4: Brake specific fuel map of an engine and a basic operating line.

per shaft power production. Fig. 14.4 shows an example BSFC map, in which the
units of BSFC is given by gram/kWh. Therefore, the smaller number represents the
higher efficiency. Note that the highest efficiency (2800 rpm, 100 Nm) is achieved
at a medium speed and near the maximum torque line. However, the efficiency is
almost halved in the low torque region (under 20 Nm). The optimal operating line
represents the trajectory of the most efficient operating points with increasing power
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and speed. To achieve maximum efficiency, it is better to narrow down the ICE
operation area near (2800 rpm, 100 Nm), or stop the operation. A (dual) hybrid
power train allows the ICE to operate at maximum efficiency, while the wheels can
roll at independent speeds. The top dotted line represents the maximum torque of
the engine.

b) Motor and Generator:

The motor and generator are functionally identical. However, depending on the
power flow, they operate in either motoring or generating mode. They are named
after the main use. As for the motor and the generator, permanent magnet syn-
chronous machines are normally used for high efficiency. The motor power rating
is normally larger than that of the generator, because the motor has to take care
of peak power demands while the generator responds to more or less the average
power.

c) Power Control Unit:

The power control unit refers to an electronic circuit system that includes two
inverters for motor and generator, and DC-DC converter for battery voltage boost.
An inverter controls the motor shaft torque, and the other inverter regulates the
generator current, so that proper battery charging or discharging takes place. The
DC-DC converter boosts up the battery voltage depending on the motor speed.

d) Battery:

The battery is the most typical energy storage system for EVs, and should be
evaluated according to energy density, power density, life time, safety, and cost.
Nowadays, lithium ion batteries are most popularly used.

e) Power Split Device:

The power split device is required in the series/parallel hybridization. In a wise
sense, the motor and generator are also elements of power split device. But in strict
sense, it refers to planetary gear and clutch. The engine power is split into a direct
mechanical path and an electrical path.

14.2 HEYV Power Train Configurations

The major design targets of HEVs are

. maximum fuel economy,

. minimum emissions,

. minimum system costs,

. good driving performance.

The power control strategies for HEVs involve the following considerations:

Optimal engine operation: Limiting the engine operation to the optimum range
not only brings fuel savings, but also emission reduction. In the low efficiency
regions, it is better to turn off the engine and drive the vehicle only with
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the motor. That is, a best way to achieve maximum fuel efficiency is either
to operate engine in the optimal region, or to stop. However, the engine
should not be turned on and off frequently, and the engine speed should not be
changed quickly. Otherwise, additional fuel consumption and emissions result.

Safe battery operation: The battery should be protected from overcharging and
excessive dissipation. Overcharging can lead to battery exploding and exces-
sive charge depletion shortens battery life. Thus, there are upper and lower
limits in the state of charge. During battery operation, the current should be
limited so that the maximum power rating is not exceeded.

Power Split
Device
Generator
Generator
Converter :
- Battery H
Converter Inverter

Converter

Battery

Inverter Battery

Drive to Wheels Drive to Wheels

A
Inverter
4

Drive to Wheels
(a) (b) (0

Figure 14.5: HEV power train topologies. (solid line : mechanical power, dotted
line : electric power ) : (a) series, (b) parallel, (c) series/parallel.

According to the power flow, HEVs are divided into three categories: parallel
hybrids, series hybrids, and series/parallel hybrids, as shown in Fig. 14.5 [5], [1].
Dotted lines indicate electrical power flow, while solid lines indicate mechanical
power flow. The series HEV topology is described in Fig. 14.5 (a): The engine,
operating in the on-off modes, is devoted to generating electricity. The battery
charging current is regulated by the converter. The motor delivers power to the
wheel, utilizing the stored energy in the battery. Since the engine operation is
independent of the vehicle speed and road load, it can work in its optimal condition.
Since the series power train is simple and enables the engine to operate optimally,
it is recently deployed in PHEVSs.

In the parallel configuration, shown in Fig. 14.5 (b), both mechanical and electri-
cal paths coexist. Therefore, the engine and motor can drive the wheels individually
or collaboratively. It does not employ a separate generator. But, the motor, be-
having as a generator, retrieves excess engine power when the engine operates in
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the vicinity of an optimum operation point. The parallel configuration is not so
efficient, since the engine power split is imperfect.

The series/parallel hybrid employs a power split device such that the engine
power can be delivered via two paths, as shown in Fig. 14.5 (c¢). Various power flow
control modes are possible, and the configuration varieties are tuned for optimal
engine operations.

14.3 Series Drive Train

Series hybrids are also referred to as extended-range electric vehicles (EREV). The
series power train topology is shown in Fig. 14.6. The drive train is the simplest
since it does not require a clutch, a multi-speed gearbox, or a power split device.
The mechanical transmission is replaced by a generator and electric traction motors.

The engine is dedicated to the generation of electric power by turning the gen-
erator, and only the motor is responsible for satisfying varying power demands of
driving. The engine/generator only operates if the battery is depleted, or to charge
the batteries. Since the engine is decoupled from the varying power demands of
wheels, it can operate at the optimum efficiency. The engine is controlled to per-
form optimally or stop.

D? |jarger ; @

DC Power Bus Reduction

ICE | I - -Gear
0000 Inverter Inverter i
Generator AC—DC DC—AC Motor g E

Figure 14.6: Series power train topology.

One disadvantage of the series connection is that the drive train efficiency is low
due to the cascaded structure: Suppose that the motor and generator have 92%
efficiency and that the inverter and converter have 97% efficiency. Then, the total
efficiency, being the product of all efficiencies, is merely 80%, which is much lower
compared with that of the direct mechanical path. Furthermore, since the power
units in the series path have the full power rating, the serial hybrid systems are
relatively heavy, expensive, and bulky. Thus, this configuration was not used in
passenger cars, but is commonly used in diesel-electric locomotives and ships.

