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Preface

The importance of motor control technology has resurfaced recently, since motor
efficiency is closely linked to the reduction of greenhouse gases. Thus, the trend is to
use high-efficiency motors such as permanent magnet synchronous motors (PMSMs)
in home appliances such as refrigerators, air conditioners, and washing machines.
Furthermore, we are now experiencing a paradigm shift in vehicle power-trains.
The gasoline engine is gradually being replaced by the electric motor, as society
requires clean environments, and many countries are trying to reduce their petroleum
dependency. Hybrid electric vehicles (HEVs), regarded as an intermediate solution
on the road to electric vehicles (EVs), are steadily increasing in proportion in the
market, as the sales volume increases and the technological advances enable them
to meet target costs.

Along with progress in CPU and power semiconductor performances, motor con-
trol techniques keep improving. Specifically, the remarkable integration of motor
control modules (PWM, pulse counter, ADC) with a high-performance CPU core
makes it easy to implement advanced, but complicated, control algorithms at a low
cost. Motor-driving units are evolving toward high-efficiency, low cost, high-power
density, and flexible interface with other components.

This book is written as a textbook for a graduate level course on AC motor
control and electric vehicle propulsion. Not only motor control, but also some motor
design perspectives are covered, such as back EMF harmonics, loss, flux saturation,
reluctance torque, etc. Theoretical integrity in the AC motor modeling and control
is pursued throughout the book.

In Chapter 1, basics of DC machines and control theories related to motor control
are reviewed. Chapter 2 shows how the rotating magneto-motive force (MMF) is syn-
thesized with the three-phase winding, and how the coordinate transformation maps
between the abc-frame and the rotating dg-frame are defined. In Chapter 3, classical
theories regarding induction motors are reviewed. From Chapter 4 to Chapter 6,
dynamic modeling, field-oriented control, and some advanced control techniques for
induction motors are illustrated. In Chapter 5, the benefits and simplicity of the
rotor field-oriented control are stressed. Similar illustration procedures are repeated
for PMSMs from Chapter 7 to Chapter 9. Chapter 9 deals with various sensorless
control techniques for PMSMs including both back EMF and signal injection—-based
methods. In Chapter 10, the basics of PWM, inverter, and sensors are illustrated.

X1



xil

From Chapter 11 to 14, electric vehicle (EV) fundamentals are included. In
Chapter 11, fundamentals of vehicle dynamics are covered. In Chapter 12, the
concept and the benefits of electrical continuous variable transmission (eCVT) are
discussed. In Chapter 13, battery EV and plug-in HEV (PHEV), including the
properties and limits of batteries, are considered. In Chapter 14, some EV motor
issues are discussed.

Finally, I would like to express thanks to my students, Sung Yoon Jung, Jin
Seok Hong, Sung Young Kim, Ilsu Jeong, Bum Seok Lee, Sun Ho Lee, Tuan Ngo, Je
Hyuk Won, Byong Jo Hyon, and Jun Woo Kim who provided me with experimental
results and solutions to the problems.

All MATLAB® files found in this book are available for download from the pub-
lisher’'s Web site. MATLAB® is a registered trademark of The MathWorks, Inc.
For product information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

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

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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Chapter 1

Preliminaries for Motor Control

The DC motor offers a standard model for electro-mechanical systems, and the
operational principles constitute the basics of the whole motor control theory: back
EMEF, torque generation, current control, torque-speed control, field-weakening, etc.
The basics of DC motor and various control theories are reviewed in this chapter.

1.1 Basics of DC Machines

DC motors are popularly used since torque/speed controllers (choppers) are simple,
and their costs are much lower than the inverter costs. They are still widely used in
numerous areas such as in traction systems, mill drives, robots, printers, and wipers
in cars. However, DC motors are inferior to AC motors in power density, efficiency,
and reliability.

DC motors have two major components in the magnet circuit: field winding (or
magnet) and armature winding. The DC field is generated by either field winding
or permanent magnets (PMs). Armature winding is wound on a shaft. An electric
motor is a machine that converts electrical oscillation into the mechanical oscilla-
tion. Although a DC source is supplied to the machine, an alternating current is
developed in the armature winding by brush and commutator, i.e., the armature
current polarity changes through a mechanical commutation made of brush and
commutator. A picture of brush and commutator is shown in Fig. 1.1.

The basic principle of a DC motor operation is illustrated in Fig. 1.2. Fig. 1.2 (a)
shows a moment of torque production with the armature coil lying in the middle
of the field magnet. Fig. 1.2 (b) shows a disconnected state in which the armature
winding is separated from the voltage source. Correspondingly, no force is generated.
In Fig. 1.2 (¢), the armature coil is re-engaged to the circuit, generating torque in
the same direction. This state is the same as that in Fig. 1.2 (a) except the coil
positions are switched. In some small DC machines, field winding is replaced by
permanent magnets, as shown in Fig. 1.3.

Since most brushes are made of carbon, they wear out continuously. Further,



2 AC Motor Control and Electric Vehicle Applications

Brush Commutator

| | 1|
(a) (b) ()

Figure 1.2: DC motor commutation and current flow: (a) maximum torque, (b)
disengaged, and (c) maximum torque.

the mechanical contact causes the voltage drop, leading to an efficiency drop. DC
motors require regular maintenance, since the brush and commutator wear out. As
the motor size and speed increase, the commutator surface speed also increases.
Further, the current density in the brush is limited and the maximum voltage on
each segment of the commutator is also limited. These factors limit building a DC
motor above several megawatts rating.

1.1.1 DC Machine Dynamics

In electrical rotating machines, two electromagnetic phenomena are taking place
concurrently:

EMF generation: When a coil rotates in a magnetic field, the flux
linkage changes. According to Faraday’s law, EMF is induced in the
coil. It is called back EMF and described as e, = Kyw,, where Kp is the
back EMF constant, and w, is the rotor angular speed.

www.EngineeringEBooksPdf.com



Preliminaries for Motor Control 3

Commutator

Armature

Figure 1.3: Cross section of a typical PM DC motor.

Ta Lg ',-"f
— AN Y Y
Z__. . P
C) Va ¢ €h C%g Oy
Te

Figure 1.4: Equivalent circuit for a DC motor.

Torque generation: When a current-carrying conductor is placed in a
magnetic field, Lorentz force is developed on the conductor. The electro-
magnetic torque is expressed as T, = K;i,, where K; is the torque con-
stant and i, is armature current.

An equivalent circuit of a separately wound DC motor is shown in Fig. 1.4.
Applying Kirchhoff’s voltage law to the equivalent circuit, we obtain
di

Vg = raia—l—Lad—;—i—eb, (1.1)

ey, = war, (1.2)
Te Ktia

where v,, iq, T4, and L, are the armature voltage, current, resistance, and induc-
tance, respectively. The back EMF constant, K}, and torque constant, K, depend
on the magnet flux developed by the field winding. Fig. 1.4 also shows the field
winding circuit, in which the air gap flux is is denoted by ¥. Within a rated speed
region, 1 is controlled to be a constant. Obviously, K; and K; are proportional to

0.



4 AC Motor Control and Electric Vehicle Applications

Note that the electrical power of the motor is equal to epi,, whereas the mechan-
ical power is T, w,. From the perspective of power conversion, the electrical power
and mechanical power should be the same. Neglecting the power loss by armature
resistance, rq, it follows that T.w, = epi,. Therefore, we obtain K; = K.

In the motoring action, a current is supplied to the armature coil from an exter-
nal source, v,. As the motor rotates, back EMF, ¢, develops. But since v, > ¢, the
current flows into the motor (i, > 0), and torque is developed on the shaft. In con-
trast in the generation mode, an external torque forces the machine shaft to rotate,
and the back EMF is higher than the armature voltage, i.e., v, < e;. Therefore, the
current flows out from the machine to the external load (i, < 0). At this time, an
opposing torque is developed, leading to mechanical power consumption.

Exercise 1.1
Calculate K; and K} for the DC motor whose parameters are listed in Table 1.1.

Solution

The back EMF is equal to e, = v, — 74t = 240 — 16 x 0.6 = 230.4 V. Hence,
Ky = ep/wy = 230.4/127.8 = 1.8Vsec/rad. Since K; =T, /i, = 28.8/16 = 1.8Nm/A,
one can check K; = K. ™

Table 1.1: Example DC motor parameters

Power (rated) 3.73kW

Voltage (rated) 240V

Armature current (rated) | 16A

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

Resistance, r, 0.692

Exercise 1.2

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

a) Calculate the back EMF constant Kjp.

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 y 60rpm
~ 1800rpm ~ 2mrad/sec.

K = 0.663Vsec/rad.
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b) Since K; = K;, T, = Kyig, = 0.663 x 30 = 19.89Nm.

c¢) In the steady-state, % = 0. Therefore, T, - w, = (vq — r'qia)iq. Hence,

(125 — 0.4 x 30) x 30

1989 = 170.44rad/sec = 1628rpm.

Wy =

1.1.2 Field-Weakening Control

The back EMF increases as the motor speed increases. The motor is designed such
that back EMF e, reaches the maximum armature voltage, v;***, at a rated speed,
wrated e vMaT ~ Kywlo®d, If the speed is higher than w®¢? the source (armature)
voltage is not high enough to accommodate the back EMF. Then, the question is

how to increase the speed above the rated speed.

Torque
N

kot .
Ta mﬂk

.,...‘A
~J

Load
Curve -

1 decrease

Wy

Figure 1.5: Torque curve change with respect to ¥. As v decreases, the operational
speed increases.
In the steady-state, the armature current is constant. Thus, La%’ ~ 0. There-
fore, in the high-speed region
vt — Ky, Kol Kf

T, = Kyig = K; -2 - 2, (1.4)
Ta Ta Ta

Note that K is proportional to flux, 1, so that we let K; = ki for some k > 0.

Then, (1.4) is rewritten as

kwvgnax k2¢2
— w

Tq Ta

T, = N (1.5)

Obviously, as flux ¢ decreases, kipv]*** / r decreases; whereas the slope —(k1))? / Tq
approaches zero. Fig. 1.5 shows three torque-speed curves for different v’s along
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with a load curve. The speed is determined at the intersection of a torque curve
(1.4) and the load curve. It should be noted that the operating speed increases as v
reduces. That is, higher speed will be obtained by decreasing the field. Therefore,
higher speed is achieved by weakening the field. The field-weakening is a common
technique used for increasing the speed above a rated (base) speed.

Necessity for field-weakening is seen clearly from the power relation. Power is
kept constant above the rated speed. Since

P, = Tow, = ki@,

the flux needs to be decreased inversely proportional to w,, i.e.,

o —. (1.6)

Wy
Then torque, T, = kipi’®? also decreases according to (1.6) as shown in Fig. 1.6.

power P = kywrig

‘ current jrated

«— torque Te = ki)iq

w::ai.ed

Figure 1.6: Power and torque versus speed in the field-weakening region.

Exercise 1.3

Consider a DC motor with r, = 0.5Q, K; = ki) = 0.8Nm/A, and K}, = 0.8Vsec/rad.
a) Assume that the motor terminal voltage reaches v]'** = 120V when the motor
runs at a rated speed, w, = 140rad/sec. Calculate the rated current and rated
torque.

b) Assume that a load torque, 77, = 6Nm, is applied and that the field is weakened
for a half value, K; = 0.4Vsec/rad. Determine the speed.

Solution

a) irated  — (120 — 0.8 x 140)/0.5 = 16A.
T. = 0.8 x16 = 12Nm.
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b) Using (1.4), it follows that

04x120 0.42
— Wy
0.5 0.5

Thus, w, = 281rad/sec. ]

T, =T, =6 =

1.1.3 Four Quadrant Operation

Depending on the polarities of the torque and the speed, there are four operation
modes:

Motoring:
Supplying positive current into the motor terminal, positive torque is
developed yielding a forward motion.

Regeneration:

External torque is applied to the motor shaft against the torque that
is generated by the armature current. Thus, the rotor is rotating in
the reverse direction and the motor is generating electric power, while
providing a braking torque to the external mechanical power source. In
electric vehicles, this mode is referred to as regenerative braking.

Motoring in the reverse direction:
Supplying negative armature current, the motor rotates in the reverse
direction.

Regeneration in the forward direction:

External torque is positive and larger than the negative torque that is
generated by negative armature current. Electrical power is generated
by the motor, while the motor is rotating in the forward direction.

1.1.4 DC Motor Dynamics and Control

The dynamics of the mechanical part is described as

d;;’“ +Bw, + T}, =T, (1.7)
where J is the inertia of the rotating body, B is the damping coefficient, and T7, is
a load torque. Combined with the electrical dynamics (1.1)-(1.3), the whole block
diagram appears as shown in Fig. 1.8. Note that load torque 77 functions as a
disturbance to the DC motor system, and that back EMF Kpw, makes 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)

J
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Regeneration
in the reverse direction

Motoring
in the forward direction

Te

Regeneration
in the forward direction

Motoring
in the reverse direction

TL
Va 1 z’a l - 1 Wy
>+ K; —»@—» >
- Lab‘ _+_ Ta Js —|— B
Ky,

Figure 1.8: DC motor block diagram.

controllers. Since the current loop lies inside the speed loop, it is called the cascaded
control structure. The overall control block diagram is shown in Fig. 1.9.

T
Current Controller E— ~ 1

________________________ a . 1y,
* . i
W T Va, 1 ita - 1 Wy
Pl Pl t — Ky >
_ - 4. Lgs + Ta H Js+ B
--------------------------------- Ky,

Figure 1.9: Speed and current control block diagram for DC motor.
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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
current loop is given by

ia(S) Kpcs + Kic

_ 1.8
i5(s)  Las?+ (rq + Kpe)s + Kic’ (1.8)

where ¢ is a current command. In choosing proportional and integral gains for
current loop, small overshoot is allowed normally to shorten the rise time. The
bandwidth of the current response is normally larger than that of the speed response.

Speed Control Loop

Since the current control bandwidth is larger than the speed control bandwidth,
the whole current block can be treated as unity in determining speed PI gains
(Kpw, Kiw). Specifically, we let iq(s)/i%(s) = 1 in the speed loop model. With this
simplification, it follows that

wyr($) K (Kpws + Kiw) (KiKpo/J)s + w2

_ _ , 1.9
(5) " T+ (Bt KKp)s + KoKy 52 + 2ons + o2 (1.9)

wE
where w, = W/KtKiw/J is a corner frequency and ¢ = (B + Kthw)/(2\/JKtKw)
is a damping coefficient. Corner frequency (or natural frequency) w, is determined
by I-gain, Kj,, whereas damping coefficient ¢ is a function of P-gain, K.

1.2 Types of Controllers

The PI controllers are most widely used in the practical systems due to their tracking
ability and robust properties. In this section, some basics of the PI controller and
its variations are reviewed.

Consider a plant, G(s) with a controller, C(s), shown in Fig.1.10. One way to
achieve a perfect set tracking performance is to design a precompensator such that
C(s) = G(s)~!. Then, the input, r to output, y transfer function will be unity for
all frequencies. However, it cannot be a practical solution for the following reasons:

i)  The plant may be in nonminimum phase, i.e., the plant has zeros in the right
half plane. Then, its inverse will have poles in the right half plane. Note that
a delay element of a system causes the nonminimum phase property.

ii) Normally, the plant is strictly proper, thereby its inverse contains a differen-
tiator. Therefore, the output feedback control will not be successful since the
sensed signal of the output contains noise and the noise is also differentiated.
Correspondingly, it cannot have a disturbance rejection ability that can be
realized via feedback.
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+ € L A
(s C(s) G(s) — Y

Figure 1.10: Plant with unity feedback controller.

Two important control objectives are set point tracking and disturbance rejec-
tion. For the closed-loop system, the sensitivity function is defined as

i) 1

T d(s) 1+CG

representing the effect of disturbance, d on output, y. Therefore, to enhance the
disturbance rejection performance, the smaller S is, the better. On the other hand,
the complementary sensitivity function is defined as

T=1-25.
In this example,
CG  y(s)
T(s) = = .
() 1+CG  r(s)

That is, the complementary sensitivity function reflects the tracking performance.
Therefore, it is desired to be unity.

The performance goals may be stated as S = 0 and T = 1 for all frequency
bands. But, it cannot be realized due to the reasons stated above. However, the
goals can be satisfied practically in a low frequency region. Bode plots of the typical
sensitivity and complementary sensitivity functions are shown in Fig. 1.11. Note
that T'(jw) ~ 0dB and S(jw) is far lower than 0dB in a low frequency region.

dB
ITGw)l. 5Gw)
v v

Figure 1.11: Typical sensitivity and complementary sensitivity functions.
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1.2.1 Gain and Phase Margins

The phase delay is an intrinsic nature of a dynamic system, and the delay sometimes
causes instability for a closed-loop system. Instability occurs in the feedback loop
when two events take place at the same time: unity loop gain and 180° phase delay.
A pathological example is shown Fig. 1.12: Assume that the reference command is
sinusoidal and that

|IC(jw)G(jw)| =1 and ZC(jw)G(jw) = —180°,

i.e., the loop gain is unity and the loop delay is —180°. Then, —y(t) is in phase with
r(t), i.e., the error is equal to e(t) = r(t) — y(t) = 2r(t). Repeating the same, e(t)
grows indefinitely.

180° phase delay

-y

Figure 1.12: Instability mechanism when loop gain is unity and phase delay is 180°.

Phase margin and gain margin are buffers from the unstable points. The gain
margin is defined by

1
Apg = 201og : : (1.10)
7 0 |C(Jwp)G(jwp)|
at wp, where arg[C(jwy,)G(jwp)] = —180°. That is, the gain margin is the difference

from 0 dB to the loop gain at frequency wy,, where the phase delay is 180°. On the
other hand, the phase margin is defined by

Vimg = arg[C(juwy) G (jw,)] + 180° (1.11)

at wy where |C(jwy)G(jwg)| = 1. In other words, the phase margin is the 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. 1.13.

If a system is tuned with a high gain margin, it may be stable even under a high
disturbance. However, the response is very sluggish, and as a result, it may not
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satisfy certain control goals. In other words, a high gain margin may be obtained at
the sacrifice of control bandwidth. But the system will become unstable in the other
extreme. Hence, the controller needs to be well-tuned in the sense that agileness
is balanced with stability, i.e., the system must be stable, but it should not be too
relaxed. Proper selection ranges are: Gain margin = 12 ~ 20 and Phase margin =
40° ~ 60°.

20l0g |CG(jw)|

Gain crossover angular frequency

/ |C(jwg)G(jwg)| = 1

Apmg Gain
Margin

Wp
N

N
N

* phase crossover angular frequency
/C(jwp)G(jwp) = —180°

/CG(jw)

21800 f--====mmmmmm -l N

Figure 1.13: Gain and phase margins in a Bode plot.

Exercise 1.4
Suppose that C(s) = K,(1+4 1) and G(s) = 1 in Fig. 1.10. Determine K, such that
the phase margin is equal to 30°.