Note, on the other hand, that the engine size is typically smaller in HEVs because
it has to meet only the average driving power demand. Another big advantage of
the series HEV is that it can be easily converted into a PHEV by increasing the
battery capacity and attaching an on-board charger. In such PHEVs, the ICE acts
as a range extender. Note that 2017 Prius and Chevrolet Gen 2 Volt can be run in
HEV mode.
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Operation modes of the series power train are classified as the engine on-off mode
operation and the blended mode operation. In the engine on-off mode operation, the
motor is driven solely by the battery power if the battery charge level is sufficiently
high. It is called E'V mode or em charge depleting mode. But the engine turns on
when the SOC reaches a prescribed low limit. At this time, the engine operates at
the most efficient operating point.

However, in the blended mode operation the engine turns on whenever the power
demand from the drive line exceeds the battery discharging capacity. That is, the
engine cooperates with the battery to cover a peak load.

14.3.1 Simulation Results of Series Hybrids

A driving cycle simulation of a series HEV was performed using the simulation tool,
“ADVISOR”. In the simulation scenario, the vehicle mass with cargo was 1197kg,
and GEO 11 (41 kW) SI engine model was used. A 58 kW PMSM motor model
was adopted as a propulsion motor, and a lead acid battery model consisting of 25
modules with 307V nominal voltage, 3.5 kWh capacity, 30 kW peak power, and
120kg weight was used.

Fig. 14.7 shows a characteristic feature of the series hybrid power train. It is a
magnified view of an initial part of the UDDS. As the speed increases, the power
requirement grows. Note that the maximum power rating of the battery is 30 kW.
However, the required peak power by motor is 40 kW. Therefore, to make up the
deficiency in power, the engine starts to operate at ¢ = 190 sec. Fig. 14.7 (d)
shows the corresponding operating point, (3300 rpm, 58 Nm). Note that the engine
operates at a point of maximum efficiency (0.33 g/kWh). At this time, the engine
power (20 kW) is more than sufficient, so that the excess power is used for battery
charging. Negative battery power shown in Fig. 14.7 (b) indicates the battery
charging.

Fig. 14.8 (b) shows a SOC swing over two UDDS cycles. Note that SOC window
is between 0.4 and 0.65, and charging/discharging repeats every 1400 seconds (23
minutes). One can see from Fig. 14.8 that the engine operates when either power
assist is required, or when the battery SOC low limit is reached. Power assist is
needed at 190 seconds, and the battery SOC low limit is hit at 1220 seconds. But
since the battery SOC high limit was hit at 1480 seconds, the engine stopped.

14.4 Parallel Drive Train

The parallel HEV is basically an ICE vehicle equipped with an electric assisting
device. In the parallel hybrid architecture, both an ICE and an electric motor are
coupled jointly to the drive shaft, thereby each or both of them can drive the car.
The motor can add up or subtract torque while turning at equal speeds. The electric
motor can be used as a generator to charge the battery during regenerative braking
or when recovering excess ICE power to the motor. This makes them more efficient
in urban ’stop-and-go’ conditions.
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Figure 14.7: Engine involvement in a series HEV: (a) the UDDS driving cycle, (b)
motor power and battery power, (c) engine shaft torque, and (d) engine operation
point (GEO 11, 41 kW).

The ICE is usually dominant, while the vehicle can run on the electric system
alone. Usually the motor power rating is a fraction of the ICE power. For example,
the Honda Insight has a 70 kW engine, but the motor power rating is only 10 kW.
In this regard, the size and cost of parallel HEVs is less than those of series HEVs.
However since the speed ratio between motor and engine is fixed, the roles of the
motor are limited.

ICE alone and motor alone operations are feasible. To separate the ICE during
the motor alone operation (all electric powering mode), the ICE is isolated by a
clutch. Fig. 14.9 shows the parallel hybrid power train topology that is utilized in
the Hyundai Avante.
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Figure 14.9: Parallel power train architecture.
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The parallel assist strategy can be summarized as:

1) The motor alone propels the vehicle with the engine shut off in a low
speed region, or in the region where the engine would run inefficiently.
2) The motor assists the engine if the required torque is larger than the
maximum produceable by the engine.

3) The motor charges the battery during regenerative braking.

4) When the battery SOC is low, the engine will provide excess torque to
charge the battery. Fig. 14.10 shows a view of the parallel power train of
Hyndai “Avante Hybrid”. In Hyundai ‘Sonata’ HEV, a 32 kW, 170 Nm
PMSM is attached to front end of 6 speed automatic transmission.

Engine

Position 1ﬁ§i -

Rotor Housing assy
sensor assy (stator)

Figure 14.10: Parallel power train of Hyndai “Avante Hybrid”.

Fig. 14.11 shows an overall control block diagram of a parallel hybrid vehicle.
The battery management system (BMS) monitors the cell voltages, temperature,
and state of charge, and communicate with the power control unit via CAN. It also
regulates the cell voltages evenly to prevent excessive voltage unbalance. Through
the use of a DC-DC converter, the main battery power is transferred to the 14 volt
system where conventional electric loads are connected. The isolation is necessary
for the safety of human and battery. A typical topology is the full bridge zero
voltage switching (ZVS) circuit. The power rating is 1.6~2 kW. The power control
unit (PCU) receives all necessary sensor signals required for PMSM control and
outputs PWM gate signals. It also communicates with the engine controller via
CAN. Engine power is controlled by adjusting the throttle angle, and the throttle
position sensor (TPS) signal is also monitored by the PCU. Engine/motor shaft
power is delivered to the drive wheels via the CVT. Engine control, motor control,
and CVT control are coordinated in the PCU to optimize the overall fuel efficiency.

Fig. 14.12 shows the “ADVISOR” [18] simulation results for UDDS and US06
Hwy driving cycles. Both engine and motor operation points are shown in a single
map. The motor operates mostly in a low torque region. Note that regenerations
took place frequently in the urbane driving cycle. Obviously, engine operation points
are widely spread compared with the cases of series and series/parallel hybrids.
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Figure 14.11: Overall control block diagram of a parallel hybrid vehicle.
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Figure 14.12: Engine and motor operating points of a parallel HEV for (a) UDDS
and (b) US06 Hwy driving cycles.

14.4.1 Electrical Continuous Variable Transmission

Continuously variable transmission (CVT) is a transmission that can change the
speed ratio seamlessly. It is usually constructed with a V-belt, tapered pulleys, and
a hydraulic actuator. A CVT enables the ICE to run at a fixed speed when the wheel
speed changes. Since it can restrict the engine speed in its most efficient range, it
improves fuel economy. However, mechanical CVT is a friction based device so that
the efficiency is low (about 88%), which offsets the efficiency gain in the engine.
Besides, a CVT alone does not suffice all the necessary requirements for optimum
ICE operation. The power balance should also be satisfied.
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The electrical CVT (e-CVT) is a power splitting mechanism between the me-
chanical and electrical drive trains. As shown in Fig. 14.5 (c), the electrical drive
train consists of two motors, two inverters, and a battery. Since the motors can act
as generators, they are noted as ‘M/G’ in the following. It was first developed by
TRW around 1970, and is being used in the Toyota, Ford, and GM hybrid trans-
missions. The e-CVT not only facilitates continuous speed change, but achieves the
power balance, allowing the ICE to operate optimally. During low torque operation,
excess power of the ICE is saved via a generator in the battery. But in a high torque
mode, the generator, acting as a motor, adds more torque to the wheel.

14.4.2 Planetary Gear

A planetary gear together with a motor and a generator plays a key role in the
engine power splitting in the series/parallel hybrid configuration. The planetary
gear consists of sun gear, planetary gear, and ring gear, as shown in Fig. 14.13.
The sun gear is located in the center, and planetary gears connected to a common
carrier plate rotate around it while also meshing with an outer ring that has inward
facing gear teeth. Based on the schematic shown in Fig. 14.13 (a), it follows that

Ryw, — Rew. = Rewe.— Rsws, (14.2)

where Ry, Ry, and R, are the radii of sun gear, carrier, and ring gear, and ws, we,
and w, are the speeds of sun gear, carrier, and ring gear, respectively. Let the gear
ratio be defined by R, /R = kj. Then, dividing the right hand side by the left hand
side of (14.2), it follows that

Rew, — B Begpe 2wk, — (ky + Dwe

%Wc — Rsws a (kp + Dwe — 2ws

(14.3)

This is the fundamental equation of the planetary gear (i.e., epicyclic gearing),
indicating that the gear rotation must maintain a fixed ratio, k,, of angular velocity
relative to the carrier body. After rearranging, (14.3) reduces to the more general
form [5]:

ws + kpwy — (kp + 1w = 0. (14.4)

Note that there is one constraint equation, (14.4) among three independent vari-
ables, ws, we, and w,. Therefore, the planetary gear has two degrees of freedom,
i.e., it takes up two independent shaft speeds. This illustrates the inherent speed
summing nature of the planetary gear and the reason why it is used as a key power
split device. Equation (14.4) of planetary gear is rearranged such that

1 L h
= W Wy .
ky+1°  ky+17"

We (14.5)

Geometrically, (14.5) appears to be a straight line as shown in Fig. 14.14, and it
is called a lever diagram. The planetary gear of the Prius II has the following
individual gears:
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Figure 14.13: Planetary gear: (a) front view, (b) side view, (c) symbol.
sun gear : number of teeth, Ny = 30,
ring gear : number of teeth, IV, = 78.
Therefore, k, = R,/Rs = N, /Ny = 78/30 = 2.6.
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Figure 14.14: Lever diagram for the planetary gear system.
The torque balance and power balance conditions in the steady state are
T. = T,+1Ts, (14.6
Twe = Twwr+ Tsws, (14.7)

where T, T)., and T are the shaft torques of carrier, ring, and sun gears, respectively.
Since (14.6) and (14.7) are the steady state equations, inertial forces of gears are

omitted. Further, the gear efficiency is assumed to be unity. It follows from (14.5)
and (14.7) that [6]—[8]

(1+ k)T, (14.8)
noo (1) 149
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Exercise 14.1
Consider a planetary gear shown in Fig. 14.14. Show that
R'f‘ Ws — We

—kp=—— = . 14.10
P Rs Wy — We ( )

Exercise 14.2

Consider a planetary gear system, shown in Fig. 14.14. Assume k, = 2.6, w, =
2500 rpm, and ws = 3600 rpm.

a) Calculate the speed of ring gear.

b) Assume that the engine produces 60 kW and that the generator applies 70 Nm
load torque to the engine. Calculate the engine power directed to the ring gear.

Solution.
a)
1
Wy = (1 + —> We — Ys _ 1.385 x 2500 — 0.385 x 3600 = 2078 rpm
kp kp
b)
3600
P, = 60 X 2w x 70 = 26,389 W.
Thus, 60 — 26.389 = 33.611 (kW). |
@ ssnssnnnsnsunnsnnnnnnnnnnnnnnnnnnnnnnnnnnnnne
Battery |e; oy
I N
Inverter 1 Inverter 2
Y 3 Wheel
R E F\\\\\\\\\\\\\\\\\g
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Figure 14.15: Schematic drawing of THS II employing a planetary gear as the
input power split device (dotted line : electrical power train).

14.4.3 Power Split with Speeder and Torquer

A planetary gear is used as a power split device in the series/parallel HEVs. Fig. 14.15
shows a schematic diagram of the e-CVT of Toyota Hybrid System (THS) in Prius IT
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Table 14.2: Specifications of Prius II, III, and IV [15], [16], [19].