1.2.2 PI Controller

Proportional-integral (PI) controllers are most commonly used in practice, since
they have a good disturbance rejection property and are not sensitive to system
parameter variation. The main virtue of I-controller is the ability of DC disturbance
rejection, i.e., I-controller has the infinite gain for a DC error. For example, consider
a feedback system shown in Fig. 1.10 and let G(s) = 1/(s+a) and C(s) = K+ K;/s.
Suppose that a step disturbance d(t) = d-us(t —t1) is applied at t;. Then, applying
the final value theorem[6],

d —sty d —stq
lim e(t) = lim sE(s) c = lim ° = 0.
t—o0 s—0 S s—0 1+ (KpS+Ki) ( 1 )

s st+a
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That is, the steady-state error caused by a DC disturbance can be eliminated com-
pletely.
Note further that

o
K; e(r)dr =d.

t1
As far as e(t) # 0, the integral action takes place until the error sum is equal to the
magnitude of disturbance. That is, the integral controller produces a term which
cancels out the DC disturbance. Fig. 1.14 shows this integral action, in which the
shaded area is equal to d. However, a very high integral gain makes the system
unstable producing a large overshoot.

it

Input
Disturbance
1 )
Output Las+ra "
14
Kp=8,K; =100 N K, /" e(r)
J1.5

0 0.5 1 1.5 2 25 3
Time (sec)

Figure 1.14: Response to a step disturbance applied at time ¢ = 1.5 sec.

To classify the asymptotic behavior, system types are defined. Type m system
is defined as the system of the form [6]

(S+21)(S+Z2) s
s™(s+p1)(s+p2)---

G(s) =

The PI controller increases the system type by one. Type 1 system can reject a DC
disturbance. But to reject a ramp disturbance, d(t) = tus(t), the system type must
be at least 2.

Exercise 1.5
Suppose that C(s)G(s) in Fig. 1.10 is system type 2. Show that the closed-loop
rejects the ramp disturbance.

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:
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Hold element Computing cycle  PWM Controlled
(current command) (current control) execution system

AL TEEERE

Current detection

Figure 1.15: Practical current loop based on a microcontroller.

i) command holder,

ii) computing cycle time,

iii) pulse-width modulation (PWM) execution delay,
iv) value detection

The command is refreshed every sampling period. Since the command value is held
until the next sampling period, the holding delay takes place, which is estimated
about half of the sampling period, Ty, /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. 1.15 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, = 1.5 ~ 2Ty, [2]. Note

further that
1 1

e = ~

eres 147,85

(1.12)

Hence, the total delay can be represented as a a first order filter. In the speed loop,
the current block is often treated as the first order system, (1.12).

1.2.3 Method of Selecting PI Gains

In this part of the section, a general guideline for selecting PI gains is presented.
Fig. 1.16 (a) shows a typical motor speed control loop, and Fig. 1.16 (b) shows
the Bode plot of the open-loop. Note from the PI block that K, is speed loop
proportional gain and that 7; is the integral time constant. The first order filter
block 1 / (14 75s) represents the current control block.

Let w; = T% and wy = %, and divide the whole frequency range into three parts:
[0, w1), [wi, wa), and [w2, 00). Note that [0, ws] representing the current bandwidth
is larger than the speed bandwidth and that 1/(147,5) & 1in [0, ws]. Furthermore,
in the low frequency region, [0, w;), the loop gain is approximated as % since

K, + % ~ K,. However, in [w1, wa) the loop gain is close to % Finally, the loop
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I . K, 1 o .
gain is approximated as (1 +Ta$) 75+ Summarizing the above, we have

o2 (—40dB), [0, wi)

1 K 1 Tl s*
— <Kp+ p) < ) =~ 5{2 (—20dB), w1, wa)
(t25) 4 (~40dB),  [ws, o0)

Let [0, wsc) be the speed bandwidth. Then, it is necessary to make % ~ 1 for
w < wge. Hence, the proportional gain should be selected as

Ky = Jwse . (1.13)

It is necessary to make the corner frequency wy of the PI controller much less than
wse: A common rule to choose the integral time constant is

w = = = =%, (1.14)

Then with the gain K), = Jws. and T; = 5 / wse, the closed-loop transfer function is

1) 1
= o :
1—|—Kp(1+ﬁ)i 5% + wges + 2

Js

Thus, the damping coefficient is ¢ = v/5 / 2, and it corresponds to an overdamping.
According to ASME (American Society of Mechanical Engineers), the general
guidelines for selecting PI gains are [1]:

I. Phase margin should be larger than 30°, and gain margin should be larger than
2.5 (8dB).

II. The slope of the gain plot should be —20dB/scale in the region of ws.

IIL It is desired to satisfy wse — w1 = (3~ 3)(w2 — wse). Also, D/E > 5 needs to
be satisfied, when D and E are not on the logarithmic scale. In other words,
w2 Z 5(,4}1.

IV. Point E should be less than —6dB.

V. The overshoot should be less than 200%. A proper overshoot value is 130%.

1.2.4 Integral-Proportional (IP) Controller

The integral-proportional controller (IP controller) is a variation of PI controller.
The IP controller has the proportional part in the feedback path, as shown in
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P! controller 1%t order filter TL  |nertial Load
Speed (current controller)
command Ky 1 - 1 speed
* — o K+ 1t sE— .
UJ?" _ p :F‘t & 1+ 758 Js o
(@)
Gain

(b)
Figure 1.16: (a) Speed control loop and (b) Bode plot for the open-loop.
PI controller Ty
Speed [---------------- y l
command 1 i 1 ¥ g 1 speed
Wy — — Kp+ == —— K H@o— - >
| - T s : Js Pl
! 1 Wy
! i
| :
| :
(a)
IP controller
_________________ - T
Speed | 1 l
command | K Vr - speed
a ! p _-I; 12 K, —>@_> .1 p X
w';- : - I] 5 | Js P
! : wi.
! Kpl
! 1
i [ !
e e e e e e e e e e e e e = 2
(b)

Figure 1.17: Speed control loops with (a) PI and (b) IP controllers.
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Fig. 1.17 (b). The location of the integral part is the same as that of the PI controller.
The transfer functions are equal to

KK, ( 1
PI T \s Tt Tz-)
PI Controller = wr* (s) = Sreve Trove (1.16)
wi(s) 24 Bleg g T
P KpKy
IP Controller = - (s) _ T . (1.17)

= KK, KK
wi(s) g2 Ffrg 4 Lo

Note that both functions have the same denominator, but the numerators are differ-
ent: An IP controller does not have differential operator ‘s’, whereas a PI controller
does. Let wli(t) = £L7Hwl (s)} and w!P(t) = £L7HwlP(s)}, where £7! is the
inverse Laplace operator. Then,

WPI() = wlP () + Tl (1),

That is, the derivative, w,{P , of the IP controller output appears additionally in the
output of the PI controller. Therefore, PI controllers make a larger overshoot or
undershoot during the transition than IP controllers. This fact is observed when
we compare the controller outputs: The PI controller produces a higher current
command, 7*, than an IP controller for the step input. Fig. 1.18 shows the speed
responses and current commands when PI and IP controllers are utilized with the
same K, and T;. Note that w!’ has an overshoot, but w!f does not. Note also
from Fig. 1.18 (b) that the current command level i* of the PI controller is about
five times larger than that of the IP controller. Hence, to avoid a possible current
peaking, IP controllers are preferred in the speed loop of practical systems.

Exercise 1.6
Obtain the transfer functions from the disturbance to the output TWL ((SS)) for the PI
and IP cases shown in Fig. 1.17.

1.2.5 PI Controller with Reference Model

In the previous section, it is shown that the integral action is required to eliminate
a DC offset in the output caused by a possible disturbance. But, with the use of
an integral controller the system order increases. The order increase causes more
phase delay, resulting in a narrow phase margin for a given control bandwidth. In
this section, we consider the PI controller with reference model which implements
the disturbance rejection capability without increasing the system order between
the reference input and output.

PI with Reference Model

A control block diagram of the PI controller with reference model is shown in
Fig. 1.19 [2]. Note that the current loop is modeled as 1/(1 + 7,s). The block
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167 PI Controller

-

" IP Controller
C © PI Controller

0.8 7 5

0.6

Kp=12.65 K;=40, (=1

047 2_‘ - IP Controller
0.2 ]
0
0 J T v T ¥ T T v 1 g T v T g T Y T v 1
0 0.2 0.4 0.6 0.8 10 © 0.2 0.4 06 0.8 10
Time (sec) Time (sec) Sec.
(a) (b)

Figure 1.18: (a) Speed responses and (b) current commands for the PI and IP
controllers shown in Fig. 1.17.

Reference Model

1 wWma4 -
Iy il e O e e 1
: 1+ 758 . :
I ¥ I
1 1
i 22 ﬁ Integral control '
: s d :
1 : 1
T — Ly — N — Ll
1
oy E '@ o Ky + é 1 i 1 | e
- 1+ 705 + Js !
! Proportional i
| control :
| i
1 |
L ___ ___ ___ ___ ___ ___

Figure 1.19: PI controller with reference model.

diagram consists of two parts: The bottom part shows the tracking control loop,
whereas the upper part shows the disturbance rejection part. It should be noted that
the integral controller is not involved in the tracking part. Instead, just a P-gain,
K,, appears. As a result, the closed-loop transfer function of w,(s)/wy(s) appears
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as a second-order system:

wr(s) 1
= 1.18
wr (s) o2 s+ 1 (19
1
- 1.19
Kips—i- 1 (1.19)

Furthermore, the second-order system can be reduced further as a first order model
in a low frequency area. The reduced order model, (1.19) is used as a reference
model representing the tracking part. Both the model and the real plant receive the
same speed command, w;). Since the same input, w}, is applied to both plant and
reference model, their outputs are expected to be the same, i.e., w, ~ w,,. But if the
disturbance is present, they cannot be the same. On the other hand, wy,, —w, carries
information of disturbance, d. To compensate the disturbance, integral action is
taken on the error, w,, — w,. In the steady-state, it follows that

K, [* —w,(T))dT =
2 | () = wrnar = a

but the integral action does not affect the tracking part. The disturbance compen-
sation loop is denoted by dotted lines in Fig. 1.19.
The transfer function from the disturbance to the output is a 3"%-order function:

T;
wr(s) KPS(TU +1) (1.20)
d(S) TJIzjiJSE}‘i‘%JSQ‘i_ﬂS‘i‘l‘ .
P P

This result is the same as that of the conventional PI controller. But the difference
lies in the tracking part: The tracking part is a second-order with the reference
model, whereas it is a 3"%-order with the conventional PI controller. They are
compared in Table 1.2

Fig. 1.20 shows the Bode plots of wy(s)/w/(s) in Table 1.2. In the simulation,
we let J = 0.015, 7, = 0.000548, K, = 13.69, and T; = 0.0022. One can see that
the PI controller with reference model has less phase delay than the conventional
PI. Fig. 1.21 shows that the conventional PI controller makes a larger overshoot
in the step responses for the same gain. It is due to the presence of a zero in the
conventional PI controller.

Double Ratio Rule

Based on a damping optimum of the closed control loop, gain selection based on the
double ratio rules were developed [2]. Consider a closed-loop system

Y(s)  bps" +bp_15" 4+ bys+ by
u(s)  aps" + an_15" 1+ -+ as + ag
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Table 1.2: Comparision of transfer functions

PI with reference model Conventional PI

wr(8) 1 Tis+1
JTs J L TiJ T.J ]
w:(s) KLpsz‘FES—f—l TTp53+Fp82+TZS+1
Ti Ti

wr(s) KPS(TJ +1) KPS(TG +1)

- 1;J T;,J ] -1;J T;J :
d(s) TK—p83+?pS2+TzS+1 TTPS?’-FESZ—FTzS-Fl

I w(s)

A —

sup w*(_.;) PI with reference

.— Pl with reference

(b)

Figure 1.20: 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.
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™ Pl with reference

L L 1 1 il 1
o

Time (sec)
Figure 1.21: Step responses with the PI controller with reference model and the
conventional PI controller for the same gains.
Make a sequence of coefficients ratios:

an Gpn—1 Aan-2 ay

M M M M
Gp—1 AaAn—-2 Gap-—3 ap

Choose the coefficients such that the ratios between adjacent components are less
than or equal to 1/2:

_ QpQg—2 1
b= U2 < D for 25k (1.21)
) 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 / (ags® +a1s +ag). Applying the

2
double ratio rule, (1.21), we obtain ay = ;Tlo Then the denominator is equal to

2 2 2 2
1 2 2

af |2 o (a0 o (@) | Z At |2y, L (V2a0) (V20

2a0 aj ai QCLQ \/i aj aj

Therefore, the double ratio rule leads to the damping coefficient being

_ 1 _
(=5 =0707.
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Now we apply the double ratio rule to (1.20). Then

o T2J
R e 1
(Tij> J 2
KP
T;J
5 _ 7 1
7 K\, "2
These lead to gain selection:
J
K, = — 1.22
p 27_0 ( )
2J
Note that the integral gain is equal to
K J
K. =P _ 7 1.24
YT, 872 (1.24)

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 (1.22) and (1.23), the transfer functions
turn out to be

wyr(8) 1

= 1.25
wi(s) 27282 + 2755+ 1 (1.25)
wyr(s) _ 87,5(T55 + 1) (1.26)
d(s) 87383 + 87252 + 41,5+ 1

Exercise 1.7

Consider system shown in Fig. 1.19. Show that the phase margin of the open loop
system is 65.5° independently of 75, if we set K, = % Show also that ( = 0.707
for closed loop system.

Solution
Open loop transfer function is H(s) = KP(1+T(1,S)Js = Tl/fz:‘r’s. It is necessary to find
w that satisfies | — 7,w? + jw| = % The solution is w = @% = 0.455%.
Therefore,

1 1
phase margin = tan™" +180° = tan™* + 180° = 65.5°.
—TeW —0.455

Damping coefficient, { = 0.707 follows directly from the closed loop transfer function,
1/272

sT41/ros+1/272 " u
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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 optimum damping rule that can be used
for determining the PI gains. The resulting PI gain tells us that we can apply
higher gain when the system has lower delay. As the delay increases, the
gain should be lower correspondingly. Otherwise, the system will be unstable.
Similarly, we can utilize high gain for the system having a large inertia. The
double ratio rule provides us a good reference for the gain selection.

1.2.6 Two Degrees of Freedom Controller

In general, PI controllers do not utilize the structure 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 DOF controller is shown
in Fig. 1.22 [3]. 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 d Plant with disturbance
compensator |

T —Qr(s) + U %—' G(s) )

S G(s) =@
y e

Qa(s)

Feedback compensator

4

Figure 1.22: IMC structure for plant G(s) with disturbance d.

The transfer function of the whole system is

G(s)(1 — Qu(s)G(s))
14+ Qa(s)(G(s) — G(s))

d. (1.27)
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If there is no plant model error, i.e., G = G, then
y = G(8)Qr(s)r + G(s)(1 — Qals)G(s))d-

The sensitivity function S and the complementary sensitivity function T are

s =29 LGt — Quls)Gs)), (1.28)
d(S) r(s)=0

T(s) = y(s) = G(s5)Qr(s). (1.29)
T(S) d(s)=0

Note that S(s) is affected by the feedback compensator Q4(s), whereas T'(s) is
affected 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 DOF controller.

1.2.7 Variations of Two DOF Structures

- Q*“(""m_l(-ﬂ—-@“—-g@: G()

Q'm(sj

Figure 1.23: Equivalent two DOF structures when @Q..(s) = Q. (s)G(s)~ L.

Ideal performances, S = 0 and T = 1 are obtained when Qu(s) = G(s)~! and
Q,(s) = G(s)~!. In this case, the controllers will be improper, i.e., they will contain
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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 font of the
inverse dynamics G(s)71, i.e.,

Qr(s) = Qum(s)G(s) ™, (1.30)

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

Qm(s) = mv (1'31)
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. 1.23 [5]. Note that the
IMC in Fig. 1.22 is equivalent to the one in Fig. 1.23 (a). With the feedforward
compensator, (1.30), the block diagram turns out to be Fig. 1.23 (b). The controller
shown in Fig. 1.23 (b) is the two 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 [4], a PI controller was selected for Qg4(s).

1.2.8 Load Torque Observer

1y
. Torque T 'l 1 w
— t
Torque + Controller ~ Js+ B
command
L, L toe j_b+ B le—d

14 as T 1+ as
— _J . B-J/a
I = et 1T

Load torque observer
Figure 1.24: A load torque observer.
A load torque observer is often called a disturbance observer. The load torque is

different from the state observer, since the disturbance is not a state variable. It is
quite often used in the speed loop to reject the disturbance torque. Fig. 1.24 shows
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a typical structure of the load torque observer, where the load torque, T}, is treated
as an external disturbance. The objective is to estimate the unknown load torque
and feedback it to the input of the torque controller, so that the unknown load is
compensated before the speed (PI) controller is activated.

In the following analysis, the load torque is assumed to be a constant. The load
torque is filtered out by the plant dynamics, so that the observer has, in nature,
a structure of the inverse dynamics. To circumvent the use of the differentiator,
Js + B, it utilizes a low-pass filter with unity gain, 1/(1 + as)[7]. Note that the
impulse response is equal to éefétus (t), where us(t) is the unit step function. Since
J. > ée_étdt = 1 independently of «, it approaches the delta function as o decreases

0
. Js+B
to zero. Therefore, practically 4 T

direct differentiation is avoided:
Js+ B (#) J
wr(8) = —
l+as «

wr(s) = (Js + B)w,(s) for a large a > 0 while a

B—J/a
T as )

The same low-pass filter is applied to the input, 7'(s). Then, a torque estimate 1
is obtained as . A

=1 —1—1043T(8) a L{S—:—afw(s)' (1.52)
Hong and Nam[7] 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. 1.25. It
was shown that the observer with the artificial delay showed a better performance
like a Smith predictor [8].

delay

=TS

artificial delay

— Qa(s)

Figure 1.25: A load torque observer with an artificial delay in the input path.

1.2.9 Feedback Linearization
Consider a single input, single output nonlinear system

z = f(x)+ug(x), (1.33)
= h(z), (1.34)
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wherez e R", f : R" > R", g : R®" > R", h : R" >R, u : [0,00) - R"
Assume that f, g, and h are differentiable infinitely. Let

", Oh

Lih =< dh = —

fi-

Correspondingly, define for k > 1
Lkh =< dL’;:lh, f>.
We construct a new map 7T : IR™ — IR™ defined by

h
rwy = | ] (1.35)

n'—l
Lf h

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

dh
dLh
rank [DT'(z.)] = rank : (xe) = n. (1.36)

n'—l
Lf h

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'(x). Assume further that

LgLkh =0, 0<k<n-2. L37
LyLy ™ 'h #0. (1.37)
Then, it follows from (1.37) that
Lf+ugh L;h
LyusLsh L%h
o | X A f . (1.38)
LiugLy 'h Lth+ulLgLy'h
Now, we choose
(v—L}h). (1.39)

u = n—1
LyL}'h
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Then it follows from (1.38) that

22 010 --- 0 0
23 0Ooo01--- 0 0
2’:: E = '.‘ Z+ E V. (1.40)
Zn o000 --- 1 0
| v | 000 - 0] 1)

That is, through coordinate transformation (1.35) and feedback (1.39), a linear
system is obtained[9]. Let adsg = [f, g] and adlj‘ég =1[f, adlfc_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 (1.37) is

{9, adsg,--- ,ad?_lg} are linearly independent;
{9, adyg, - - ,ad}‘_gg} are involutive,
where involutive means a distribution is closed under Lie bracket operation[9]. An

application of feedback linearization theory to a PWM converter-inverter system is
found in [10].
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Problems
1.1 Consider a DC motor with r, = 0.3Q2. Assume that voltage drop over the
commutator and brush is 1V independently of the speed. The open circuit
voltage is 220V at 1000rpm.
a) Calculate the back EMF coefficient, Kj.
b) Calculate current, torque, and efficiency at 950rpm.
1.2 Consider a DC motor with r, = 0.5, K; = 0.4 Nm/A, and K3 = 0.4Vsec/rad.
Assume that the maximum armature voltage is v]'** = 120V
a) Determine the motor speed when the load torque is Ty, = 8Nm.
b) Suppose the back EMF constant is reduced to K;, = 0.3Vsec/rad
under the same load. Recalculate the speed.
1.3 Consider a DC motor with the following parameters: r, = 0.52, L, = 12 mH,

K; = 1.8 Nm/A, K, = 1.8Vsec/rad, and J = 0.1kg - m?. Then the current
loop transfer function with a PI controller, K, + K;/s is

K, Ky | K, K
Ia(s) o (Kp + ?)Lasl‘FT‘a _ TSS + Lo _ TSS + w%
Ii(s) 14 (K,+ %) s 2+ %S - f—; 8% + 2Cwns + 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) LaW%S + 1 1

Ii(s) w%32+2is+1 ~ 2&34—1'

Refer to the speed loop shown in Fig. 1.16 (a) and use the approximate
current model. Given we = 1000rad/sec, determine the speed loop gain
by utilizing (1.13), (1.14) and wse — w1 = 5(wa — wWse).-

c) Draw the Bode plot of the speed loop with the gains obtained in c)
and determine the phase margin.
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1.4

1.5

1.6

1.7

Derive (1.17).