\ | Prius IV | PriusIII | Prius II |

Engine Power 72 kW 73 kW 57 kW

Torque 142 Nm 142 Nm 115 Nm

Type IPM IPM

Motor Max. power 53 kW 60 kW 50 kW

Max. torque | 163 Nm 207 Nm 400 Nm

Max. speed 17000 rpm | 6400 rpm

Type IPM IPM

Generator | Max. power 22 kW

Max. speed 11000 rpm

Type NiMH NiMH NiMH

Power 21 kW 21 kW

Battery Voltage 202 V 201.6 V 201.6 V

Weight 45 kg

Capacity 1 kWh 1.3 kWh 1.3 kWh

System voltage 650 Vmax | 500 Vmax
Motor gear ratio 2.636

Differential gear ratio 4.11 3.267 4.113

[15]. In the Prius III, the maximum motor speed was increased to 13500 rpm, re-
ducing the mass by about 35% [16]. Major power train specifications are listed in
Table 14.2. Since the power split device is positioned at the input (upstream) side,
it is classified as input split. Since it contains a single planetary gear, it is called
single mode.

The engine crank shaft is connected to the carrier, The M/G1, labeled ‘genera-
tor’, is connected to the sun gear. On the other hand, the M/G2, labeled ‘motor’,
is connected to the ring gear. Note that the ring gear is coupled with the drive
axle via the chain, final gear, and differential gear. Thus, the motor has a fixed
gear ratio with the axle. Therefore, a part of the engine power is transmitted di-
rectly to wheels through the ring gear. The rest of the engine power is taken by
the generator. The generated electric power is transmitted to the motor or stored
in the battery and may be used later for EV mode or acceleration. The motor not
only provides an additional torque to the drive line, but retrieves a part of vehicle
kinetic energy into the battery by applying regenerative braking when the vehicle
decelerates. A THS schematic diagram is shown in Fig. 14.15. Electrical paths are
denoted by dotted lines, whereas mechanical paths are denoted by solid lines.

A more detailed diagram and power circuit are shown in Fig. 14.16. Two in-
verters are connected back to back with a common DC link bus. Note however
that the battery voltage is around 200 V, but the DC link voltage is boosted to
500 V or 650 V. Thus, it requires the use of a bi-directional buck-boost converter.
The reason for this voltage boosting is to reduce the current rating of cable and
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Figure 14.16: THS schematic diagram and power circuit.

M/G coils and to minimize M/G volumes. The chain in the Prius II was replaced
by another planetary gear in the Prius III. Neither launch device, such as a torque
converter in an automatic transmission, nor a clutch in a manual transmission, is
used. The engine can remain directly connected to the transmission at all speeds.

14.4.4 Motor/Generator Operation Principle

It is assumed that the vehicle speed and the load torque do not change during a
short time interval due to the large inertia. Here, both Ty, and w, are treated as
fixed numbers. A power determining procedure consists of the following steps:

i)  For a given engine torque, T, determine w} such that the engine power is
equal to the drive line power requirement, i.e., T w} = Ppy,.

ii) Choose ws so that ws = (kp + 1)w} — kpwy.

The engine speed is selected such that the engine power meets the demand required
by the drive line. Since the ring gear speed, w, is fixed by the vehicle speed, the
engine speed, w,, is passively determined by the sun gear speed, w,. In other words,
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w, is determined by ws according to the linear equation, (14.4). For this purpose,
the generator (M/G1) is controlled in the speed control mode; thereby it is called
the speeder [3].

Once engine torque, T, is fixed, the torques of sun and ring gear shafts are de-
termined according to (14.8) and (14.9). That is, the engine power is split according

to

Tews kpTew,
kp+1  ky+1°
—— N —

—LFelec =L mech

Towe = (14.11)

Note that the electrical path consists of sun gear—generator (M/G1)—inverter 1—
inverter 2—motor-ring gear, whereas the mechanical path is made by the direct gear
coupling — the carrier and ring gear. Note however that the split powers are summed
at the drive line, as shown in Fig. 14.17. The power summation is possible since the
motor (M/G2) is controlled in a torque control mode. Specifically, the motor can
add/subtract torque at an arbitrary drive line speed. For this reason, the motor is
called the torquer [3].

The ratio between the two power flows is equal to

Letee _ w5

= . 14.12
Precn kpwr ( )

Therefore, as w, increase, the electrical path proportion increases.

: Wheel
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Figure 14.17: Power split into electrical and mechanical paths.
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As mentioned in the above, the power transfer efficiency of the electrical path is
low compared with that of the mechanical path. This implies that delivering 100%
power over the mechanical path would be better. Then, the question is: Why is
it necessary to split the power and sum the splits at the drive line? The benefit
of the power split is illustrated by the following example: Assume that the drive
line operates at 280 rad/sec with a load of 55.7 Nm. Since Py = 15.595 kW, the
same power has to be delivered from the engine. Suppose that the generator speed
is forced to down from 208 rad/sec, to 28 and to —30 rad/sec by a speed control
action, while the throttle angle is controlled to yield a constant power, 15.6 kW: Let
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the operation points be marked such that A: ws = 280 rad/sec, B: ws, = 28 rad/sec,
and C: wg = —30 rad/sec. The corresponding engine speeds and torque are

A: (we, Te) = (2482 rpm, 60 Nm),
B: (we, T.) = (2005 rpm, 74 Nm),
C: (we, Te) = (1853 rpm, 80.4 Nm).

The engine speed, w,., decreases in proportion to wg, as shown in Fig. 14.18 (b). Since
the engine maintains a constant power mode, the engine operation points migrate
from “A” to “B” and “C” along a constant power line as shown in Fig. 14.18 (a).
It should be noted that “C” is closer to the OOL than “A” and “B”. Specifically,
the fuel efficiency is increased to 235 g/kWh from 250 g/kWh.

The power split device enables the engine speed to move to the OOL while
satisfying the wheel power requirements. Specifically, the speeder determines the
engine speed at a point with high efficiency, independently of the wheel speed. In
this way, the engine speed is decoupled from the wheel speed. In summary, the
power split improves the system efficiency by allowing the engine to operate in the
vicinity of the OOL. A minor loss takes places along with electrical power conversion.

C (1853, 80.4)
1 Constant . -‘--..---1112-3-011-
—_ 100 power ?“ ‘/ : "~ 2357 Generator Engine Motor
2 oo (Throtte) - (20 (Sun) Carier) (Ring)
] \ B (2005, 74)
m - 280
s 7] ~_ 208
2 OOLZ R
Q407 ~ 300
5 400 28
w207 S
500 gkWh|  -30
0 1000 2000 3000 4000 (rpm)

(a) (b)

Figure 14.18: Operating point migration toward the OOL as the generator speed
is controlled down to —30 rad/sec. (a) operating points in the engine torque-speed
plane and (b) lever diagram.

This section is summarized with the following remarks:

1. Since the generator operates usually in the speed control mode; it is called
“speeder”. The generator speed is determined to limit the engine operation
within an optimal operation range. Recall that the engine is efficient when
it is heavily loaded, i.e., when the operation point is near to the maximum
torque line. Thus, the generator generally applies an additional load to the
engine so that the operation point is close to the OOL when the vehicle road
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load is low. The generated electric power is transmitted to the motor for
power boosting, or used to charge the battery for later EV mode operation.

2.  Since the motor operates typically in the torque control mode, it is called
“torquer”. The motor supplies supplementary torque to the drive shaft utiliz-
ing the electric power. If the power from the generator is insufficient during
a sudden acceleration, the battery power is also utilized.

14.5 Series/Parallel Drive Train

The THS is a typical series/parallel hybrid, in which both the series and parallel
features coexist. With a planetary gear, operation is much more flexible compared
with the parallel hybrid system. For example, it accommodates “electric mode
driving” without utilizing a clutch: The vehicle can be driven by the motor while
the engine is stationary. The series/parallel vehicle operates like a series vehicle in
a low speed region, whereas it acts like a parallel HEV in the high speed region.
Extensive researches are being performed regarding the power train modeling and
control optimization [9]—[14].

Generator Engine Motor/Vehicle speed
(Sun) (Carrier) (Ring)
(rpm) 4 Power boost A A (km/h)
65001 . T 180

/ acceleration

— |

Normalxcrmse T
Engi king7

ol ngine cranking 0
Vehicle launch
/ EV mode
-6500T T-180

Figure 14.19: Lever diagrams.

Various operation modes include:
i) Vehicle launch / EV mode operation
ii) Engine cranking
iii) Normal Cruise with battery charging
iv) Power boosting for acceleration

v) Regenerative braking during deceleration
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The corresponding lever diagrams are shown in Fig. 14.19. Recall that the motor
has a fixed ratio to the vehicle speed (if the wheel slip is constant). During engine
cranking, the vehicle speed (ring gear speed) is zero. In normal mode operation,
the engine power is split and transported to the wheels via mechanical and elec-
trical paths. For sudden acceleration, the battery power is used to increase the
motor power. Both M/G1 and M/G2 serve as either a motor or a generator, de-
pending on the driving conditions. For example, the generator (M/G1) normally
generates electric power, but acts as a motor during engine cranking. On the other
hand, the motor (M/G2) normally generates torque, but acts as a generator during
regenerative braking.

1) Vehicle Launch and Battery EV Mode

For vehicle start and a low speed operation, the vehicle is powered only by the
battery power. Thus, this mode is called EV mode. Note that the engine is stopped
without a clutch mechanism while the vehicle is moving. It is clearly illustrated
with the lever diagram: For a given positive ring gear (motor) speed, the sun gear
(generator) speed is determined at a negative speed such that the carrier (engine)
speed is zero. This is possible because the generator is controlled in a speed control
mode. Fig. 14.20 shows an example of the battery EV mode.

Exercise 14.3

Planetary gear ratio is equal to k, = 2.6, and the gear ratio of the drive line is
gar = 4.1. The effective tire rolling radius is 7, = 0.29m. The vehicle operates in
the EV mode with the engine shut off.

a) Determine the ring gear speed in the EV mode when the generator speed is 4500
rpm.

b) Assume that the engine cuts in when generator speed reaches 4500 rpm. Deter-
mine vehicle speed at the time of engine cut-in. Neglect the wheel slip.

Solution.
a) Using (14.10) with w, = 0, it follows that
—4500 1
wy = —:—Z = —% X 27 % 76 = 181.2 rad/sec.
b)
181.2
Xy = —— % 0.29 = 12.8m/sec = 46 km /L. n
dr 4.1

Note that the engine cuts in at 45 km/h in Prius II.

Exercise 14.4  (Continued from Exercise 14.3)

Suppose that the vehicle runs in an EV mode at 40 km/h against a 600 N road
load. Assume that the motor and inverter efficiencies are 0.92 and 0.97, respectively.
Assume further that efficiency of the final drive is 7y = 0.82 including the wheel
slip.
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Figure 14.20: Battery EV mode: (a) power flow, (b) lever diagram, (c) engine fuel
map, (d) motor torque-speed curve, and (e) generator torque-speed curve (Exer-
cise 14.4).

a) Calculate speed, torque, and power of the motor when the average slip is s, = 0.1.

b) Calculate the battery output power.

Solution.

a) Wheel power is equal to P, = —40000/3600 x 600 = —6667 W. Reflecting the
final drive efficiency, motor power is 6667/0.82 = 8130 W. Angular speed of wheel
is

V, ~ 40000 y 1
ro(l —sz) 3600 ~ 0.29 x 0.9

Motor speed is 42.6 x 4.1 = 174.7 rad/sec (1668 rpm). Motor torque is equal to
8130/174.7 = 46.5 Nm.

b) Battery power is equal to Py = 8130/(0.92 x 0.97) = 9110(W). The result is
depicted in Fig. 14.20. |

Wy = = 42.6 rad/sec.