Consider system shown in Fig. 1.19. Determine the phase margin of the open
loop system if we set K, = % Also, determine the damping coefficient, ¢, for
the closed loop system.

Consider Fig. 1.23 (a). Let

Determine A(s) € R?*2.

Consider a load torque ob§erver for the system with measurement delay shown
in Fig. 1.25. Let G(s) = G(s) =1/(Js+ B) and Qq(s) = 1/(1 + as).

a) Determine the closed-loop transfer function, 77 (s) JTL(s).

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

¢) Approximate e 7@° &~ 1 — 74s. 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 Field Theory

In AC machines, windings are distributed in such a way that a rotating magnetic
field is generated by a polyphase AC source. An ideal three-phase voltage source
consists of three AC voltage sources equal in magnitude and displaced by phase
angles of 120°. Apart from the efficiency in electric power transmission, the three-
phase system allows for the generation of a rotating field. The flux, voltage, and
current of a three-phase system are represented as vectors in the complex plane
since they satisfy the balance condition, for example, v, + v5 + v, = 0 in the three-
phase voltage (vg, vy, v¢). Transformation maps into the stationary and rotating
(synchronous) dg-frames are illustrated in this chapter.

2.1 Construction of Rotating Field

A photograph of an induction motor stator is shown in Fig. 2.1. The stator is
constructed by stacking punched lamination steel sheets and then winding the stator
coils through the slots on the stator core. Fig. 2.2 shows the three-phase windings
in a schematic view of an AC motor cross section. The axis of the a-phase current is
aligned to the direction of flux generated by the a-phase current flow. Flux direction
can be easily determined by applying the right-hand rule. The same rule applies
to b and ¢ phase windings. In Fig. 2.2 (b), flux directions are symbolized by the
directions of coils.

Fig. 2.3 shows a cut and stretched view of the a-phase stator winding consisting
of four pairs (a1, a}), (a2, a)), (a3, aj), and (a4, a}y). Since the super-position law is
applied, the resulting magneto motive force (MMF) resembles stairs with rotational
symmetry, i.e., MMF(0) = —-MMF (6 + 7).

2.1.1 MMF Harmonics of Distributed Windings

The number of slots per phase per pole is denoted by ¢; the closer the MMF ap-
proaches to a sinusoidal wave, the higher ¢ becomes. If a number of slots per phase
per pole is equal to one (¢ = 1), then the corresponding MMF is a square wave as

33
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(a) (b)

Figure 2.2: Simplified cross-sectional view of AC motor with stator phase windings.

shown in Fig. 2.4 (a). Assume that the pole pitch is 7, and that the number of
coil turns is N. According to Fourier series expansion, the square wave MMF' is
expressed as the infinite sum:

41N 1 1 ) 1 7
MMF = —— (00819— —cos3—7T9+—cos—7T«9— —COS—WQ—F---) (2.1)
T 2 Tp 3 Tp 5 Tp 7 Tp

A sum up to 7th order is shown in Fig. 2.4 (b).
Fig. 2.5 shows the case of a fractional pitch winding (W/1, = 2/3), where 7, is

www.EngineeringEBooksPdf.com
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<« Cut and Stretch

a, a8 a &

Figure 2.3: Superposition of MMFs of distributed windings.

the pole pitch and W is the coil span. Then the MMF is given by

NI4 1 nm
MMF(qzz) = —/— Z *kp(n) COS —. (2.2)

27 n
n=1,3,5,

Note that %%kp(n) corresponds to the Fourier coefficients. Thus it should follow that

2 ™
— / MMF () cos(n®)db
T Jo

4 [z
- / "% cos(nd)dd
0

<

T
41

= ——sin (nWﬂ> . (2.3)
™n Tp 2

Therefore, it turns out that
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NI4
NT L= { . 2w
—_ > —
Tp P
\ - 5 J 2 K
3T;;| \ / o 9\ ,'L 37}.
5 \ / . /
NI
______ 2

(@)

(b)

Figure 2.4: Fourier series expansion: (a) square wave MMF and its fundamental
component and (b) approximation up to 7th order.

Note here that a fractional pitch factor makes the MMF shape closer to a sinusoidal
wave, i.e., it helps reduce the harmonics. Specifically,

sin (nlj/;T)' < ‘sin (n%)‘ =1.
p

At this time, the fundamental component is also reduced. For example, pitch factors
for W / Tp =5 / 6 for different harmonics are listed in Table 2.1. Note in that case,
the 5" and 7" components are reduced significantly.

Table 2.1: High order pitch factors for W/r, = 5/6.

n 1 3 5 7 9 11 13
0.966 | -0.707 | 0.259 | 0.259 | -0.707 | 0.966 | -0.966
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Stator core

-a -a

PR
< Tp

Figure 2.5: MMF for a fractional pitch winding, W/, = 2/3.

2.1.2 Rotating MMF Sum of Three-Phase System

Consider an extreme case in which the phase winding is distributed sinusoidally, i.e.,
No(0) = % sin §, where N is the total number of turns of a phase winding. Note that
the winding number is a function of # and that the sum over a half period is equal
to foﬂ % sinf#df = N. Sinusoidally distributed winding makes a perfect sinusoidal
MMEF, as shown in Fig. 2.6 [1]. Then, the MMF is

1 m+6 N 1
MMF,(0) = = (/ —sin 9d0) g = =Nigcosb. (2.5)
2\ J, 2 2

Since there are 120° phase displacements between the phase windings, b and ¢ phase
MMF's are derived such that

1 2
MMF, = 5Jw,,cos(e—g) (2.6)
1 4
MMF, = iNiccos(H—g). (2.7)

Suppose that the following balanced stator currents flow in the phase windings:

ia = Icos(wt), (2.8)
2

iy, = Icos(wt— g), (2.9)
4

ic = Icos(wt— g) (2.10)

Then, the total MMF is equal to

1
MMFyy.m, = MMF, + MMF, + MMF, = §NI [COSG coswt

+ cos(f — 2%) cos(wt — 2%) + cos(0 — 4%) cos(wt — 4;)] . (2.11)
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N, .
Ezasme

Figure 2.6: MMF made by sinusoidally distributed windings.

Utilizing the cosine law, it follows that

cos 6 cos wt = % (cos(f 4 wt) 4 cos(f — wt)) ,

2 2 1 4

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

cos(0 — g) cos(wt — ?ﬁ) =3 (cos(& + wt — 8%) + cos(6 — wt)> .

Note the identity

4 2
cos(f 4+ wt) 4 cos(0 + wt — ?ﬂ) + cos(f 4+ wt — ?ﬂ) =0 for all t.

This implies that the sum of the components rotating in the clockwise direction is
equal to zero. Therefore, it follows that

3
MMF g = ZNI cos(f — wt). (2.12)
This is a traveling wave equation. When we set the angular position as a function of

t such that 6§ = wt, the MMF looks constant. This can be interpreted as the MMF
is rotating at the electric angular velocity, w. That is, a traveling MMF is obtained
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by applying balanced three-phase current to sinusoidally distributed three-phase
windings [1].

Exercise 2.1

Demonstrate that the MMF rotates in the reverse direction (clockwise) if we change
the motor terminal connection such that i, = I cos(wt), i, = I cos(wt — %’T), and

ic = I cos(wt — %”)

Exercise 2.2

Consider a two-phase motor as shown in Fig. 2.7. The two stator windings are
distributed sinusoidally, and have 90° phase angle difference; MMF, = NQZ“ cos 6

and MMF, = % sinf. Find proper phase currents, i, and i, as functions of time

so that the rotating MMF is generated.

MMF

1
1 —Nigcosf
3 Niysing Y

]

Figure 2.7: Two-phase stator windings and their MMF waveforms.

2.1.3 High-Order Space Harmonics

A perfect sinusoidal traveling MMF (2.12) is obtained only when the coil is dis-
tributed sinusoidally and when the three-phase current is also sinusoidal. But in
practice, both coil distribution and current have high-order harmonics. The former
is called space harmonics; the latter current (time) harmonics. In this section, MMF
harmonics are considered for a non-sinusoidal coil distribution.

Consider the case of the concentrated windings (¢ = 1) shown in Fig. 2.4. Based
on (2.37), it follows that

4 Ni
MMF, — — @
v

1 1 1
C0S 0 — oS30 + = o850 — = cosT—0--- | . (2.13)
Tp 3 Tp ) Tp 7 Tp
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Since the b—phase MMF is shifted by 2,%,

4 Niy, T 27, 1 s 27, 1 T 27,
MMF, = “2% leos Do — 2y — Loggs ™o - 2y 4 Legss (g — 22
b T 2 COSTP( 3 ) T30 Tp( 3 ) 1508 Tp( 3)
1 s 27,
—= 7200 — 2Py 4. . 2.14
FeosT (0= @11)
Note that
cos(310 —27) = cos(310)
Tp Tp
10 4
cos(5 f— —n) = cos(5 0 _ I)
Tp 3 Tp 3
14 2
cos(7 — —m) = cos(7 0 — i)
Tp 3 Tp 3
Thus,
4 Niy T s 1 T 1 47
MMF, = ——— —0——-)— = 3—0)+ - 55— 9_7
b T 2 {COS(TP 3) ~ 5 oosl 7 )+ 5 cosl 3 )
1 2
—— cos(7T— 0—1)—1--'- } : (2.15)
7 Tp 3

Since the c—-phase MMF is shifted by 4%,

4 N1 ™ 47 1 2T
MMF, = ——/°¢ —0 — —) — = 0) + - 60— —
2 [cos( . 3 ) 3(3 (3 . )+ 5 cos(5 . 3 )

1 a7
e O A S I 2.16
Foos(TT 0= ) | (2.16)
Suppose that balanced Sinusoidal currents flow, i.e., let i, = Icoswt, i =
I cos(wt— 2;) and i, = I cos(wt— ) We take the sum componentwise: MMF () =

MMF ;) + MMFy;,) + MMF .,y . T he sum of the 3"%-order components is equal to

4 NI 2 A
MMFsym() = T35 9 (COS(W) + cos(wt — %) + cos(wt — 3)> cos(3 pe)
= 0.
The sum of the 5""-order components is equal to
4 NI 4 9
MMF g5y = = (cos 5%0 coswt + cos(S%G — §7T) cos(wt — g)
2 4
+ cos(S%G - gw) cos(wt — ;))
4 NI3
= 55 g gooslet 0 2.1
g 3Ot +570) 217
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Similarly, the sum of the 7**-order components is equal to

4 NI3
MMF - t— 0 2.1
sum(7) — T 2 2 cos(w 7Tp ) ( 8)
Hence, the total sum is
4 NT 1 1
MMF gy = ;73 cos(wt — :—p@) + E cos(wt + 5%9) — cos(wt — 7%9) +

It should be noted from (2.7), (2.17), and (2.18) that

e the 3"%order harmonic component does not appear in the three-phase system;

e the 5'"-order harmonic component constitutes a negative sequence in the MMF
sum, i.e., it travels at the speed of 1/5w in the opposite direction (clockwise)
to that of the fundamental component.

e the 7*-order harmonic component constitutes a positive sequence in the MMF
sum, i.e., it travels the speed of 1/7w in the same direction (counterclockwise)
as that of the fundamental component.

Generalizing the above, it follows that

i) (v —1 = 6m) This case corresponds to v = 7,13,19,--- and

4NT 3 w6
MMF () = — 55 08 <wt — VTp> (2.19)

These MMF components rotate in the same direction as the fundamental com-
ponent.

ii) (v + 1 = 6m) This case corresponds to v = 5,11,17,--- and

4NT 3 0
MMF gy = —5 5 €08 <wt + V7T> . (2.20)

These MMF components rotate in the opposite direction to the fundamental
component.

iii) (v = 6m — 3) This case corresponds to v = 3,9,15,21--- and

MMF ) = 0. (2.21)
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2.2 Change of Coordinates

Geometrically a, b, and ¢ phase windings are placed with 120° of angle difference.
If a balanced three-phase current is applied to the three-phase windings, then a
rotating MMF is generated. Note that balanced means the component sum is equal
to zero at all times, while keeping 120° of phase angle difference. This makes a
constraint among three variables. Thus, the balanced three-phase variables have
only two degrees of freedom and can be mapped into a complex plane. The best
way to construct a mapping rule from three-phase variables to the complex plane
is to visualize the flux vector that would be generated in the cross-section of the
motor. In other words, it is useful to assign a vector in the complex plane to a set
of balanced three-phase currents, which aligns with the real flux vector, that would
be generated as a consequence of current injection.

|

Current

Current

vector

components
ECIGEOIInIONE

Figure 2.8: Rotation of the current vector corresponding to the balanced three-phase
currents.

t
N
- %)

Fig. 2.8 shows the progressive motion of the MMF vectors when a sinusoidal
three-phase current source is applied. When (ig, i, ic) = (1, —1/2, —1/2), an MMF
vector aligned with a—axis is obtained. Similarly, an MMF vector with 60° rotation
angle is obtained when (iq4, iy, ic) = (1/2, 1/2, —1), corresponding to wt = m/3.
This shows graphically how a balanced three-phase source generates the rotating
field.
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S = eju;!.

= g [f + &% 5, + 15 1|

fa cos(wt) d wt
ol == ’ 27

fo | = | cos(wt — FT) ] ’ Mapping into the complex plane N
fe cos(wt — 5

Figure 2.9: Mapping of a three-phase vector into the complex plane.

2.2.1 Mapping into the Stationary Plane
For a vector £ = [fs, fy, fo|T, we define a map from R3 into C such that [2]

. 2 27 4w
= fi4ify =t T hH NS

2 V3 \/3

= amgho gt (SRR @)

Note that % is multiplied to retain the peak value after mapping.

Exercise 2.3
Let [fa, fo, fo)7 = [coswt, cos(wt — 2F), cos(wt — 4%)]T. Then, show that f° =
cos wt + j sin wt.

Solution.

fS

Wl Wl

2 4
[ oswt + el 5 cos(wt — ?ﬂ) L cos(wt — ;)]

B(em FeIwty 4 %ej%”(ej(wt—%”)) T O 9]
gejwt + % <€7jwt + efj(wtf%’) + efj(wtfg?")>

=0
= ' = coswt + jsinwt. (2.23)

2
3

Note that the positive sequence components are identical, whereas the negative se-
quence components are summed to be zero. ]

Equation (2.23) shows that the injection of the three-phase AC current [coswt,

cos(wt —2F), cos(wt — 4T)] creates a rotating vector e/*' in the complex plane.
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Fig. 2.9 shows a schematic representation of the mapping into the stationary frame.
However, it is worthwhile to note that the direction of the current sum vector is
identical to the direction of f* in the complex plane. That is, the direction of f* is
the same as that of the flux (current) vector in the cross-sectional plane of a motor.
Furthermore, the peak value of the abc variable is the same as that of the dg vari-
able. To denote the mapping into the stationary frame, the transformed variable is
marked with superscript ‘s’
The inverse map is obtained as

Jfo = Re(fs)
fo = Re(ed5f) (2.24)
fe = Re(ej%ﬂfs).

where Re(-) means taking the real part of a variable in parentheses.

Exercise 2.4
Show that f, = Re(f?).

Solution.

7= fa_;(fb'i‘fc)""j\ég(fb_fc) :fa'i‘j\}g(fb_fc)'

W N

5th

Consider a three-phase current with 5*"-order harmonics:

iq cos(wt) 1 cos(5wt)
ip| = |cos(w(t — ﬁw)) + = |c os(bw(t — éiw)) . (2.25)
ic cos(w(t — 35)) cos(5w(t )
The current vector is obtained such that
, 21 4 j2n 2 j dm
it = ¥y gg[cos(&ut) + cos(bwt — ?ﬂ)@]% + cos(bwt — ?ﬂ)e]%]
) 1 .
= eJwt + 56_]5Wt'

Note that the 5%"-order harmonic component has negative sign in the exponent,
indicating it constitutes a negative sequence. That is, the 5*-order harmonic makes
a clockwise rotation along a small circle, while the fundamental component rotates
counterclockwise. The trajectory plot is shown is Fig. 2.10 (a).

Similarly, consider a three-phase current with 7*"-order harmonics:

iq cos(wt) 1 cos(?wt)
ip| = |cos(w(t — g—g)) AR os(Tw(t — zw)) : (2.26)
ic cos(w(t —37)) cos(?w( =)

Then, it follows that i* = /! — 1ei™! Note that the 7th—order makes a counter-
clockwise rotation. The trajectory plot is shown Fig. 2.10 (b).
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(a) (b)

Figure 2.10: Current trajectories in the complex plane: (a) €' + 1e=7% and (b)
ejwt _ %ej7wt.

2.2.2 Mapping into the Rotating (Synchronous) Frame

A transformation into the rotating frame is defined by
fe = f¢ —|-ij6 = ¢ J0fs

_ eﬁ@% [fa(t) + e T f 1) + e*j%”fc(t)}

= [P h@+ S 0+ 0] 227

A vector representation in the rotating frame is obtained by multiplying the vector
in the stationary frame by e 7%, The transformation is equivalently written as

g_ 2"

)+ Jocosto - 5|

e 2
te=fa+ify = 3[fac059+fbcos( 3

g

—j% [fasin9+bein( 3 )+fcsin(9+2;)] - (2.28)

Exercise 2.5
Let [fa, fp, fe]l = [coswt, cos(wt — %“), cos(wt — 4%)]T. Show that f¢ = 1 when
0 = wt.

Solution.
Utilizing (2.23), we obtain

£e = e 0fs = ¢790e79 = 1.
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fa
{fh ’ Mapping into the rotating frame
fe

Figure 2.11: Mapping of a three-phase vector into a rotating frame.

This demonstrates that a rotating vector is seen as an invariable constant in a
frame that rotates at the same speed. The rotating frame is often called a syn-
chronous frame or exciting frame. Vectors in the rotating frame are denoted with
superscript e.