2) Normal Driving (Cruise) Mode

When the vehicle is cruising at a moderately high speed, the power demand is not
so high. The engine power is split by the planetary gear: Through the carrier—ring
gears, a portion of engine power is transmitted to wheels mechanically. The other
portion is converted into an electrical power and transferred to the motor for torque
assist. Fig. 14.21 shows a normal driving mode.
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Exercise 14.5

Assume that the vehicle runs at a constant speed, 64.8 km /h, bearing a road load,
F,; = 666.7 N. Assume that the M/G and inverter efficiencies are 0.92 and 0.97,
respectively, and that the efficiency of the final drive is 1y = 0.82 including the
wheel slip.

a) Calculate the required power at the drive line, Py,..

b) The effective tire rolling radius is 7, = 0.29 m and the final drive gear ratio is
gar = 4.1. Calculate the motor angular speed, w, when the wheel slip is s, = 0.1.

c¢) Assuming a steady state, determine the sun gear (generator) speed such that the
engine speed is 220 rad/sec (2101 rpm).

d) Suppose that the engine output torque is regulated at 67.5 Nm. Calculate the
power directed to the ring gear, P,.

e) Calculate the required motor shaft power, P, = Py, — P,.

f) Calculate the total efficiency of the electrical power train consisting of generator,
inverter 1, inverter 2 and motor, when the inverter efficiency is 7;,, = 0.97 and the
efficiency of motor and generator is 7,,, = 0.92.

g) Calculate the motor shaft power driven by the electric power transferred from
the generator.

Solution.
a) At constant speeds, there is no inertial force. Therefore, F,; = F,. The vehicle
propulsion power is P, = —F,V, = —666.7 x 64800/3600 = —12001 W. Since

the efficiency of the final drive is 1y = 0.82, the power at the drive line should be
Py, = 12001/0.82 = 14636 W.
b)

Ve 64800

ro(l — 52) 7%~ 3600 x 0.29 x 0.9

c¢) Using (14.5), the generator speed is ws = 3.6 x 220 — 2.6 x 282.8 = 56.7 rad/sec.
d) According to (14.8), generator torque is equal to 67.5/3.6 = 18.75 Nm.
Generator power is Ps = 56.7 x 18.75 = 1063 W. Therefore, power of the ring gear
shaft is P, = P.,, — Ps = 220 x 67.5 — 1063 = 13787 W.

e) Amount of power that should be assisted by the motor is

Py, — P, = 14636 — 13787 = 849 W.

f) Since there are two M/Gs and two inverters, the efficiency of the electrical path
is (0.97 x 0.92)% = 0.796.

g) Therefore, the motor power is P, = Py X 77@'2nu7772ng =1063 x 0.796 =847 W. N

wy = x 4.1 = 282.8 rad/sec.

Note from e) and g) that the drive line lacks 849 W, whereas the motor power
received from the electric path is 847 W. That is, they are almost equal, so that
there is no need for battery discharging. The solutions for the above normal mode
are summarized in Fig. 14.21.

Fig. 14.22 shows power flow, lever diagram, and operating points of engine,
generator, and motor at the normal load of Exercise 14.5. Note that the motor
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(M/G2) operation point lies in the first quadrant of a torque-speed map. Since the
generator applies a load torque to the engine, it produces a negative torque, i.e.,
the operation point locates in a regeneration region (4th quadrant).
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Figure 14.21: Normal driving mode: (a) power flow, (b) lever diagram, (c) engine
fuel map, (d) motor torque-speed, and (e) generator torque-speed (Exercise 14.5).

The corresponding Sankey diagram is shown in Fig. 14.22: The engine power,
P.,,, is split into Ps and P,. The generator power, P; is used for powering the motor.
In the electric power train, losses of generator, motor, and inverters are considered.
Two powers, P, and P,, are summed at the drive line, Py,.. Finally, traction power,
P, is obtained bearing the mechanical loss of the final drive.

Electrical path M/G. & inv. loss
J -216W
g A
o = 1063 S8y
Py [y = 14636W 1
= 148501 o a— = —12001W
cA3TETY
1 FD loss
Mechanical path -2635W

Figure 14.22: Sankey diagram for a normal driving mode (Exercise 14.5).
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3) Power Boost Mode at Sudden Acceleration

When a required road load torque is higher than the full throttle torque of the
engine, the motor acts as a power booster utilizing the battery power. That is, in
addition to the generator power, more power is drawn from the battery into the
motor.

Exercise 14.6

Assume that the vehicle runs at a constant speed, 80 km/h bearing a road load of
F,; = 1400 N. The engine speed and torque are regulated at (T¢,, w.) = (97 Nm,
314.2 rad/sec). Assume that the M/G and inverter efficiencies are 0.92 and 0.97,
respectively, and that the efficiency of the final drive is 1y = 0.82 including the
wheel slip.

a) The effective tire rolling radius is r, = 0.29 m and the final drive gear ratio is
gar = 4.1. Calculate the motor angular speed, w,, assuming that the average wheel
slip is s, = 0.15.

b) Assuming a steady state, determine the generator speed, ws using the lever
diagram of k, = 2.6.

¢) Determine the generator torque and calculate the split powers, i.e., Ps and P, .

d) Calculate the drive line power, P and the battery (discharging) power, Pyu.

EEEn EEEEEEEEEEEEEEERD
Q407 .

Battery " hl.lllllllll
limar * = limar )
= 0.97 | Inverter 1 Inverter 2 | =097 Wheel Generator Engine Motor
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n e
P.= 4578 % Lo fly=a1 02— 3096
c £ T Motors  iopay || D0 (1629 314.2 (3529)
Lo N b Loy =082 (3000)
ice_H sHe wet | | »(FD)
\ e Ty I_&‘LIM 1 - 26 1=
LR -_ = .92 g Fiy i
= 30477 - o =092 =37940 [|= 31111
Hpo= Zhght )
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Figure 14.23: Power boost mode: (a) power flow, (b) lever diagram, (c) engine fuel
map, (d) motor torque-speed, and (e) generator torque-speed (Exercise 14.6).



14.5. SERIES/PARALLEL DRIVE TRAIN 539

Solution.
a) The motor speed is

Vi oo 80000
9dr = 3600 x 0.29 x 0.85

x 4.1 = 369.6 rad/sec.

b) Since the engine speed is 314.2rad/sec, it follows from the level diagram that
ws = 3.6w, — 2.6w, = 3.6 x 314.2 — 2.6 x 369.6 = 170.2 rad/sec (1625 rpm).

¢) The engine power is P.,, = 97 x 314.2 = 30477(W). According to (14.8), the
generator torque is equal to 97/3.6 = 26.9 Nm. Thus, the generator power is
P, =170.2 x 26.9 = 4578 W. Therefore, P. = P,,, — Ps = 30477 — 4578 = 25899 W.
d) At constant speeds, F,, = F,;. The vehicle power is P, = —80000/3600 x 1400 =
—31111 W. Considering the final drive efficiency, the power at the drive line is
Py = 31111/0.82 = 37940 W. Thus, the required motor power is P, = Py, — P, =
37940—25899 = 12041 W. A portion of motor power transmitted from the generator
s Py x5, = 4578%(0.92x0.97)* = 3646 W. Additional motor power that should
come from the battery is 12041-3646 = 8395 W. Thus, the battery (discharging)

power is Py = gosepgr = 9407 W. u

M/G, inv. losses
Pl = 94070 :-1944 W

= anTal

et P,

i Py = 379401 = —31111W

= A0arTi £ = 25899
c2H99 [

FD loss : -6829 W

Figure 14.24: Sankey diagram for power boost mode (Exercise 14.6).

The corresponding Sankey diagram is shown in Fig. 14.24: It is shown that
the battery (discharging) power, Py, is added to the electrical power train so as
to make up the lack of engine power, when the drive line power, P;. exceeds the
engine power, P.,.

4) Regenerative Braking

While the vehicle is decelerating or declining a hill, the vehicle’s kinetic energy can
be recovered by operating the motor in the generator mode. At this time, the motor
is rotating in the forward direction. But by changing the g-axis current polarity
to be negative, the braking power is transformed into electric power and used for
recharging the battery. The engine is shut off during the regenerative braking. The
regenerative braking is basically the same as the EV mode, but the power flow is
reversed.
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Figure 14.25: Regenerative braking (Exercise 14.7).

Exercise 14.7

Assume that the vehicle operates regenerative braking with engine shut off while
the speed is regulated at 66.42 km/h. The effective tire rolling radius is r,, = 0.29m
and the gear ratio of the drive train is gg. = 4.1.

a) Assuming that the wheel slip is s, = —0.1. Calculate the motor speed, w.

b) Assume that the drive line efficiency is ny = 0.82. Determine the motor power,
P,, and the battery recharging power, Py, when the road load of —542 N.

Solution.
a)
Voo 09 66420
ol —s2) 9% = 3600 x 0.20 x 1.1

b) The wheel power is equal to P, = 66420/(3600) x (—542) = —10000 (W). There-
fore, the drive line power is equal to Py = —8200 W. Also, Py = P, = —8200 W.
Considering the motor efficiency, the battery recharging power is Py, = —8200 x
0.92 x 0.97 = —7318 (W). |

Wy =

x 4.1 = 290rad/sec.

5) Engine Cranking

During the engine cranking, the vehicle is stationary, so that the motor speed is
equal to zero. The generator forces the engine to spin, so that it operates in a
motoring mode. The lever diagram for engine cranking is shown in Fig. 14.26. Note
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Figure 14.26: Engine cranking mode.

also that the lever diagram for stationary battery charging is the same as that of
engine cranking. But, the power flow is reversed.

14.5.1 Prius Driving Cycle Simulation

The simulation was performed with the Prius model using a drive simulation tool,
ADVISOR. The used vehicle simulation parameters are:

Curb mass with cargo (m,) = 1398 kg,
CD (Cy) = 0.3,

Frontal area (Ap) = 1.746 m?

Rolling coefficient (f,.) = 0.009.

Fig. 14.27 (b) the engine, motor, and generator operation points in the torque-speed
plane under simple driving cycles shown in Fig. 14.27 (a). Four driving cycles were
repeated to obtain dense operation points. It is shown that the motor generated a
high torque during the acceleration period, especially in a low speed area. Then,
a negative torque was applied in the deceleration period, whereby kinetic energy
was recovered. It should be noted that engine operation points are not spread wide
from the OOL.

The maximum motor speed is read 2400 rpm from Fig. 14.27 (b). Assume that
the gear ratio between the wheel and motor shafts is 4.1 and that the effective
tire rolling radius is 0.29 m. When we neglect the wheel slip, the peak velocity is
estimated such that

2 1 3600
=24 — X — 2 —— =64 km/h.
V. OOX60X4.1XO 9><1000 64 km/

Note that the estimation is close to the peak speed (64 km/h), as shown in
Fig. 14.27 (a).

Fig. 14.28 shows the loci of the engine operation points along a highway driving
cycle (US06 Hwy). The operation points were aggregated to the optimum efficiency
line, and the engine torque reached the maximum values. Fig. 14.29 shows the SOC
pattern of the Prius II for urbane driving cycle (EPA UDDS). Note the the SOC
window of Prius is very narrow (50~55%), i.e, the battery is cautiously utilized.
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Figure 14.28: Engine operating points for a highway driving cycle (US06 HWY).