2.2.3 Formulation via Matrices

Transformations into the stationary and the rotating frames can be manipulated by
matrix operations. By equating the real and complex parts separately in (2.22), we
obtain

fj 1 T2 T3 fa
2
L= 510 % 2|5 (2.29)
13 11 1 f
0 V2 V2 V2 ¢

Note that f§ = %( fa + fo + fc) = 0 in balanced systems. Similarly, it follows from
(2.28) that [1]

fa Ja
fa| =T0O) | fo] (2.30)
fo fe
where
cosf  cos(0 —F)  cos(0+ %
T(0) = 31 sinf —sin(0 — 2F) —sin(6+ )| . (2.31)
1 1 1
V2 V2 V2
Note that
1 -1 _1
9 2 2
TO) =3[0 % 2|,
311 1 1
V2 V2 V2
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which coincides with the matrix in (2.29). Note further that

cosf sinf O 1 —% —%
T(A) = |—sinf cosf O 3 0 @ —§ , (2.32)
o o 1’|+ L L
V2 V2 V2
—R(6)

where R(0) is a matrix which represents rotation of the coordinate frame by 6. That
is, map T(f) consists of two parts: One is a map from the (a,b, c¢)-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 0 —sind %-
Tfl(e) = |cos(6 — 25”) —sin(f — 2%) % (2.33)
| cos(0 + ) —sin( + &) %_
Hence,
_ 1A
1 0 7
_ 1 3 1
T0) = |5 % B
B VR
L 2 2 V2]
Similarly to the case of forward transformation, T~! can be decomposed as
-y 0 %_
cosf —sinf 0
T'60) = |—3 @ % sinf cosf 0O
0 0 1
B SRV
L 2 2 Vol
It should be noted that 3
T10) = 5TT(e) (2.34)

Exercise 2.6
Show that R(#) is a unitary matrix, i.e., R(f)~' = R(6)7.
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Exercise 2.7

Determine [0, v5]" r

= [cos 0, cos(0 — 2m), cos(f — 4%)]T.

and [vg, v;]" corresponding to [vg, v, v T

3
Solution.
r 0
» 91 _L _1 Ccos i
[vg’l] =300 ¥ —“%] cos(0 — %)
q L 2 2 ] [cos(0 — )
2 _0089—%003( —28) — 3cos(0 — )| [cosh
3 I ?cos(@—%”)—@cos(@—%”) ~ |sinf]| -
vgl cosf sinf| [cos@| |1
vg| — |—sinf cosf| [sinf| 0] "

]

This is a parallel result of the complex representation in Exercise 2.5. It should be

noted that the peak, not the rms, value of the phase voltage [vg, vp, v¢] is picked up

in the coordinate transformation. Formulae for coordinate changes are summarized
in Table 2.2

2.2.4 Transformation of Impedance Matrices
Resistance

Consider a simple three-phase resistor load: Vape = Tigpe, Where igpe = [iq, ip, 5c]”
and Vape = [Va, b, ve]T. Let

.e .
igg = Tiape
e
Vag = Tvabe,
WNETe 1440 = [%d, q, 10 and vg,o = |Vd, Vg, Vo] - en,
e s e
Vg = Tvape = r'Tigpe = Tig, -

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

Inductance

Consider flux linkage
Aabc = Labciabc )
where Ly € R¥3 and Agpe = [Aay Apy AT+ Let Aggo = [Aa, Ag» Ao]T . Then,
(elq = T)\abc
= TLabciabc
= TLa T,

— i€
— quldq'
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Table 2.2: Formulae for coordinate changes.
Forward ( abc = dq ) Inverse ( dg = abc)
Complex variables for the stationary frame
2 ;2m _;2m fa fi
= [fol) + &% f(0) + % 10 f| =Re | |5
e 5
Complex variables for the rotating frame
fa e'f
e 3 fa(t)+e 3fb(t)+€ Sfc(t) fb =Re € 3 /1
Je IO+ g
Matrices for the stationary frame
1 1 1
S|t T2 3 0%
“lo B8 V8 13 L
311 1 1’ f 2\/3 \{5
Vz2 oV2oV2 3 T2
Matrices for the rotating frame
cosf  cos(0 — &)  cos(0+ ) cos 0 —sind %
2| — slinﬁ — sm(@1 -2 - sin(&1 + 2 cos(f — 2F) —sin(d — ) %
7z 3 7 cos(0 + &) —sin(0 + 2F) %
Hence, we obtain
Lg; = TLap T (2.35)

Note that (2.35) is the similarity transformation.

Exercise 2.8

Consider a three-phase inductor shown in Fig. 2.12.

a) Specify inductance matrix, Lgp..
b) Find Lgj,.
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e ——

Vil
EEE
)

N ———

Figure 2.12: Three-phase inductor (Exercise 2.8).

Solution
a)
Lls + Lm _%Lm _%Lm
Labc = _%Lm Lls + Lm _§Lm
_%Lm _%Lm Lls + Lm
b) qu = TLabcT_1
1 1 1
(0 =3 | L+l —iLa s T
_ =z VRV L, L.+L ir -
= 3 (1) % 12 % m ls 1+ m 2tm 2 2 V2
Lis+ 3Lm 0 0
= 0 Lis+ 3L, 0. (2.36)
0 0 Ly

2.2.5 Power Relations

In the three-phase system, power is defined as the sum of individual phase pow-
ers. The voltage and current vectors are denoted by Vape = [va, Vb, ve]T and igpe =
[ia,ip, )7 . Let Vi = T(0)[va, vy, ve]T and ig,0 = T(0)[iq,p,4.]7. Then, power is
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equal to

51

T . . . .
Vabelabe = Vala + Vply + Ucle
—1 Tr—1:
(T quo) T lqu
T —I\NTrm—1:
quO(T ) T 1dq0
T 3 TNTm—1:
quo(iT )T T iggo
3
T .
Evdqoldqo

3 . . .
i(vdzd + vqiq + voio)

3 . .
§(Ud2d + v4iq) -

3

In the above calculation, the relation, T~ = §TT was utilized. The last equality
follows when either vy = 0 or iyp = 0. Note that the factor 3/2 is incorporated into
the power equation of dq variables.
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Problems

2.1

Show that Fourier series expansion of the square MMF shown in Fig. 2.13 is

ANI L, 3my 1.5
MMF = =~ (sin —0 + — sin —-0 + = sin —0 +--- | .
T 2 Tp 3 Tp 5 p
4NI
I S NI B
N 7 R 2 '
— 0/ p 2n
Yy
______ 2

Figure 2.13: A square MMF and its fundamental component (Problem 2.1).

2.2

Consider a two arm inverter and a three-phase motor shown in Fig. 2.14. The
necessary condition for the current balance among the three-phase windings
is

Van — Usn Ubn — Usn Usn
+ _ oy,
A A A

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

93
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ta
Q Qs
—
Vie/2 =
~ KF KH e
a b (2 4
n M M — S
. | (2
1’{!{'/2 T }
—>
Three-phase load

Figure 2.14: Two arm inverter for a three-phase motor (Problem 2.2).

2.3 Consider a concentrated winding configuration shown in Fig. 2.15. Assume
that both side edges are identical.
a) Sketch MMF when i,, = 0 and i, = —i,, = I.
b) The MMF have even harmonics. Determine the harmonic components for

n =2 and n = 4.

Figure 2.15: Concentrated winding (Problem 2.3).

2.4 Consider the following six-step voltages shown in Fig. 2.16. Draw v} + jvy in
the complex plane.

2.5 Transform the 5 (2.25) and 7** (2.26) harmonics into the synchronous frame
6 = wt. What are the common and different factors between the 5 and 7"
harmonics in the synchronous frame?

2.6 Assume U € R™™" is a unitary matrix. Show that det(U) = +1, where det(U)
denotes the determinant of U.
2.7 Consider a three-phase current with 7**-order harmonics:

iq(t) coswt — 5 cos 3wt + % cos 5wt — 1 cos Twt
ip(t) | = |cos(wt — 2F) — %cos 3wt — ) + §cos 5wt — 2F) — %cos 7(wt — 2F)
ic(t) cos(wt — %”) — 5 cos 3(wt — 4{) + £ cos 5(wt — %") — = cos T(wt — 4%)

Transform the current vector into the stationary frame. Draw the trajectory utilizing
MATLAB®.
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Va N

o — — 1

Figure 2.16: Six-step voltages (Problem 2.4).

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

N1 Ni 2
MMF, = ;a cos 0, MMF, = % cos(f — %),
Ni 4 N1 4
MMF, = —<cos(f— —), MMFy=—2cos(f + —),
2 ) 2 )
Ni 2
MMF, = 2% cos(f + g)

Obtain a current set which makes the MMF sum rotate synchronously with
the electrical speed, w, and the MMF sum.

2.9 Suppose that 0 is redefined as the angle between the g—axis and the a—axis, as
shown in Fig. 2.17. Based on the new definition 6, show that the transforma-
tion map is equal to

2 cos(f) cos(f — Z) cos(f — &)
T(0) = 3 sinl(Q) sm(91— ) s1n(91— )
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c

Figure 2.17: D and ¢ axes (Problem 2.9).



Chapter 3

Induction Motor Basics

Induction motors (IMs) are commonly understood as three-phase transformers with
shortened, and freely rotating secondary winding. Slip is calculated as the difference
between the rotational speed of the air gap field and the shaft speed. If a load
increases at a fixed frequency operation, the slip increases, which in turn induces a
larger secondary current, producing higher torque. The reverse action occurs when
the load decreases. This natural stabilization mechanism enables IMs to be driven
by the grid lines.

IMs do not have any permanent magnets, nor brush and commutators. Hence,
they are rugged, i.e., they can endure high temperatures, and are robust to me-
chanical shock and vibration. Induction motors are therefore widely used in many
applications such as pumps, blowers, conveyer belts, cranes, elevators, refrigerators,
and traction drives. In this chapter, torque-speed curves are derived, and speed
control methods are illustrated.

3.1 IM Operation Principle

Torque production principles of IMs are depicted in Fig. 3.1 [1]: Assume that per-
manent magnets (PMs) are positioned at the top and bottom of a squirrel cage-type
conductor which consists of multiple conductor bars and two end rings. The PMs
represents the magnetic poles synthesized by the stator current, and the squirrel
cage represents the rotor circuit. Note that the PM field is passing through the
rectangles formed by conductor bars.

Assume further that the PMs are rotating in the counterclockwise direction while
the cage conductor remains fixed. Consider two conductor loops at the bottom
of a PM. Changes in the flux linkage induce current on the loops, opposing the
flux change. That is, the current flows in a direction such that its resulting flux
counteracts the variations of the PM flux linkage. Specifically, since the PM flux
is decreasing in Loop 1, a clockwise loop current is induced, which adds flux to
the decreasing flux. Since the PM flux is increasing in Loop 2, a counterclockwise

o7
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Magnet moving direction

Loop 2
Flux Increasing;
Current flows
so 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

Rotor Bar

End Ring

Figure 3.1: Torque production on the squirrel cage circuit.

loop current is induced, which opposes the flux increase. As a result, current flows
from right to left in the center bar, between Loop 1 and Loop 2. Application of
the left-hand rule shows that the Lorentz force is acting on the conductor bar to
the left. That is, the bar tends to move to the left following the motion of the PM.
Note that the rotor conductors are normally made of aluminum or copper, which
are non-ferromagnetic materials. The above illustration gives a reasoning as to why
a non-ferromagnetic material follows the motion of the PMs.

Note, however, that if the cage rotates at the same speed as the permanent
magnet, flux linkage does not change, resulting in no current induction. Therefore,
no torque is generated. It should be noted that the torque generated on the cage is
proportional to the speed difference between the PM and the cage. In other words,
the cage torque is proportional to the slip speed.

The rotating field generated by the stator winding plays the role of the moving
PMs. Fig. 3.2 shows photographs of stator and rotor laminated sheets. The stator
and rotor cores are made by stacking low conductive silicon steels to minimize the
eddy current loss, while providing low reluctance paths for the magnet field. Through
the stator slots, copper coils are wound. However, the rotor conductor bars are
normally made by aluminum die casting.

Fig. 3.3 shows a photograph of an IM rotor after shaft assembly. The rotor has
open slots and the casted aluminum is seen as the skewed stripes. At both ends,
casted aluminum constitutes end rings with cooling fins.
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(@) (b)

Figure 3.2: Laminated sheets for an IM: (a) stator and (b) rotor.

Cooling fins Die casted aluminum End ring
through slots

Figure 3.3: Photograph of an assembled IM rotor.

3.1.1 Equivalent Circuit

An IM can be considered as a special three-phase transformer. Induction motors
have primary and secondary windings, and iron cores for flux linking as shown in
Fig. 3.4. But, IMs have the following differences:

1) IMs have an air gap while transformers do not.
2) The secondary winding is always shortened.
3) The secondary winding is allowed to rotate.
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Since the air gap has large reluctance, it causes a large leakage field. Thus, the
leakage inductance of IMs is greater than that of transformers. Due to the voltage
drop associated with the leakage field, the IM has a lower power factor than the
transformer. The secondary winding is always shorted, but rotating. Thereby,
infinite current increasing is prevented.

End ring

conductor
Primary ‘w‘/ Secondary
winding | winding

Air gap

Figure 3.4: Induction motor as a rotational transformer with an air gap.

Denote by rs, 7, Lis, Ly, and L,, stator resistance, rotor resistance, stator
leakage inductance, rotor leakage inductance, and magnetizing inductance, respec-
tively. We denote by w, and w, rotor shaft and electrical speeds, respectively. In
the case of the P-pole machine, the field speed seen from the rotor frame is equal
to we — (P/2)w,. The normalized speed difference is defined as the slip:

P we — (P/2)wr ) (3.1)
We

We denote by Is and I, the stator and rotor current phasors, respectively. We
also denote by Vg the stator voltage phasor. A plausible per-phase model is shown
in Fig. 3.5. It is a transformer model with the secondary circuit shorted by a slip
dependent resistor, . For zero slip, s = 0, the secondary circuit turns out to be
open; thereby no secondary current flows.

Based on the equivalent circuit, the IM equations are derived such that

(Ts + jweLls)Is + jWeLm(Is + Ir) = V; (32)
(4 jwe L)y + jwoe (T + 1) = 0. (3.3)

The rotor equation (3.3) can be written equivalently as

. P ) P
(ry + j(we — §wr)Llr)Ir + j(we — Ewr)Lm(Is +1I,)=0.
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T's Ly Ly,
/V\/\, LYY YN
—_ —
IS IT'
V @ Lm ?“_;

Figure 3.5: Steady state per-phase equivalent circuit of an IM.

This may be interpreted that the rotor circuit is governed by the slip frequency,
We — ng. More rigorous IM model derivations appear in the next chapter.

The transferred power to the secondary side through the air gap is called air gap
power and is divided into two parts:

1 1
Pug =31%r,=- = 3I%,  + 3I%r,—° . (3.4)
s N s

Rotor copper loss Mechanical power

Here, the mechanical power is counted as the air gap power, minus the copper loss.

Exercise 3.1
A three-phase, 4-pole IM draws 55kW real power from a three-phase 60Hz feeder.
The copper and iron losses in the stator amount to 4kW. If the motor runs at 1740
rpm, calculate

a) the airgap power.

b) the rotor loss.

¢) mechanical power.

d) the mechanical loss is 2kW. Calculate the efficiency of the motor.

Solution

a) Pyg =55 —4 = 51(kW).
b) s = (1800 — 1740) /1800 = 0.033. Thus, 3I2r, = sP,y = 1.683(kW).
c) Py = (1 —5)Pyy =49.3(kW).
d) The shaft power is 49.3kW. The efficiency is equal to 49.3/55 = 0.897.

3.1.2 Torque-Speed Curve

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

to
7, = P g 2(l=9r
° W SWy

(3.5)
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Ts L!"S Lh.
/\/\/\, Y YN LYY

Il )
VE @ E L?n ' T’_;

Figure 3.6: Modified equivalent circuit for IM.

To simplify the rotor current calculation, the IM equivalent circuit is often modified
as shown in Fig. 3.6: The magnetizing inductance L,, is moved to the source side
with the 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 jweL;s is about 5%
of the magnetizing reactance jweL,, in IMs.

T. Breakdown 3P Ve
' torque  \ 4We\/r? +w2(Lys+ L)% + 75
. . 3PV2
Linearins —=-s
Welr
Rated torque
s=1 s i\s=0 Wy
Plugging Motoring . Regenerating
We
(a)
Igt
Locked rotor current
Rated current f------------ooooo ;
s=1 's=0 Wy
(b)

Figure 3.7: Steady state characteristics of an induction machine: (a) torque-speed
curve, (b) stator current versus slip.
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The rotor current, I]. of the modified circuit is calculated as

v,
I = . (3.6)

2
\/(rs + %T) + wz(Lls + Llr)2

From the definition of the slip, it follows that 2—56 = 1775’ Hence, utilizing (3.5) the
electromagnetic torque is calculated such that [4]
P3 15

T, = -2 S . (3.7)

2 swe (Ts + %) + Wg(Lls + Llr)2

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

_P3r, V2 3PV

~ — ~ S.
2 WeS (%)2 2WeTy

(3.8)

[

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

T B 37, V2

= s . (3.9)
2 swe (rg + 1) 4+ w2(Lis + Liy)?

It is a parabola equation in s. Fig. 3.7 (a) shows a typical torque-speed curve of
IM. Tt can be sketched as a glued curve of (3.8) and (3.9). Fig. 3.7 (b) shows that
the stator current as a function of slip. Note that the current rise is steep in the
neighborhood of s = 0. Normally, the rated slip is about s = 0.02 ~ 0.03. Note also
that the stator current at locked state (s = 1) is about 6 ~ 10 times larger than the
rated current.

Exercise 3.2

A three-phase, 4-pole IM for a 440V (line-to-line) 60Hz power source has the equiv-
alent circuit shown in Fig. 3.8 (a). A modified circuit referred to the source is also
shown in Fig. 3.8 (b). Utilizing MATLAB®, draw the torque-speed curves based on
the two circuits shown in Fig. 3.8 and check the differences near s = 0 and 1.

Solution

See Fig. 3.9. The torque is higher with the modified circuit, since I/ > I,. But
the differences are small especially when s = 0 or 1. Hence, the modified circuit is
generally used for convenience.

Exercise 3.3

An IM with a load runs at 1750 rpm when connected to a 60Hz, 220V, three-phase
AC source. Calculate the shaft speed if the source voltage is increased to 250V.
Assume that the load torque is constant independently of the speed.
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r=0.1  L=83mH L =3mH r=0.1  L=3mH L, =3mH
_/\/\/\/ Y'Y\ l\/\/\, YN\
@ L = Ir l v @ I l
V. m s L, .= 150mH
254V, s60Hz 150mH 0.25/s %%‘;'_}Q m 0.25/s

(@) (b)

Figure 3.8: Equivalent circuits of an induction machine: (a) original equivalent
circuit and (b) modified circuit (Exercise 3.2).

250

- N
[4)] o
=} =)

Torque (Nm)

50

1 019 0.‘8 0.‘7 0.‘6 0.‘5 0.‘4 013 012 011 [¢]
Slip

Figure 3.9: Torque-speed curves based on the equivalent circuits shown in Fig. 3.8

(Exercise 3.2).

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

220\ > 220\ °
(slip at 250) = (slip at 220) (258> =50 x <258> = 38.7rpm.

Hence, the operation speed is 1800 — 38.7 = 1761rpm. |

3.1.3 Breakdown Torque

The maximum torque is called the breakdown torque, since it is the torque at the
boundary between the stable and unstable operations. An expression for the slip s,
that maximizes the torque may be obtained by taking the derivative of (3.7) with
respect to s. The torque maximizing slip is given by

Ty

— . 3.10
V12 +w2(Lis + Ly )? (3.10)

Sm
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The breakdown torque at s = sy, is

3P V2
s (3.11)

T, = — .
max 4w, \/7"3 + wg(Lls + Llr)2 +7rg

Normally, the breakdown torque of a machine is three or four times higher than the
rated torque.

Fig. 3.10 (a) shows a group of torque-speed curves when r, increases. Note
from (3.10) that 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. As is shown in Fig. 3.10 (b), the required currents are almost
the same for a given torque. Since the secondary loss is .12, the IM efficiency
decreases as the rotor resistance increases. Therefore, high-efficiency IMs exhibit
steep slope characteristics near zero slip, and it is necessary to reduce r, to make a
high-efficiency IM.

Exercise 3.4

A 220V (line-to-line) 60Hz, three-phase IM produces 10hp shaft power at a rated
speed, 1750 rpm. The parameters of the IM are r;, = 0.2, L;s = L; = 2.3mH, and
L,,=34.2mH. Determine the rated torque, rotor resistance, and rotor current (I)).
Sketch the torque-speed curve.

Solution
T, = Pp/w, = 10 x 746/(1750/60 x 27) = 40.7Nm. Slip s = 50/1800 = 0.0277. It
follows from (3.8) that

_ 3PV? 3x4x127?

_ — 0.0277 = 0.1759.
2w, T, 2 x 377 x 40.73

Ty

127
I = — 18.83A.
/(0.2 +0.175/0.0277) + 3772 x 0.00462

Exercise 3.5

Consider a three-phase IM whose parameters are listed in Table 3.1. Determine the
followings: 1) rated slip; 2) rated current; 3) rated power factor; 4) rated torque;
5) breakdown torque.

Solution

12001164 __ 0.03.

1) The synchronous speed is equal to 1200rpm. Thus, s = “F555
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Figure 3.10: (a)Torque and (b) rotor current curves of an IM for different rotor
resistances.

b \
X

0.4 0.2 0

Table 3.1: An example IM parameters.

Rated power 10 hp (7.46 kW)
Rated stator voltage 220V

Rated frequency 60Hz

Rated speed 1164rpm
Number of poles P=6

Stator resistance, 7 0.29

Stator leakage inductance, L;; | 1.38 mH

Rotor resistance r, 0.16

Rotor leakage inductance, Ly | 0.717 mH
Magnetizing inductance, L,, 41 mH

2) Since /s = 0.16/0.03 = 5.332,
(5.33 + 50.27)515.46
5.33 + j(15.46 + 0.27)

= 4.61 + j1.83.
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Thus, the total impedance is equal to
(0.29 + 50.52) + (4.61 + j1.83) = 4.9 + j2.35 = 5.43/25.6.

The phase voltage is equal to 220 / v/3 =127V. Thus,

127

I,=—
5 5.44/25.7°

=23.4/ — 25.6°(A).

3) PF = cos(25.6°) = 0.9 (lagging).

4)
127
I7/’ rated = 22.4A
V/(0.29 + 5.33)2 + (0.52 + 0.27)2
3 x0.16
Te rated — 3 X m X 2232 — 633N1’I1
5)
3x6 1272
Temax = . = 170.1Nm.

4 % 377 ,/0.292 + (0.52 + 0.27)2 + 0.29

3.1.4 Stable and Unstable Regions

The operating speed is determined from the intersection of the torque-speed curve
and the load curve as shown in Fig. 3.11. If the load increases, then the speed
drops causing the operating point A to move to A’. As a result, slip increases with
torque. Due to the increased motor torque, original point A is recovered when the
additional load disappears. On the other hand if the load decreases, then the speed
increases. Thus, operating point A moves to A” with the reduction in slip and
torque. If the load is returned to the original level, then the operating point returns
to the original point A. Due to the tendency of the operating points to revert to the
original position A the region including A, A’, A” is termed a stable region.
However, on the left-hand side of the breakdown torque, the situation is totally
different. If a load increases at point B, then the speed drops. If the speed drops,
the motor torque is reduced. Repeating this process, the speed finally drops to zero.
Hence, a stable operation is not feasible for s,,, < s < 1; thereby the region is called
an unstable region. The stability of an operating point can be determined by the
slopes of the motor and the load torque curves, i.e., if e — L o 0, then the point

dwy dwy
is stable, and otherwise unstable, where T7, is the load torque.
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Figure 3.11: Stable and unstable regions.

3.1.5 Parasitic Torques

It was shown in the previous section that high-order MMF harmonics are generated
due to the slotted structures of the stator winding. Recall from Chapter 2 that high-
order fields caused by MMF harmonics travel at reduced speeds. The synchronous

speed of harmonics is

We
= — 3.12
Wer o ( )

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 — 5Wr  we/V — (1 — s)we

= _ =1—v(l—s). 3.13
$ ™ D v(l—s) (3.13)

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

1
=1-—. 3.14
s=1- (3.14)

Therefore, the synchronous speeds of fifth and seventh harmonics are s = 1.2 and
6/7, respectively. The 5t and 7" parasitic torques and their sum with the funda-
mental component are depicted in Fig. 3.12. If the 7% harmonic torque is appreciably
high, the motor sometimes crawls at a low speed [3]. To reduce such harmonic ef-
fects, slot numbers of stator and rotor should be properly selected, and the rotor
core needs to be skewed.
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Figure 3.12: Parasitic torque caused by 5" and 7" MMF harmonics.

3.2 Leakage Inductance and Circle Diagram

The stator flux is desired to cross the air gap and enclose the rotor conductors (bars),
building a flux linking. However, not all stator flux lines create such a flux linking
between the stator and rotor windings, i.e., a small portion of flux leaks out at slots,
air gap, and end turns. The presence of air gap contributes to increasing the leakage
field. Typical leakage inductances are

1) slot leakage inductance.
2) zigzag leakage inductance.
3) end turn leakage inductance.

Fig. 3.13 depicts the leakage inductances. Small loops around the slots constitute
slot leakage flux. The flux passing through the air gap in a zigzag pattern causes the
zigzag leakage inductance. The end turn leakage inductance is caused by the flux
around the end turn coils. In general, the leakage inductance proportion increases
as the air gap height increases.

T End turn leakage

. Slot

e\ NIRRT

i Stator
o o
Mutual quxJ oter

(a) (b)

Figure 3.13: Slot, zigzag, and end-turn leakage flux: (a) front view, (b) top (side)
view.
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?‘,; O'L,u,-
Vh"
g=—— 2
Vs O r+ jwls Lin Lz, rr
Ly L2 s

Figure 3.14: Equivalent circuit with o L.

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

Vs = (Ts + jweLs)Is + jweLimI;, (3.15)
r . .
0 = (;7" + ]weLr)Ir + jweLimIs . (316)

Let the leakage coefficient be defined by

L2
o=1- (3.17)
rl/s

Replacing I, from (3.15) by utilizing (3.16), it follows that

1+ jswea Ly /7

V.
J. = = jwe L .
‘ R W Sy

I,

(3.18)

Further, (3.18) is modified as

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

jweLgn/Lr

1+ jwesLy /1’
re Ly oo L2
S Ly JWeTz

e e

Zs = Ts+ jweoLs

= Trs+ jweaLs +

= r¢+ jweocls+

= 7rs+ jweaLs + (319)

Based on (3.19), the circuit shown in Fig. 3.5 can be transformed equivalently as
shown in Fig. 3.14. Note from Fig. 3.14 that all leakage inductance appears in the
stator side and that the zero slip current is equal to Vg/(rs + jweLs).

Note that if L;., L;s < L,,, then

o L T Lt (3.20)
Ly,



Induction Motor Basics 71

Then, the slip (3.10) yielding the maximum torque is approximated as

i L SO | SEN S (3.21)

T w2l + L2 Je202L2,  weoLy  Tweo

where 7, = L, /7, is the rotor time constant. Let rs = 0 for convenience of compu-
tation. Then, the stator current is obtained from (3.18) such that

Sm

jweLs 1+ '

I,

Equation (3.22) is transformed into

[ |t 1-ol-ig
S P 20 1+j5>
1+o 1—o. N1—=J3| j 1mis/sm
= I —1 I Sm ) S TETs [sm 3.23
SO( 20 >+( ) 20 So\l-i-jif (3:23)
1+o l1-0 ;
= I Lol ("=2¢) 24
s0 < % > + % s0€ ) (3 )
where ¢ = tan~'(s/sp,) and I,y = —Y5— is the no load current when s = 0 [8].

jweLs
Equivalently, (3.24) is written in the polar coordinate form:

18180<1+U> :IS(J<1_U) Z(r —2¢). (3.25)

20 20
Note that I, = —jw‘e/is = —jls. The locus of I, is a circle centered at (0, jlsolgr—g")
having radius, I (12_—0") Based on (3.25), Iy can be drawn as a circle shown in

Fig. 3.15, in which the horizontal axis denotes the imaginary values.

Since I is drawn on the horizontal (imaginary) axis, the voltage vector, V
appears on the vertical (real) axis. Therefore, the power factor (PF) angle is rep-
resented by the angle difference between the vertical axis and the current vector
originating from the origin to the circle, i.e., ¢ = LV, — ZI;. Note that the mini-
mum PF angle ¢,,;, is attained when the current vector is tangential to the circle,
and that the contact point determines the rated condition. In that case, a geomet-
rical property of the right triangle (solid line) yields

1—0

- 3.26
1+o ( )

COS Ppnin =

It is also obvious that ¢y, = 2tan™! <;—;), where s, is the (rated) slip. Therefore,

27

Pmin SIN Gpin T+o
= tan = = ~\/Oo. 3.27
Sm 2 1 + co8 Pmin 1+ L_rig \F ( )

Sy
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Current
yielding
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| current que o — sm & locking
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Im
Figure 3.15: Circle (Heyland) diagram for IM with r, = 0.
Applying (3.21), it follows that
1
Sp R ————.
TrWer/O
That is, the rated slip, s, decreases as the leakage increases.
Finally, it follows from (3.22) that
1 s )’
+(#)
m 1
L _ ¥y e 1 (3.28)

Iso 1+ (SST;)Q Vo

This implies that the relative proportion of the torque producing current is inversely
proportional to /o [8].

Exercise 3.6
Determine the rated current, I; from the right triangle in the circle diagram shown
in Fig. 3.15.

Solution
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Exercise 3.7
Consider a three-phase IM whose parameters are listed in Table 3.1. Determine the
following values or approximations:

a) leakage coeflicient o.

b) the minimum power factor.
¢) rotor time constant.

d) rated slip.

e) no load current.

f) rated current.

Solution

412
a) 0 =1— eriamss = 0.049.

1-0.049

_ 1 _
d) s = 0.26x377x1/0.049 ~ 0.046

Bl =T.947(A).
= 35.9(A).

3.3 Slot Leakage Inductance and Current Displacement

Consider an open slot rotor shown in Fig. 3.16 (a). Assume that current Iy, is
flowing through the rotor bar (shaded area) and that the current density, Jpq, = l{f—z:
is homogeneous over the bar cross-section, where bshs is the cross-sectional area.
According to Ampere’s law,

H(Z‘): Iba?"ﬁ7 OS‘/'USh’S
Ibarﬁa hs <x < hg+ hg

where x is the height from the bottom of the bar and bg is the bar width. The
corresponding field density B, = poH (z) = o I’g):’“h% increases linearly with 0 <
x < hs. Note from Fig. 3.16 (a) that the bigger the flux loop is, the more current is
included; thereby the field density reaches its peak at the rotor surface, as is shown

in Fig. 3.16 (c).

Slot Leakage Inductance

Based on the coenergy equality,
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Figure 3.16: Rotor slot leakage flux for a uniform current flow (without slip): (a)
slot leakage flux profile, (b) rotor bar current density, and (c) field density. [6].

the slot leakage inductance is given by

Ly = IQ Lo / H%dV, (3.29)

bar

where fwl is the volume integral. Then the resulting slot leakage inductance is [7]

1 hs 1 hs+hs1
Ly = —po [ H@)blde + —po / H(x) byl
Ibar 0 Ibar s
h hsl
— ol ' 3.30
ol (g5 + ) (3.30)

Current Displacement

If there is a high slip, then alternating flux passes through the rotor bar as shown in
Fig. 3.17 (a). Let the flux crossing the bar from side to side be denoted by B;. This
By, alternating at a slip frequency, causes an eddy current loop I inside the rotor
bar in the direction opposing the change of the flux. Note that I, adds the current
density in the upper part, while reducing the current density in the bottom part,
as shown in Fig. 3.17 (a) and (b). That is, the rotor current will be pushed to the
top of the bar. 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 conduction area, i.e., increasing the rotor resistance.

Note from Fig. 3.17 (c) that the field density in the slot increases in a parabolic
patten if a slip exists, i.e., it is reduced compared with the case without a slip.
Therefore, the slot leakage inductance decreases with the displacement effect.

The displacement effect is described by the correction coefficient [7]:

K, = Tbar(CLC) _ f sinh 25 + sin 25

Thar (dc) cosh 26 — cos 2¢’

(3.31)
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Figure 3.17: Rotor bar current displacement due to the slip field, Bg: (a) slot

leakage flux profile with a slip field component By, (b) rotor bar current density,
and (c) field density. [6].

where £ = hpqr/d. Note that 6 is the skin depth normally defined as

2
5= —,
Hoyw

where v is the conductivity of the bar and w is the frequency of the rotor current.
At low slip frequency, current displacement is negligible. At higher slip frequencies,
however, current displacement is more prominent. As is shown in Fig. 3.18, rp4,
at 60Hz is about three times higher than rp,,. at DC. Similarly, the slot leakage
inductance changes and the correction coefficient is given by

Lg(ac) 3(sinh 2€ — sin 2¢)

Ko = Lg(dc) - 2¢(cosh 26 — cos 2€)” (3:32)

Fig. 3.18 shows plots of K, and K, as a function of £ (slip), exhibiting a growth of
the bar resistance and a decrease of the slot leakage inductance [7].

Exercise 3.8
Determine rpq-(ac)/rpar(de) of a 3cm high copper bar when the line frequency is
60Hz and slip is 1. The copper conductivity is v = 5 x 107S/m.

Solution

6 =1/2/(47 x 10-7 x 5 x 107 x 377) = 9.19(mm).

Thus, £ = 30/9.19 = 3.26. It follows from (3.31) that rpe,(ac)/rpe,(dc) = 3.26. That
is, the rotor resistance increases 3.26 times when the slip is 1. |

Double Cage Rotor

Fig. 3.19 shows the flux line profiles around double cage rotor slots at two extreme
slip conditions: (a) high slip and (b) low slip. If the slip frequency is high, the field
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Figure 3.18: Correction coefficients reflecting displacement (skin) effect: (a) rotor
bar resistance change (b) slot leakage inductance change.

cannot penetrate deeply inside the rotor core due to the skin effect. Therefore, the
flux lines encircle only the upper conductors of the rotor slots. Hence, the major
portion of induced current flows through the upper conductors. Since the effective
conduction area is small, the rotor resistance ., is regarded high.

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

Note from (3.9) that high ry,, is favorable for starting, since the starting torque is
high with a high 7. But, high r, is not desirable at the normal (low slip) operation,
since high 7, means low efficiency. However, the double cage rotor structure attempts
to satisfy both requirements: The double cage IM has a high r, during start and a
low 7, at the rated operation.

By

(a) (b)

Figure 3.19: Flux lines around double cage rotor slots: (a) high slip (7per(ac) is
large.) and (b) low slip (7per(ac) is small.).

Slot Types and NEMA Classification

The National Electrical Manufacturers Association (NEMA) of U.S.A. has classified
cage-type induction machines into different categories to meet the diversified range
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of applications [1]. These categories are characterized by torque-speed curves, and
the most influential factor determining the torque-speed curve is the slot type.

As shown in Fig. 3.20 (a), the motor with double cage slot has high starting
torque. The round slot motor has low starting torque, but has a steep slope near
zero slip. Deep bar design yields medium shows performances.

Te T
T (%) - Je (%)
e(rated) I»(rated}
A A
200 300 .~ - Class D Class A
\,\/ /
No Class C N

-

100+

6 % R\ound |

I
05 0 50 100
Slip Speed

(a) (b)

Y

Figure 3.20: (a) Torque-speed curves for various rotor slot shapes [6] and (b) NEMA
classification.

NEMA A machines are characterized by low rotor resistance; thus they have
the steepest slope and a low operating slip. Therefore, they have high operating
efficiency, but they have a larger starting torque with a larger starting current than
general use design NEMA B machines. These characteristics result from low rotor
leakage inductance and the skin effect of a mild deep bar design. NEMA A machines
are suitable for inverter applications.

NEMA B machines are designed with higher rotor leakage inductance, so that
the starting current is limited. The locked torque ranges from 130% to 70% of
the full-load torque depending on the size. The corresponding locked-rotor current
should not exceed 6.4 times the rated full-load current [1]. These general purpose
motors are commonly used for constant-speed applications such as fans, centrifugal
pumps, machine tools, and so forth.

NEMA C machines are designed to have a high locked rotor torque (200% of the
full-load torque). To meet those starting requirements, these motors have double-
cage rotor slots that have higher rotor resistance for higher slip.

NEMA D machines are designed for a wide slip range (85~95% of synchronous
speed). These machines have low efficiency, and are thereby easily overheated. Thus,
they are usually designed for intermittent operation [1].
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3.3.1 Line Starting

135A

Figure 3.21: Induction motor line starting ( experimental result ): 4-pole, 1.5kW,
220V line-to-line.

The starting method by connecting IM directly to the power grid is called line
start. Since the slip is equal to one at the time of line starting, the starting current
is huge (about 6 ~ 8 times larger than the rated current). Fig. 3.21 shows an
experimental plot of line current at a line starting. The large starting current may
trip the circuit breaker or blow fuses.

To avoid such problems, soft starters are utilized in the industrial sites. The
soft starters are made with thyristor switches: Thyristors are connected in anti-
parallel in each phase, as shown in Fig. 3.22. By changing the firing angle « of the
thyristors, the rms voltage is controlled. Specifically, the rms voltage level decreases
as « increases. Cases of different firing angles are shown in Fig. 3.22 (b) and (c).
With the soft starter, the rms value of the motor terminal voltage can be increased
gradually along with the motor shaft speed.

3.4 IM Speed Control

With the use of semiconductor switches such as IGBTs, 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 has a limited effectiveness. It is better to change
the voltage in accordance with the frequency.

3.4.1 Variable Voltage Control

Fig. 3.23 shows the torque-speed curves of an IM for different voltages while the
frequency is fixed at 60Hz. Recall from (3.11) that the breakdown torque is propor-
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Figure 3.22: Soft starter and applied voltages: (a) soft starter circuit, (b) a large
rms voltage with a small o angle, and (c) a small rms voltage with a large « angle.

Torque
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Figure 3.23: Torque-speed curves for variable voltage/fixed frequency operations.

tional to the square of the voltage. It also shows a fluidal load curve. Considering
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the intersection (operation) points, one can notice that the speed control range is
quite small. But with the NEMA class D machines, the speed control range can be
extended. Due to their inherent low efficiency, however, class D machines are rarely
used.