14.5.2 2017 Prius Plug-in Two-Mode Transmission

Recently Prius adopted a new design that used two clutches and two planetary gear
sets as shown in Fig. 14.30 [24]. The intension is to enhance a dual motor EV mode
to improve efficiency at higher vehicle speeds. Then, it looks similar to the Chevrolet
Volt transmission which appears in the following. Each sun gear is connected to
each motor, while two ring gears are connected together to the wheels. The first
carrier is connected to the ICE. Two carrier gears are connected via Clutch 1 and
then to the chassis via Clutch 2.

14.5.3 Gen 2 Volt Powertrain

Like Prius, 2nd generation Volt transmission utilizes two motors as shown in
Fig. 14.31: The smaller motor, M/G A is 48 kW and 140 Nm, whereas the larger one,
M/G B 87 kW and 280 Nm. In M/G A, ferrite magnets are utilized while maximiz-
ing the rotor saliency. On the other hand, M/G B utilizes NdFeB magnets, but the
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Figure 14.30: 2017 Toyota Prius power train architecture.

use of dysprosium is minimized by applying the grain boundary diffusion method.
It also contains three clutches and two planetary gears as shown in Fig. 14.31 [23].

The ICE is connected to the ring of the first planetary gear set and M/G A is con-
nected to the sun gear. M/G B is connected to the sun gear of the second planetary
gear set. The carriers of two planetary gear sets are connected to the wheel shafts.
The clutches reconfigure the power flow optimally at different vehicle speeds and
torque requirements. Clutch 3 is a one-way clutch that only allows rotation in one
direction. It does not engage in the mode change, but acts when it is necessary to
hold the ICE shaft. The concept of extended range EV (EREV) is reflected in Gen 2
Volt design [20]—[22]. At the same time, it widens the use of a direct power path
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Figure 14.31: Chevrolet Volt power train architecture.
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Figure 14.32: Chevrolet Volt EV modes: (a) one motor EV and (b) two motor EV.

from ICE to wheels, thereby the energy loss resulting from electric power conversion
is minimized. In the following, 5 driving modes are illustrated in detail.

One Motor EV Mode

It is a low torque EV mode in which M/G A and ICE are off and just a M/G B
delivers the battery power to the wheels. The M/G B design is optimized for low
torque operation over the whole speed range.
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Two Motor EV Mode

It is a high torque EV mode in which both M/G A and M/G B work in parallel,
while ICE is off.

Low Extended Range Mode

The operation region is restricted high torque low speed range with ICE on. It is
an input split mode, where ICE power is split between wheels and M/G A. The
M/G A power is delivered to the battery or to drive M/G B. The two motors adjust
their power to make the ICE operate at its most efficient operating point. At low
torque/low speed, it goes into ‘One Motor EV Mode’ with ICE off.
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Figure 14.33: Chevrolet Volt EV modes: (a) low extended range (b) fixed ratio
extended range, and (c) high extended range.
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CS2: Fixed Ratio Extended Range Mode

Both Clutch 1 and 2 are closed, so that M/G A is locked. The ICE power is delivered
directly to wheels, and M/G B also participates in to cover the peak load. However,
excess ICE power is recovered by M/G B to the battery in the low torque region.
It is the most efficient mode since the electrical power flow is minimized.

CS3: High Extended Range Mode

Clutch 1 is closed while Clutch 2 is open. The ICE power is split into two mechanical
paths: One goes directly to wheels, while the others via planetary gears. By turning
M/G B slowly, the gear ratio can be changed along with ICE rpm. At this time,
small power is by-passed via M/G B to M/G A or battery.

Summary

e THS and Volt power trains are two typical hybrid architectures. Initially, THS
did not use clutch and used a single planetary gear. However, two clutches
and two planetary gears used in 2017 Prius. Thus, the recent THS becomes
similar to Gen 2 Volt power train. A major impetus for change was to extend
the EV mode to a high speed range. With the battery size upgrade, the HEV
can be easily converted into a PHEV.

e Clutches offer a greater variety in power flow paths, thereby power split be-
comes more flexible.

e Both motor and generator can be used as torquer in the EV mode. On the
other hand, they press the engine to operate around the OOL by applying
more load, whereby the excess energy is stored in the battery.
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Problems

14.1 Consider a planetary gear. Let k, = Rs/R.. Show that
knws + (2 + kp)wyr — 2(1 + kp)we = 0.
14.2 Consider a planetary gear system, shown below. For the carrier, the dynamics
is represented by
Ten - (Jcarr + Jen)wc = dgsyn + Tring-

Derive the rest of equations for the sun and ring.
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drive inertia

Engine

14.3 Consider the engine torque-speed chart shown in Fig. 14.18. The motor speed
is fixed at 280 rad/sec.
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14.4

14.5

a) Obtain the generator speed, ws so that the engine operation point
moves to (1750 rpm, 82 Nm).
b) Calculate the generator power.

(Normal driving mode: Low load) Assume that a series/parall HEV of the
THS type runs at 80 km/h against load road of 270 N. The gear ratio of the
drive line is g4 = 3.9 and the effective tire rolling radius is r,, = 0.29. The
engine speed and torque are regulated at (Tep, wen) = (84 Nm, 150 rad/sec)
while the generator torque is 24 Nm. Assume that the M/G and inverter
efficiencies are 0.92 and 0.97, respectively, and that the efficiency of the final
drive is ny = 0.82.

a) Calculate the motor speed when the wheel slip is s, = 0.1.

b) Determine the generator speed and draw the lever diagram.
c¢) Calculate the power that should be provided by the motor.

d) Calculate the battery charging power.

Consider a series HEV drive train. Assume that 15 kW power is being used
by the drive line while the engine operates with the full throttle at (60 Nm,
3400 rpm). The battery voltage is 307 V. Calculate the battery charging
current when the efficiencies of motor and generator are 0.92 and those of
their inverters are 0.97.
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