3.4.2 Variable Voltage Variable Frequency (VVVF) Control

With the use of inverters, it is possible to provide a variable voltage/variable fre-
quency source to the motor. Changing the frequency means changing the syn-
chronous speed. Note from (3.15) that the stator voltage is approximated as V; =
rsls+jwe(Lis+ Lim)Is & jweLsIs = jweAs. Therefore, the magnitude of flux satisfies

Ve Vs

As = — = :
we 27f

(3.33)

That is, voltage to frequency ratio implies the flux. To maintain a constant flux
level, the voltage should be increased when 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

Te

2
_ E <Vs> WslTr o E 2  Wellr (334)

2 \we) r24+wil2 2 24wl
According to (3.34), 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. 3.24, 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 volt-
age/variable frequency (VVVF) method. Specifically, consider an operation point
marked by “x”. Note that it is impossible to operate the motor with 127V at 60Hz,
since “x” is in unstable region. However with reduced voltage and frequency (25V,
12Hz), “x” is a stable operation point. Similarly, if both voltage and frequency are
doubled at the same time (50V, 24Hz), another stable operation point is obtained
“xx”. Hence, while keeping V/F constant, it is possible to drive crane like loads
requiring high start torque.

In the low-speed region, the voltage drop over the stator resistance is not neg-
ligible. For example, consider the IM in Table 3.1. Note that rs/w.Ls = 0.048 at
60Hz, whereas rs/w.Ls = 0.48 at 6Hz, i.e., the ohmic drop takes about a half of
the input voltage at 6Hz. To compensate for this voltage drop, the voltage profile
is boosted in a low-speed region, as shown in Fig. 3.25.

If speed information is available, it is possible to construct a slip-based feedback
controller as shown in Fig. 3.25 [5]. 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
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Figure 3.24: Torque-speed curves for a VVVF operation.

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 determined.
VVVF inverters are widely used in many applications where precision is not essential.
These applications include compressors, blowers, cranes, and transportation vehicles
such as subway trains and locomotives.

Vi

0 \Low frequency cut off

High voltage limit

1L

limiter
" Motor
wr | T | || Wsl~ viF | Vs
Pl ] N table Inverter |
' + we 7
P/2 Speed
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Wy

Figure 3.25: VVVF pattern and a slip-based VVVF speed controller.
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Problems

3.1 Consider a 4-pole, three-phase IM with the following rated parameters: output
power = 15kW, line voltage (line-to-line) = 440V, line frequency = 60Hz,
and rated speed = 1748rpm. The sum of windage and friction loss is 1 kW.
Calculate the air gap power and rotor copper loss.

3.2 A three-phase IM having a synchronous speed of 900rpm draws 40kVA from
a three-phase feeder. The rated slip speed is 3% of the synchronous speed.
The power factor is 0.9, and the total stator loss is 4kW. Calculate the torque
developed by the motor.

3.3 Consider a 4-pole, three-phase IM with the following parameters: r; = 1.652,
rr = 0.99692, Ly, = 66mH, L;; = 3.28mH, and L;. = 3.28mH. Assume that
three-phase, 220V (line-to-line), 60Hz AC source is applied to the motor.

83
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3.4

3.5

3.6

3.7

3.8

3.9

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.

c¢) Determine the magnetizing current.

d) Calculate the power factor at the rated condition.

Consider a 4-pole, three-phase IM with the following parameters: rs = 0.1€2,
r, = 0.25Q), Ly = 150mH, L;s = 3mH, and L;, = 3mH. A 440V (line-to-line),
60Hz AC source is applied to the motor. The rated slip is 3%. Determine the
rated and starting torques.

Consider a 4-pole, three-phase IM with the following parameters: r; = 0€2,
rr = 0.25Q, Ly = 150mH, L;; = 3mH, and L; = 3mH. Assume that a 440V
(line-to-line), 60Hz AC source is applied to the motor.

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

Consider the thyristor voltage control circuit shown in Fig. 3.22. Assume that
the source phase voltage is V sinw.t. Derive a relationship between the rms
output voltage and the firing angle, a.

A three-phase 220V, 4-pole IM runs at 1750rpm. Suppose that the input
voltage is increased to 250V. For the same load, calculate the slip and speed.

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

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 90V (line-to-line), 60Hz three-
phase voltage source is applied. The measured stator current is 7A, the resis-
tance of the stator is 2.1Q2 and the measured power is 800W.

a) Calculate the power factor angle.

b) Calculate the impedance.

c¢) Calculate the rotor resistance, 7.

d) Assuming L;s = Ly, find the leakage impedance.



Chapter 4

Dynamic Modeling of Induction
Motors

When the AC motor dynamics are described in a synchronous reference frame, they
resemble the DC motor dynamics under certain conditions. Therefore, in the syn-
chronous frame, the dg-axes currents can be interpreted as the field and torque
components. The transformation maps defined in the previous chapter play a key
role in deriving the dynamic models.

4.1 Voltage Equation

Time derivative of flux linkage yields a voltage equation. First, we derive stator
and rotor flux linkage equations and map them into the complex plane. The voltage
equations can be described either in the stationary or synchronous frames.

4.1.1 Flux Linkage

The stator flux is generated by stator and rotor currents. We will first consider the
stator flux contributed by the stator current. Stator flux generated by a-phase stator
current is described as a bunch of dotted lines in Fig. 4.1 (a). The innermost line
that does not cross the air gap depicts leakage flux. Therefore, a-phase flux linkage
produced by a-phase current is given by Ags = (Lms + Lis)ias, where Ly, and Ljs
denote the stator mutual and leakage inductances, respectively. On the other hand,

a-phase flux produced by b-phase current is given by Aqs = —%Lmsias, since the
a-phase coil and b-phase coil are separated spatially by %” and cos(%”) = —%. Due

to the symmetry among the phases, it follows that

Aabcs = Labcsiabcs ’ (41>

85
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Figure 4.1: A-phase flux linkage (a) by a-phase stator current i,s and (b) by a-phase
rotor current iq..

where
A ' Lins +Lis  —3L —3L
as las ms ls 5 Lms 5 Lms
. . 1 1
Aabes = | Abs | 5 labes = |bs |, and Ligpes = _§Lms Lins + Lis _§Lms
: 1 1
Acs Les _iLms _§Lms Lins + Lis

The stator flux is also affected by the rotor current. However, the rotor coil
position is a function of rotor angle, 6,. Fig. 4.1 (b) shows the stator flux linkage
produced by rotor current. Note that the flux linking between stator and rotor
windings is maximized when 6, = 0. On the other hand, if §, = = / 2, the flux
linking is equal to zero. For simplicity, it can be described as Aqs = Lyys €0 0,44, for
a-phase. Since b and ¢ phase windings are 27 / 3 and 47 / 3 apart, respectively, the
stator flux contributed by the rotor current is

)\abcs - M(er)iabcr y (42)
where
lar cos 0, cos(0, + 2)  cos(d, — )
iabcr = Z‘br and M(er) = Lms COS(QT — 2%) COSs 97« COS(@T -+ 2%)

Ter cos(0, + %) cos(f, — %’T) cos 0,

Complete Flux Linkage Equations

Combining (4.1) with (4.2), a complete expression of the stator flux linkage is given
by

)\abcs = Labcsiabcs + M(er)iabcr- (43)
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Similarly, the rotor flux linkage seen from the rotor frame is given by

Aabcr = M(_Hr)iabcs + Labcriabcr s (44)
where
o AT TR
Aaber = | Abr and Lgper = —%Lms Lys + Ly, _%Lms
)\cr _§Lms _%Lms Lms + Llr

and L, is the rotor leakage inductance. From the rotor frame, the stator current
is looked behind by angle 6,.. Thus, —#, appears in the mutual inductance matrix,
M. Note that Lgpe- is the same as Lg.s except that the stator leakage inductance
Ly, is replaced by the rotor leakage inductance L.

Exercise 4.1

Consider a P pole induction machine with a uniform air gap g, the rotor diameter
D, and the stacking length £. Assume that the number of turns per phase is N and
that the number of slots per pole per phase is equal to one, i.e., ¢ = 1. (Refer to
the square wave MMF shown in Fig. 2.4.) Assume further that the winding factor
is k.

a) Derive an expression for the fundamental component of air gap field density, Bg1,
when only a-phase current, i, flows.

b) Determine flux per pole.

c¢) Derive an expression for the self inductance, L,,s (without leakage), of a-phase
winding using the result of b).

Solution
a) Expressing the MMF as a function of the angular variable 6, the fundamental
component is equal to

N 1 4 4N
MMFa = Piﬂkwila; cosf = ;ka’l/a COS 9,

where 4/7 is the coefficient of the fundamental component of a square wave. As a
similar example, refer to (2.1). Therefore, it follows that

1 4 Ni
Ba1 = 0= x MMFy = = pigkw —2 cos 6.
g m gP

/2 D 1 4 polD Ny | 2
Dote =1 Ba =) do =— Cig—.
pole /n/z ' <2> P2 7 g PP

L

_ PNk, 1  8puglD (Nkw>2

ms—§P/2 poleazﬂ_ q P
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Description in the Complex Plane

In this part, the flux vector Agpes is mapped into the complex plane using (2.22).
But, the computation procedure is separated into two steps: In the first step, the
mapping of (4.1) is considered. From the definition, we obtain

Ao =

i2m _i2m
e = 2o ot ]

Wl Wl

) 1 . 1 )
|:(Lms + Lls)zas - ELmszbs - §Lmszcs

P o1
+el3 { — iLmslas + (Lms + Lls)lbs — iLmslcs}

e 11 .
1e I3 { — §Lms7fas — §Lmslbs + (Lms + Lls)lcs}:|

21,3 1 ) 1 } 1 .
= g |:<2Lms + Lls - §Lms)2as - iLmsts - iLmsch
3

a1 L Yibe — Lo
—|—€j27{ — 5Lmszas + (iLms + Lis — QLmS)ZbS B §Lm5%8}

_j2n 1 . 1 . 3 1 .
+e /s { - §Lmslas - §Lmslbs + (iLms + Lls - 2Lms)zcs}:|

21,3 . i2m _2m 1 . 1 . 1 .
= g |:(2Lms + Lls)(las +els s T € 773 105) - §Lmslas - iLmslbs - iLmslcs

1 1

_|_e] 3 { — §Lmslas - iLmszbs - iLWSZCS}

oan 1 , 1 . 1 ‘
+e 773 { — §Lm5’tas — §Lm52b5 - 2Lm3203}:|
3 =27

2. 2w _i2m
— (iLms +Lls)§(za5 +el 3 ips + e 3 i)

= Lsizqs y (45)

where L, = %Lms + L;s. Note that (4.5) is identical with the dg part of the matrix
formalism (2.36).

Second, the contribution from the rotor current, (4.2) is mapped into the complex
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Rotor frame

\, or

Stator frame

Figure 4.2: Rotor and stator frames.

plane:

N = 3 [asl® T 0000 + 90

Wl Wl N

Ls [0 0pigy + cos(0, + 21 /3)iy, + cos(0r — 27/3)icr
—|—ej27ﬂ{ cos(0y — 2 /3)iqr + €08 Opipy + cos(6y + 27/3)icr |
eI F { cos(0y + 27/3)iar + cos(6, — 2m/3)iy, + cos HTiCT}}

= ==Lys [(€j9r + 6_j07ﬂ)iar + ( (0T+ ) + e_J(0T+ 7r))7fbr

(IO =3™) 4 =i Or=5m)); 4 (ed0r +e—j(0r—§7r))iar
+(ej(er+§7r) 4 e itr—3m ))zb + ( i(Brt5m) 4 e iy

(
(

+

eI (Or=3m) 4 e—j<6r+§7r>)iﬂ}

1
= §Lms [36]0  + 3edOrt3 ”)zb + 3¢7(0r— 5 )zc,«}
3 J9 ; j2 —j2
= §Lm5 e’’r +e’3 Zb +e /3 lcr:|
= Lmeje ldq'rv (46)

where L., = %Lms. Note that the rotor reference frame is turned by 6., as depicted
in Fig. 4.2. Therefore, if we look at the rotor current from the stationary frame, it
is seen as igqrejer.

Combining (4.5) with (4.6), we obtain the stator flux in the stationary frame as

Nigs = Loilys + L€ i, (4.7)

In a similar manner, the rotor flux equation with reference to the rotor frame is
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obtained as
qu = Lrigqr + Lme_jeri(siqs? (48)

where L, = %Lms + L;,. Note that since the rotor frame is on e/, the stator current
contribution is seen behind by 6, in the rotor frame. Therefore, e 7% is multiplied
to izqs. Superscript ‘r’ is used to denote the quantities in the rotor frame.

Exercise 4.2
Derive (4.8) from (4.4).

4.1.2 Voltage Equations

Voltage equations for the stator and rotor are given by

Vibcs = Tsifzbcs—i_pAZbcsv (49)

r

Vaber = TTiZbcr + p)‘gbcr' (410)

Utilizing the mapping rule, (2.22) we obtain from (4.5) and (4.9) a stator voltage
equation in the stationary dg-frame such that

Vflqs = rsiqu—l—p)\flqs. (4.11)

Similarly, we obtain from (4.5) and (4.10) a rotor voltage equation in the rotor
dg-frame such that

Vig = Toiligr + PNigr (4.12)

Voltage Equation in the Synchronous Frame

The synchronous frame is a rotating frame that rotates at the same speed as the
electrical angular velocity, w.. Hence at time ¢, angular position of the d—axis of the

synchronous frame is
t
0. = / Wedt = wet.
0

Note that the electrical speed we is different from the rotor speed gwr in induc-
tion machines, whereas they are the same in synchronous machines. Further, it is
emphasized that the synchronous frame is used in both cases as a reference frame.

By multiplying e 7% to vfiq s in the stationary frame, we have a new representa-
tion vg . in the synchronous frame, i.e.,

Vigs = € 10V, (4.13)

Wy

where the superscript “e,” meaning exciting, indicates that a variable is described
in the synchronous frame.
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Multiplying e~7% on both sides of (4.11), we have

e —j0c,s j0c 5 0
Vigs = € ! Vigs = Ts€ T ste - EpAqu

= rsig, te ]0 “PAdygs- (4.14)
Note that the differential operator, p, and an operand, e 7%, do not commute, i.e.,
pe 9% £ e=i%p since 6, is a function of t. Therefore, a technique of inserting the
identity 1 = e%e~7% needs to be utilized [1]:
Vigs = Tsiggs + e_jeepejeee_jee)\zqs
= iy e (et eI NG+ % pXG,, )
= Tsiflqs + jweAflqs =+ p)‘flqs‘ (415)
Note that the additional term, jweAg,, appears in the synchronous reference frame.
It originates from the transformation into a moving frame, and is known as the “speed

voltage” or called the “coupling voltage.” Let v . = vg +jug, and Adgs = Ngs HIAGs
Then, (4.15) is written componentwise as

Vgs = Tsigs + PAGs — WeAgs (4.16)
Vgs = Tslgs T PAGs + WeAgs - (4.17)

The rotor voltage equation can be transformed in the same way. But, the trans-
forming angle is 6. — 6,,. Multiplying both sides of (4.12) by e —3(0e=0r) " we have

Vigr = Trigg + (0 4 J(we = wr)) Aggr- (4.18)

Equivalently, (4.18) is expressed componentwise such that

Ugr = TTZ.ZT +p)‘?lr - (We - wr))\gr (419)
UZ’I‘ = TT'Z'ZT +p)\27» + (we - Wr) Zr . (420)

Comparing (4.19) and (4.20) with (4.16) and (4.17), one can see the identical struc-
ture. However, the slip speed, we — w, appears instead of we.

Note that
zs = L st + Lmzdr = Llszds + L (st + Zdr) (421)
Ags = Lsigs + Linig, = Lisigs + Lin(igs + ig,) (4.22)
gr = L Zdr + Lm?’ds = LlTZdr + L (Zdr + st) (423>
A = Lyigy + Limigs = Lipig, + Lin(ig, +igs) (4.24)

and Lg= Ljs+L,, and L, = Ly +L,,. Basedon (4.16), (4.17), (4.19), and (4.20),
an equivalent circuit for the synchronous frame model can be drawn as ig. 4.1. Note
also that w, appears in the primary side, but the slip speed wg = we — w, appears
in the secondary side.



92 AC Motor Control and Electric Vehicle Applications

Ts We}\g,q Ly, Li?' )\SR(WP — w;»)
_/\N\/_O:_fm__m_;@
; ~ ¥
& @ i&s Lm 74&
Vs e ] r
s P )\Sf'r' § Tr
(a)
Ts UJ(—!/\S!S L Ly, /\35 (wr-? o wr)

e
qs

Figure 4.3: Equivalent circuit for IM in the synchronous frame: (a) d—axis and (b)
g—axis.

Note that both flux and current variables appear in (4.19)—(4.17). Utilizing
(4.21)—(4.24), we can express the IM synchronous model only with current variables:

v, rs +pLs —wels pLy, —WeLm, 19

U;s _ welLs rs + pLs weLpm me izs (4 25)
0 me _wlem Ty + er _wler icelr . .
0 wsiLim pLm we Ly Tr + pLy Z'ZT

Since the rotor circuits are shorted, vg, = vg, = 0.

Voltage Equation in the Stationary Frame

Since the stator voltage equation (4.11) is already in the stationary frame, it is
necessary to transform the rotor equation (4.12) into the stationary frame. Trans-
formation can be done by multiplying e 7 on both sides of (4.12):

Vigr = Trigge + (P — jwr)) Xjgr- (4.26)

Similarly to (4.25), we have an IM model in the stationary frame:

Vg rs + plLs 0 pLy, 0 i

vgs _ 0 rs + plLg 0 pLy, izs . (4.27)
0 pLy, wrLy 14+ pLy wy Ly Ty,
0 —wrLpm, pLy, —wp Ly 1.+ pL, ifﬁ
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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:

Exercise 4.3 [2]
Show that

—sinf cosf -1 0

[ cos SIHQ] _ e‘w, where J = [ 0 1} . (4.28)

Solution

1 s 1 cosf sinf
Jo _ —1 _ -1 — -1 =
€ = L {(SI J) } L {82_|_1 [_1 5}} [—sin@ COSQ:| '

Note that J is skew symmetric, i.e., J°! = J7 and that J is interpreted as an
operator rotating a vector 90 degrees clockwise. Hence, multiplying J to a vector is
equivalent to multiplying —j to its corresponding complex variable. ]

Exercise 4.4
Let 6 = wt and p = %. Show that

0 -1 0
T@)pT 'O = w|l 0 0
0 0 1
Exercise 4.5
Show that
eVepe0e = —,J. (4.29)
Solution
df
e peT0e eJﬁe(_J)e—JGeE = o JeMee e — iy g
Alternatively,
30,  —30. cosf, sinf.| |—sinf. —cosf.| 0 -1 _
e pe - We {—sin@6 cosﬂe] [cos@e —sind, e N N wed
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Exercise 4.6
Show that Ae® = eAA for A € R*™,

From the above example, it follows that el?e=90% = ¢=J0eedlc = T and e¥0J =
Jed% . One can represent the complex expression, (4.7) and (4.11), as the following
vector equation:

’U;s .S ds —J0. lgr —Jo, Zgr
ds| =pg | 95| + Lgp + Lye " p | 97| —wrLyJde arl . (4.30)
Ugs gs lgs Lar Lar

Multiplying both sides of (4.30) by e~7% we obtain

9. Vg 9. | 0 6. 30 |iq
e0e [ Csls] = reell [ds} + Lgedp <e_‘] celle [;“D
Ygs qs lgs

_ _ _ i _ i
L e eI0 ) (eJQTe 30 ,I0c ,~30: [grD — w, L, JeIe o= 0r [.;‘?’"}
q

— Jee lfls L Jge 7.]95 Jec ,LZS L Jeﬁ ZZS
= rs€ i + Lgse7°ple e i + Lsp | e i
qs

qs
_ _ _ " _ i
+L,,et0e™0p (e‘w*e ‘w@) eJ0e =0 L;@T] + Ly,p <e‘wee J6r [f«ﬂ)
q

—wTLmJngee_JQT [dr} .
q’f’

[”gs] = 7 [Z.gS] N [ } + Lp [lgs] — (We — wy) Lind [Z.gf]
qu qu qs qs qu
-l—me[ ] Wy L J [
tar ig
= 7, [ng] + Ls(pI — weJ [ ] — wedJ) [Zg’"]
i iy
= r, [d] (pI — wed) [Ae ] : (4.31)
qu )\qs

One can see that the matrix manipulation yields the same result as (4.16) and (4.17).

4.2 IM Dynamic Models

Note that the IM models in the previous section include differential operator, p
inside the matrix. To simulate IM dynamics or construct an observer for IM, we
need models in the form of ordinary differential equation (ODE).
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4.2.1 IM ODE Model with Current Variables

In this subsection, we derive an IM ODE model from (4.25) which is expressed with
current variables in the synchronous frame. Note from the third line of (4.25) that

) 1 ) ) ) )
iy, = I (mezzs — wSlezgs + i, — wSlLTqu) . (4.32)

T

Substituting (4.32) into the first line of (4.25), we have

2
(Ls — L—m)pigs = —rgiS, — Lﬂ (wSleifIS — 148G, + wy Lrigr)
T T
twe Lsigs + weLmig,- (4.33)

Recall that ¢ = 1 — L2, / (LsL,) is the leakage coefficient defined in the previous
chapter. Thus, (4.33) is rearranged as

2 L
o Lspigy = —rsigy + (wels — wa=")ig, + =111, + Lin(we — wg)igr-
L, L,
Note that
L? L? L? L?
&—iwsl:&—(we—wr) m_ _Pep Zm) g, om
o oLsL, o oLsL, o LsL, oLsL,
2
Note on the other hand that w, UZHLT = ITT"wT. Therefore,
. Ts . 1-—0.. Ly, 7y Ly, .
15, = ———15 We + wp—— )18, + —— —1§ —wyl
bigs O_Lsds+(6+ T o )qs+0_Lerdr+O_Lqu7’

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:

. _Ts l1—0 Ly Lo .
ng oL 1 we + Wr g oLsLy QZ‘O'LS /LZS
d igs _ —We — Wy ;U - o'%s —Wwr 0'215 U[ZETT igs
N e - mTs m Tr Wr »
dt |t L —wp L — We — 2| |2
dr oL, Ls LTO'LT oL, e I dr
N Tg Wo Ty se
i st et =g | L
1
oL ?
0 —— V&
+ Lo oLs ds| (4.34)
T oLyLg 0 vqs
0  —im
oL,Lg
Equivalently, (4.34) can be expressed as
. __r l1-0c L 1 . 1
d fie] O,LSSI—f—(we—i—wr = )J = (TTI+WTJ> i N o1 ve
dt |i¢]| L (rsy _ L _ wr i€ ——m s
" oL, LsI wTJ O’TTI+ (o')6 o ) J T oLrLs

(4.35)
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0 0 1
0 J and J = [—1 0
needs to be careful about the sign in front of J, since J here is defined differently
from other literature.

where 7, = L, / rr and I = ] While checking (4.41), one

4.2.2 IM ODE Model with Current-Flux Variables

For simplicity in handling the field-oriented control that appears later, it is better
to select stator current and rotor flux as the state variables, instead of stator and
rotor currents. It follows from (4.23) and (4.24) that the relation between the two
variable sets is given as

a0 o]

& &

5| = as |, 4.36
. Ly, 1

Zcelr L, 2 L, (1) )\celr ( )
.c m e

qu O _Lr 0 fr Aq’l‘

Substituting (4.36) into (4.25), it follows that

vcels _7’5 +pLs —we L pLy, —weLim, 1 0 0 0 1
USS _ welLs Ts + pLs weLim pLm, 0 1 0 0 7;(615
0| | PLm  ~wgLm 7r+pLe —wgL, ||=5= 0 £ 0][X,
0 L wsiLim pLm, wsy Ly rr + pLy 0 - If: 0 %T )‘gr
rs +poLs —weoLg pLL—T —We %:} i
_ | weols  metpols wepr ppr | g 4.37
B 0 =m+tp  —w Agr | (4.37)
L 0 _% Wsl % +p )‘Zr

where 0 =1 — L2, / (LsL,) is the leakage coefficient defined in the previous chapter.
Collecting the terms with differential operator on the left-hand side, we obtain

Ly e e
ULS 0 L, LO tds Vs
m e e
0 O'LS 0 L, D qu _ qu
0 0 1 0 Ay 0
e

0 0 0 1 | Agr 0

Ts —weo L 0 —wefi—m i%,

Ly, e

B wWeo Lig Ts We P 0 igs (4.38)

—Ifm 0 = ws | [ A,

L e

| 0 SL Wl = e

In taking the inverse of the matrix in the left-hand side of (4.38), we utilize the
following identity

A B]7' Al —A-IBC!
0o Cl |o c!
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for invertible A, C € R"*" and B, O € R™*". Note that 0 denotes the zero matrix.
Then,

Lin -1 1 Lin
oLy, 0 7= LO oL, (1] ~oLrLs 2

0 oL, 0 = _ | 0 0 —oLin:| (4.39)

0 0 1 0 0 0 1 0

0 0 0 1 0 0 0 1

Applying (4.39) to (4.38), we obtain
s 1—o)ry er Lm .
igs —ols T ( ULBT We orzls  wrani | TG,
. < 1— T L rLm )
d des — —We —ols ( U‘L’fr —WrsLin oifl Z(Zs
dt )\dr LTLLTM 0 —%: Wgl Adr
X, ; oL o | b
L, sl L,
Vas
1 V¢
as 4.40
+0Ls 0 ( )
0

Equivalently, (4.40) can be expressed as

d [ie] _ —<;}js+1g%f>1+we.] e (%I—l—wTJ)
dt | A& L

ey 77_%1 + wgd

i¢ n 1 |ve
AL oLs | 0|~

(4.41)

Similarly, the stationary frame ODE model in current-flux variables is obtained
from (4.27) as

4 M _ [— (7 + 52)1 oo (éerJ)] H L H |

L | ~11-wJ Al oL [0

(4.42)

Comparing (4.41) with (4.42), the IM dynamics can be generalized independently

of the frame such that
d [ if J L= J) i
i ) NEEI Rl

0 —_f=J71 i 1 [v{

where the superscript ‘g’ denotes the generalized frame. The equation becomes
the IM model in the synchronous frame with w4 = we and wp = wy, Whereas it
becomes the IM model in the stationary frame with w4 = 0 and wg = —w,.. Various
IM dynamic equations are summarized in Table 4.1.

T l1—0o L 1
- <o‘£s + oTr > I O'Lrnis TrI
Lo I 1 I

Tr Tr
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Table 4.1: IM dynamic equations.

Stationary frame

Vds rs+pLs 0 pLm 0 5,
Ugs _ 0 rs + pLs 0 pLy, igs
0 pLy, wrLpy 1T+ pLy wy Ly 05,
0 —wr Ly, pLy, —wy Ly 14+ pL, igr

Synchronous frame

Vg rs +pLs —wels pLy, —wWeLm, 15
Vgs| _ | wels  7Ts+pLs  welm pLm, igs
0 me _Wlem Ty + er _wler iZT
0 wsiLim pLm, wer L Tr + pLy igr

ODE with current variables (Stationary)

s 1- Ly (1 .
f[1] - [ (1) HE A
Tl | L (L—I - wTJ> _1 (%I + wTJ) o B R e I
ODE with current variables (Synchronous)
; [ig] T (we twpi57) T ip (T%IerTJ) [ig] . [ L1 ] v
dt |3 - 1 L,
a i Lo (pT-wd)  —A T+ (we-2)3| B larpt)

ODE with current-flux variables (Stationary)

Bl Vs
A3 T AL | o

ODE with current-flux variables (Synchronous)

d[ig}: (L) Trwd o (L140,9) [i§]+ , {vg]
Ly — LT+ wad

Tr

s 1— Ly 1
- (aLLS + o"rj) I oL,Lg (;I + er)
L] )

Tr
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4.2.3 Alternative Derivations Using Complex Variables

In this section, IM dynamics are derived utilizing the complex vector notation. The
stator voltage equation in the rotating reference system is

dAgys
dt

where rsig, s is the resistive voltage drop and r; is the stator resistance. In the case
of rotor, the slip speed we — w, appears in such a way that

Vflqs = rsiflqs + + jwe)\flqs (4.44)

e
dqr

dt
The dynamics (4.44) and (4.45) are described in terms of four state variables: i,

dgss 1dgr» and Ag,,.. In the following, the variables will be reduced to (ig,, Ag,.) by
utilizing )\qu = Lsiflqs + Lmigqr and )\qu = Lmizqs + Lrizqr- Then, the stator flux
leakage and the rotor current are rewritten as

0 = rpig, + + J(we — wr) Aggr- (4.45)

. L . .
Qs = Lsifys + —L’”"’ (Aggr — Lmiys) = 0Lsig,, + kr NG, (4.46)
r
. 1 .
lzqr - f( flqr - Lmlzqs)? (447)
r

where k, = L, /L, is the coupling factor of rotor. Selecting the stator current and
the rotor flux vectors as state variables, the rotor equation (4.45) leads to
1 AXGgr

0 = ?T(Acelqr - Lmicelqs) + dt

+ j(we - wr)qura

where 7, = L, /r, is a rotor time constant. Multiplying both sides by 7, and rear-
ranging, we obtain

d)‘gqr e ; e se
o + Agr = —J(We — Wr)Tr AGy, + Linigys- (4.48)

Then, it follows from (4.44), (4.46), and (4.48) that

Tr

. d . .
Vflqs = Tslzqs + (% +]w6)(aL81§qs + kT}‘qu)
di§ AS
= ryiSy, + oL ;tq + jweo iy, + kr dj‘” + jweky Ay
e difiqs . e T . e .e e
= Tsiges +0Ls o + jweo Lsigys + p (—](we — wr)TT)\dqr + Limigys — dq,,)
T
+.jw6kr)‘§qr
= 7% . +ol i§q5+ jweo LsiS, . + jkrwr N, 4+ k21, — — A
stdqs s dt JWe stdgs JRrWr dqr rvridgs 7, dqr

€
dldqs

dt

= (rs+ kzn)lgqs + oL, + jweo Lsigys + jkrwr Ay, — T—T dgr- (4.49)
T
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The final stator equation is equal to

e
/ dldqs
"ot

k. . 1
+ (1 + ]we )ldqs =—— (]"‘-)7’7—7“ - 1))‘2qr + rvflqs (450)
o

ToTr
where 7, = 0Ls/ry and ro = 5 + k2r, [4]. Or, (4.49) can be rewritten as

diy Tst k2r kyw k. 1
qs s T L. KWy r
dt - oL, zqs ]wﬁlzqs —J oL celqr + EAteiqr + Evflqs‘ (451)

sir

Exercise 4.7
Show that (4.51) and (4.48) are equal to (4.40).

Exercise 4.8
Under the condition that Ay = 0 and Ag = A, in the steady-state, show that

. . . A
bs =[5, + 12, = LT V14 wir?. (4.52)
m

Solution
With the assumption, it follows that L,,iss = w,m-Ar and igs = L’\—; Thus igs =

AP 2 2 A7 2 2 N 2.2
w7y and iz, = 75+ Hence, ig, + igs = LETn(l + wiTS). ]

4.3 Steady-State Models

A steady-state model follows straightforwardly from (4.25). The steady-state vari-
ables are denoted by capital letters, Vygs, I44s, and Igq-. Letting p = 0 and substi-
tuting swe = we — wy-, it follows that

qus = Tsqus + jwe(Lsqus + Lmqur) (4‘53)
0 = L;qur + jwe(Lrqur + Lmqus) . (4‘54)

Multiplying both sides (4.54) by a constant a, we have

2rg 1, 1
0 = %% + jwe(a2L, d‘"‘ + aLyTags)
a’rs I,
= A — CZF +.7W6L qur jweLmqur +jwe( 2L dq7" +alL qus)v
a2rs qur qur

1,
- +jweaLm(% + Tgs) + jwe(a®Ly — aLyy,) . (4.55)

S
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Figure 4.4: Modification of steady-state equivalent model with parameter a.

The modified equivalent circuit based on (4.55) is shown in Fig. 4.4. Note that the
impedance remains the same for stator current, /gqs.

Various modifications can be made with different a’s. For some values of a, either
rotor or stator leakage inductance disappears.

All leakage inductance in the stator

If we let a = Ly, / L,, then the rotor leakage inductance disappears and all the
leakage inductance is located in the stator side. This equivalent circuit gives the
rotor field-oriented dynamic model, which plays an important role in developing the
concept of field-oriented control and will be dealt with in the next chapter.

All leakage inductance in the rotor
If we let a = Ly / L., then the stator leakage inductance disappears and all the
leakage inductance is located in the rotor side.

4.4 Power and Torque Equations

Since v§, = vy, = vg. = 0, the rotor side source power is equal to zero. Thus, the
electrical power applied to the motor is equal to

. _ T 1.
Pe = ngcslabcs = (T(@e) 1v§q03) T(He) 11ilqu
3 T —1s
= 5 (T(HS)TVSqus) T(Ge) 112(]03
3 .
= 7Vfl¢1]1051§lq08 (456)

2
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?‘5 O—Lg
- .
qus L2 :::_1[ " 2
qus @ —m Lm. e E:ﬂrf
Ly L2 s
(a)
Lo
s l—-0c
/\N\l — YN\
_
Tis Lin
Kf.qs @ aas Ls Lg i Lg e
L2 s
(b)

Figure 4.5: Equivalent circuits: (a) without rotor leakage inductance (a = Ly, /Ly),
(b) without stator leakage inductance (a = Lg/Ly,).

where the last equality results from the relation T(f.) ™! = 3T(,)” that was shown
in (2.34). The zero sequence current is assumed to be zero. We obtain from (4.56)
and (4.25) that

3 ) .
P€ = 5 (Ugszfls + U;SZZS)
3. ) . . .
= 5138 ((rs +pLs)iG, — weLszgs + pLyiG, — weLngT)

3. . . . .
+§ng (welezs + (rs + pLs)igsWe Linig, + mezf}T)

3 . 3. 3 o . 3. . 3 o .
= 57*51282 + ZLSmZSQ _ iweleésZZS + §Z§smeZflr - iweLngsng

3 e . 3 3. 3 e . 3. .
+§weL$2252§s + 51"3@252 + ELSPZZSZ + §W6Lmlzslfh~ + 57’25me7’27“ .
(4.57)

4.4.1 Torque Equation

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, = 25 <. Assume that

the slip is constant. Then, the shaft torque follows from (4.57) such that

or, PoP. P3_ .
= = = 1

Te= Ow, 58@% T g gtm ( qsi?lr - iflsin) . (4.58)
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e
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Figure 4.6: Cross product of rotor flux and stator current yields torque.

A different way of expressing (4.58) is

P
T, = 3 L mAmAig,sig0} (4.59)

where I'm{z} implies the complex part of z € C.
Recall that Aggr = Lyig,, + Lini,, and note that Im{ij if" } = 0. Therefore,
Im{ig, ig, } = L%Im{igqs dqr}- Hence, (4.59) is expressed equivalently as

3P Ly,

T. = 2 2 L, I {dqs qu} (460)
The other method of expressing Im{ig  Ag;, } is the cross product of vectors. Note
that
3P Ly, .
T. = 535 I (Ngr X 1gs) . (4.61)
€ €
3P L, (| bds
= §Efr )‘qr X qu
0 01/,
> 2 7
3P Ly |
= S5 712y Ao O
22 L, |gr 3
lgs  lgs 0 A
3P Ly, e
- 2 2 Lr ( dr qs )\e st)' (462>

Exercise 4.9
Using the definition A x B = |A| - |B|sinf for vectors A and B having an angle 6 in
between and utilizing (4.23), derive (4.58) from (4.61).
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Problems

4.1 Show that for A € R™**"
M= (sT-A) ), (4.63)

where I € R™ " is the identity matrix, £ denotes Laplace transformation, and
s is the Laplace variable.

4.2 Show that

o= o (-
o= op (-1

105
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4.3 Utilizing the results of 4.2, derive the following from (4.15) and (4.18):

e Ts rsLm

i e €
ds oL, We  GL.Ls (2 ds Vds
e _ _Ts Tslim e e
d )‘qs — We oL 0 oL,Lg )‘qs 4 qu
dt |\ Lln 9 ¢ 0
dr oL Ls . oL, sl dr
€ T T e
Agr 0 oll. <~ Wsl oL Agr 0

4.4 In the stationary frame, the IM model is described as

Vds rs+pLs 0 pLm 0 5,
Vgs | _ 0 rs +pLs 0 pLp, igg
0| | pLm wrLy 7T +pL,  w.L, i,
0 —wr Ly, pLpm, ~wr Ly 1+ pL, iér

Using the above equation, derive the following dynamic model of IM in the
stationary frame:

is s w.i=e L Lin | s
ds oL T o oLyLg ToLg ds
d |3 —w 1-c _Ts — ., Lm Trlm is
et qs — T o oLs ToLsg oL,Ls qs
dt |38 rsLim —w L _ T _ W is
dr O'LSLT TO'LT O'Lr o dr
iS w m rsLm Wr _Irr Z.S
qr ToL, oLsL, o oL, qr
1
oLs ?
L s
4 0 oL Vds
_Lim 0 /US :
oLsL, qs
m
0 oLsL,

4.5 Consider the steady-state voltage equations, (4.53) and (4.54):

qus = rsqus + jweAdqs

T .
0 = ;Tqur + ]weAdqr-
a) Assume that the d—axis coincides with the rotor flux. Justify the following:

-e
tgr = 0,
e -e
Lpigs + Lyig, =

b) Show that

e _ e
Ags = 0Lgigg,
2
e _ e m e
ds O—Lszds—i_ T Yqs-
T



c¢) Show that the voltage equations become

2
Viags = (rs + jweoLs)Ligs + jwe " igs
.
T
0 = —igr+ jweLmigs.

d) Draw an equivalent circuit based on the equations in c).

4.6 Show that

1) Te = 55( Ssigs_)‘(ezsifls)’
P L
i) 7= 5L Imoe xeaga).

29 ULer dr”\gqs ds”\qr

107
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Chapter 5

Field-Oriented Controls of
Induction Motors

In AC machines, torque is expressed as the outer product of flux and current vec-
tors. Therefore, to maximize torque the two vectors should be orthogonal. In the
DC motor, the orthogonality is guaranteed by the brush and commutator action.
However, in AC machines it can be achieved dynamically in the synchronous frame.

The balanced three-phase current system has two degrees of freedom. The two
degrees of freedom are allocated to two different missions: One is for flux regulation,
and the other for torque control. Such role decomposition is unclear in the fixed
coordinate frame. But in the synchronous reference frame, the roles of dg-axes
currents are naturally decomposed and the dynamics resemble those of the separately
excited DC machine.

If the reference frame is aligned with the rotor flux, then the control is called the
rotor field-oriented scheme. If the frame is aligned with the air-gap field or stator
field, it is called the air-gap field or stator field-oriented scheme, respectively.

5.1 Direct versus Indirect Vector Controls

Based on the flux angle access methods, field-oriented controls are categorized as
a direct or indirect method. Hall sensors or flux sensing coils may be employed to
measure the rotor flux. Once the rotor flux is measured, the rotor flux angle can be

calculated according to
AS
0 = tan™! <A‘j) : (5.1)

qr
However, installing sensors around the air gap is not an easy matter due to space
limitation, armature reaction, noise, etc.
A more reasonable approach is to use current measurements and internally com-
puted voltage values. The rotor flux is obtained indirectly from the stator flux and

109
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stator current in such a way that

L ) ) L .
)‘ilr = LT (Afls - legs) + Lngs = LT ( fis - ULSZZS)’
m m
s LT s e -e LT s ]
A = 7 ()\qs - Lszqs) + Linigs = 7 ()\qs — JLqus).
m m

Stator currents are easily measured by current sensors, and the stator fluxes are
obtained by integrating vy — 7si, i.e.,

t
5, = / (v — 1Sy )dT, (5.2)

t
X, = /0 (v, — raiSy)dr. (5.3)

However, this approach is not reliable when a DC offset is present. On the other
hand, indirect methods obtain the flux angle by exploiting the slip information
calculated from the IM dynamic model.

5.2 Rotor Field-Orientated Scheme

We express (4.21) and (4.22) as

L2\ . L . L

N = <LS — LT) 9 + L—T 9 = Lsoi, + L—T)\zr, (5.4)
L2\ . Ly, . Ly,

)\ZS = <L3 — Ij:) ng + TTAZT = LSO'ZZS —+ TTAZT. (55)

Utilizing (5.4) and (5.5), we obtain stator voltage equations as derived already in
(4.37):

L L
o = OutpLaolis, + PN —w (Lot 220) . 50)
T T
e e Lm e e Lm e
Vg, = (rs —i—pLsa)zqs + I PAGr + we | Lsoigs + 7 ) - (5.7)
T T

Rotor field-oriented scheme is achieved by aligning the d-axis to the rotor flux.
This makes not only A¢, = 0 but also A7, = 0, as depicted in Fig. 5.1.

Stator Equation
By letting ¢, = 0, we obtain from (5.6) and (5.7)

L
vgs = (rs +poLs)igs — weoLsigs + L—mp/\z,,, (5.8)
T
. . L
vf;s = (rs —I-pULS)zgS + We0o LiGy + We—— A5, (5.9)

L,
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Rotor g-axis

Rotor d-axis

Rotor Flux
— |)\.I.|

Figure 5.1: Alignment of d-axis to the rotor flux, Ay, .

Note that —weo Lsig, and weo Lsig, are coupling terms between d and g axes dynam-
ics, and that weLL—T:)\gr is the back EMF term.

Rotor Equation
Applying XS, = 0 and XS, = 0 to (4.19) and (4.20), we obtain that
0 = ri +pAg, = (rr + Lyp)i§, + pLniy,, (5.10)
0 = rig, + (We — wr)Ag,- (5.11)
Therefore, it follows (5.10) that

e = _ meiteis
dr Tr + pL,
Utilizing (5.12), we obtain the d-axis rotor flux such that
)‘?lr = Lmizs + LTi?lr
Ly Ly,pi§,
e+ pLy

= Lpig, —

Ly, .e
= -0 5.13
1 pTerS ? ( )

where 7, = fj—: is the rotor time constant. In the steady-state, (5.13) reduces to
€. = LS, . (5.14)
Since Ay, = 0 in the rotor field-oriented scheme, it follows that

0 = LiniC, + Ly, (5.15)
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Then, the slip equation follows from (5.11) and (5.15):

Z'e

O
We — Wy = SWe = —Ty )\(Z; = L—:)\Z Ggs - (5.16)

Roles of ig, and iy,

Comparing (5.14) with X, = L1, + L,i5,, it is observed that i = 0. Now, the
roles of d and g axes stator currents become clear: ()-axis current, ¢y, is proportional
to the slip and thus to torque. d—axis current, i4s, is used for producing the rotor
flux, Ag,. Fig. 5.2 shows the current vectors and flux vector in the rotor field-oriented
scheme. Note however that a huge g-axis rotor current flows, although A¢, is equal
to zero. This can be interpreted that ig, flows in opposition to iz, to counteract a
possible generation of g-axis rotor flux caused by ig,, i.e., the rotor current flows to
achieve 0 = A7, = Lyig, + LG, Note also from Fig. 5.2 that the stator current,
ig,s» leads in phase angle the rotor flux, Adgr in the vector diagram.

e __ ye
Ad?‘ = Adq-r'

v

Figure 5.2: Current and flux vectors for the rotor field-oriented scheme.
Summarizing the above, the roles of currents are as follows:
1. i, is used solely for generating the rotor flux < (5.13).
2. 15, = 0 in the steady-state can be seen by comparing (4.23) with (5.14).
3. igs is used for generating torque <= (5.16).

4. ig, flows in order to nullify a possible g-axis rotor flux generation caused by
igs < (4.24).
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With Af, = 0, the torque equation (4.62) reduces to

3P L .
T — T fAzTZZS .
This equation is comparable to the torque equation of the DC motor. The similarities
with the DC motor are:

¢, corresponds to the field.
15, corresponds to the field current.
igs corresponds to the armature current.

Fig. 5.3 shows the field distribution that illustrates the rotor flux generation by .,

torque production by stator g-axis current, and the field cancelation between ig,

;€
and i,

. e
d-axis current igs

Fields caused by
g-axis currents
cancel out.

S| g-axis current

Figure 5.3: Torque production with the rotor field-oriented control: The rotor d—
axis field acts on the stator g—axis current.

Vector Diagram in the Steady-State

In the steady-state, pAqgr = 0 and pig, = pig, = 0. With the complex variables, (5.8)
and (5.9) are rewritten as

. : . . L
Vigs = Tslggs + jweo Lsig,s + jwe—Lm G- (5.17)
I

Based on (5.17), vector diagram for the rotor field-oriented control can be drawn as
Fig. 5.4. Note that the voltage vector leads the current vector by ¢.
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e
dr

Figure 5.4: Voltage vector diagram for the rotor field-oriented control.

Block Diagram for the Rotor Field-Oriented Scheme

Substituting Laplace operator s for p, we obtain from (5.8) and (5.9) that

. oL ]- .
225 = + s /USS + ﬁwelgs, (518)
8 oLg s oLg
L 1
e oLs e m e -
qu = S—|—7rg <’qu — We I dr | — ﬁwezds. (519)
oL r oLs

A block diagram based on the reduced model (5.18) and (5.19) is depicted in Fig. 5.5.
The IM model contains just coupling terms and the back EMF.

e ,
'“::’.s 1 + 1 tds Lmn ’\Ei?'
—_— Ts
oLs s+ 1
!’HF
olsLy
Ugs R I
oL GD_. s+ F‘f e
s |- aLs lgs iBack EMF

We

Figure 5.5: IM model under the rotor field-oriented scheme.
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5.2.1 Field-Oriented Control Implementation

The IM dynamic model mimics the DC motor dynamic model in the rotor flux refer-
ence frame in which the roles of the dg-axes current are separated. Specifically, the
d—axis current, functioning as the field current, should be regulated to keep a desired
rotor field level. The g—axis current, functioning as the armature current, needs to
be controlled for torque production in accordance with a high level controller.

Current Controller in the Synchronous Frame

For dq current regulation, it is necessary to measure the dq axis currents, and bet-
ter to use PI controllers. However, to obtain dq axis currents in the synchronous
(rotor field-oriented) frame, we should know the rotor flux angle, f.. Furthermore,
the PI controllers output dg voltage commands, dj and vg. But, they have to be
transformed into abc-frame to be used for gating the inverter switches. To summa-
rize, the field-oriented current controller should be implemented in the synchronous
frame and the rotor flux angle should be known for coordinate transformations.

Angle Estimation

The electrical angular velocity is obtained by adding slip speed to the motor shaft
speed, i.e., we, = w, +wy. Encoders or resolvers are the most common speed sensors.
The angular position 6, of the rotor flux is obtained by integrating we:

t t t Lmie
ee—/ wedt—/ (wsl—i-wr)dt—/( P+ w,)dt. (5.20)
0 0 0

Tr G,

Note that \§, is estimated by (5.13).

Decoupling Current Controller

The most common regulation method is to use PI controller with the decoupling
compensation:

vg, = Kp(igs —14,) + K; / 15 — 15, )dt — weo Lg igs » (5.21)
vgs = Kpligs —igs) + K; / $)dt + weo Lgig, + we m)\flr, (5.22)
7"

where K, and K are proportional and integral gains, respectively. Note that the
back EMF, w7 Lm ye S is also compensated in the g-axis current controller, (5.22).

The d—axis current is proportional to the flux, so that d—axis current command,
5", is linked directly to the flux level. The g—axis current command normally comes
from high level control loops, e.g. torque or speed controller.
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Current
—|li} 4‘5} —|l£} sensing

Inverter L Ly
- 4 -
wyp Speed
[YYYVVSIR PN I P sensing
—
T R Slip Wgy &
A 1,}' —T—"| calculator
dr Flux as We
—_ abc
regulator e
Vgs dq 11 0 /
Decoupling  E— €
We —
ie. * . M
gs | Q-axis curr. i€ -
— ds
controller abc
e
f ‘s dq

Figure 5.6: Field-oriented control block diagram involving coordinate changes.

Control Block Diagram

Block diagram for a typical field-oriented control is shown in Fig. 5.6. The field-
oriented control can be illustrated with following individual steps:

1) Measure phase currents.

2) Estimate the rotor flux angle, 6, according to (5.20).

3) Transform (ias, ips) into (ig,, ig,) using the coordinate transformation
map, T(6.).

4) Construct dg current controllers. Apply decoupling feedback.

5) Transform the voltage vector, (v, vgs), into (Vas, Vps, Ves)-

6) Convert (vgs, Ups, Ues) into on-duties of the PWM.

The above individual steps are described as sub-blocks in Fig. 5.6. Phase currents
are measured by utilizing Hall sensor or shunt resistor. Since the phase current
sum is equal to zero, it is normal to measure only two-phase currents, for example,
(ias, ips). Step 5) and 6) are practically merged into a single step (e.g. space
vector modulation). It should be emphasized that the forward (abc — dg) and
reverse (dq — abc) transformations are indispensable in the field-oriented control,
and that a microcontroller performance needs to be high enough to finish all required
computation within the current loop bandwidth.

A detailed control block diagram for the rotor field-oriented scheme is shown
in Fig. 5.7. The current control part is based on (5.21) and (5.22), and the slip is
calculated according to (5.16).

In the rated speed range, the flux level is maintained constant, but it is reduced as
the speed increases (field-weakening). The field reference command, A5 is depicted
as a flattened mountain shape.
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Figure 5.7: Control block based on the rotor field-oriented control scheme.

5.3 Stator Field-Oriented Scheme

The stator field-oriented scheme is the control method of aligning the d—axis of
the frame with the stator flux. Thus, the ¢-axis stator flux is zero, i.e., Ag; = 0.

Therefore, it follows from (4.21), (4.22), (5.4), and (5.5) that
L,

e _ e -e
dr iz ( ds — O-leds)7
m
L
e _ r e
)‘qr = —EO'LSZQS,
ie — 1 )\e o LS ie
dr Lm ds Lm ds»
e _ LS -e
gr = Lmzqs.

(5.23)
(5.24)
(5.25)

(5.26)

The stator flux and slip equations can be derived by substituting (5.23)—(5.26) into

(4.19) and (4.20): From the rotor d-axis equation,

0 = rpig. +pAg — ws Ay,
r . L , L .
= ﬁ( gs - lefls) +pﬁ( fls - aLSZzs) + ﬁwslaLSzgs
1

= ?( Zs - Lsifls) +p()‘25 - O-Lsifls) + wSlo’LSiZs

T

1 1 ) .
= (? +p) 38 - LS(? +PU)Z§S + wslaLsZSS

T T
we obtain )
. (op+ —)Ls . oLgig
ds — 1 lds — 1 Wsl -
p Tr Tr

(5.27)
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From the rotor g—axis equation,

0 = rpig, +pAg +wsg,
rrLg . L . L .
= — £ Szgs —p—Lr JLSZZS + —LT ws1(Ags — 0 Lsigy)
m m

= —Lgigs — pTr0Lsigs + Trws(Ags — 0 Lisigy)

we obtain [1]

o (% —|—pO’)LSi28 _ (p+ o‘rr) qs 2
YT N oLyt da e (5.28)
ds $%ds oL. 245

Note that flux and slip equations are not decoupled in the stator field-oriented
scheme. Specifically, wg is involved for flux calculation, (5.27), and A, in turn,
for slip calculation, (5.28). Further comparing (5.28) with (5.16), the stator field-
oriented scheme is less advantageous than the rotor field-oriented scheme, since the
former requires current differentiation. Hence, the rotor field-oriented scheme is
commonly used in practical applications. The torque equation corresponding to the
stator reference frame is T, = P S AGslgs

5.4 IM Field-Weakening Control

As 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.

5.4.1 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,.x. Then,

st—i_zqs < I2

max-*

(5.29)

Thus, the current limitation is described by a circle in the (ig,, qs) plane.
Let Vinax be the peak value of the maximum phase voltage, Note that Vijax =
Vpc/v/3 in the space vector modulation, where Vp¢ is the DC link voltage. The

voltage limit is
v 402 < V2

qs — Ymax"

(5.30)

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 (5.17)
can be rewritten as

Vis = Tslgs — weo Lgigs, (5.31)
Vgs = Tslgs +Welsig (5.32)
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By substituting (5.31) and (5.32) into (5.30) we obtain an ellipse:

e 2 e 2 2
T'slqs . S . Vmax
< “ +L5z§s> + (”d —0L5228> < . (5.33)

2
e We

A further simplification is made by neglecting the stator resistance. The major effect
of stator resistance appears to be a clockwise rotation of the ellipse. However, as
the voltage drop over the stator resistance is relatively small in the field-weakening
region, it is neglected. Then, we have

Z'e 2 7€ 2
ds 4O < 1. (5.34)

Note that % < WZ“;‘"E‘S, since 0 ~ 0.1. That is, the major axis lies on the i -axis,
whereas the minor axis lies on the i -axis. Hence, (5.34) has an upright shape,
as shown in Fig. 5.8. The center of the ellipse is the origin, which implies that as
the frequency increases, the voltage constraint will shrink towards the origin. The
machine can operate only in the intersection between the current limit circle and
the voltage limit ellipse, i.e, in the overlapping area between the current circle and
the voltage ellipse.
With the rotor field-oriented scheme, the torque equation is expressed as
2

= ;’J;LLqu (5.35)
Hence, constant torque curves appear as parabolic curves. Fig. 5.8 shows the current
and voltage limits with several constant torque curves.

5.4.2 Field-Weakening Control Methods

To exploit the maximum power capability of the machine, the maximum voltage and
current should be utilized. Thus for the maximum power operation, the operating
points need to be determined on the intersection points of the voltage and current
limits. Note again that the current limit circle is invariant to the speed, whereas
the voltage limit ellipse shrinks as the speed increases. Therefore, the operating
points migrate along the circle to the left (Point A — Point D of Fig. 5.8). Along
this migration, the torque reduces, thereby it is represented by a parabola curve in
interval (A, D) of Fig. 5.9. If the speed is increased further, the voltage ellipses are
separated from the circle. In that speed range, only the voltage limit is activated
and the current reduces with speed. The typical profiles of voltage, current, torque,
and flux in the field-weakening region are shown in Fig. 5.9.

Constant Torque Limit Region

The constant torque region indicates the speed range from zero to a rated speed.
In this region, the maximum torque is limited by the maximum stator current.
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Figure 5.8: Current and speed limits with constant torque curves.
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Figure 5.9: IM characteristics in constant torque and field-weakening region

However, the power increases with the back EMF. At the rated speed, the motor

terminal voltage reaches the limit.
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Constant Power Limit Region

As the frequency continues to increase, the voltage ellipse shrinks while the max-
imum current level, I, .y, is maintained. Hence, the current vector moves along
the (current) circle from A to D. At this time, the torque reduces inversely to the
increase of speed, achieving constant power. Along the contour, the d—axis current
reduces, incurring reduction in the d—axis rotor flux. Since the voltage and the cur-
rent remain constant, power is also constant (assuming unity power factor). Thus,
this region is often called the constant power limit region. In this region, the torque
is inversely proportional to 1/w.

Constant Power xSpeed Limit Region

As the frequency increases further above point D, the voltage ellipse shrinks inside
the current limit circle, so that the current limit is no longer activated. In this region,
current also reduces. Therefore, torque reduction is accelerated. Representing torque

as Te = kigig,
e 2 + ole 2 _ Vinax 2
ds T\ ki, weLs)

2
2 oT, 2071,
i —i—( - ) >

s ki€,

Since

it follows that

Vinax \ > _ 2
> —oT,. .
<%LS> > 2o (5.36)

In the above derivation, inequality, A2 + B? > 2AB was utilized. Therefore, torque
reduces in proportion to 1/w? in this region.

5.5 Speed-Sensorless Control of IMs

To get the speed measurement, speed sensors such as encoder or resolver should be
utilized. However, installing the speed sensor is sometimes difficult due to environ-
ments or cost reduction. For example, in some cranes where the distance between
the motor and the inverter is several tens of meters, the use of encoder is not easy
since the encoder signal attenuates and deteriorates by the environmental noise. In
some home appliances, cost pressure inhibits the use of encoders. In the following,
several sensorless methods are illustrated.



122 AC Motor Control and Electric Vehicle Applications

5.5.1 Open-Loop Stator Flux Model

It follows from the stator voltage equation (4.11) that the stator flux is obtained by
integrating vy, — Tsigys 1€,

18 S S
Adqs = / (qus - Tsldqs) dt? (537)

where j\zqs is the stator flux in the stationary frame.
However, the integrator is easily saturated by a small DC offset, so that a first

T0 _ 1 : .
order filter o5 ¥ = 57177 18 used:

70 a + Adqs = T()(ngs — rsiflqs)' (5.38)

It is obvious the filter behaves like an integrator for frequencies higher than the
corner frequency, 1 / To- It is obvious that the model becomes inaccurate when the
frequency reduces to values around the corner frequency. The gain then reduces
and, more importantly, the 90° phase shift of the integrator is lost. This causes an
increasing error of the estimated field angle as the stator frequency reduces, which
finally makes the system unstable [2]. The estimated stator flux is used for obtaining

the rotor flux: I
s s .
Adqr = Lir (Adqs — ULSIqu) . (539)
m

Finally, the rotor flux angle estimate 6, is obtained such that

X s
0, = tan! <Aqr> . (5.40)

s
)\dr

The whole rotor flux estimation scheme is depicted graphically in Fig. 4.3. The
current controller can be implemented based on the frame of e/%.

Another drawback of this scheme is that it is sensitive to the change of stator
resistance. Stator coil resistance increases with the temperature, and the variation
range is 1:2. Therefore, the estimation error due to rs is prominent in the lower
frequency area (1 ~ 3Hz) where r[ij, | is relatively large compared with [vays|.

5.5.2 Closed-Loop Rotor Flux Model

Two rotor flux estimates are obtained from the stator and rotor models, and an error
is taken from the two flux estimates. The error is utilized for adjusting the rotor
speed estimates. Since the dynamic models are used, this method is often called

MRAS method [2].
In the rotor frame, the rotor voltage equation is given by

ANy,
dt

T .
qur - rTldqr +
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To transform to the stationary frame, we multiply e/%~. Then, it follows that

: . od
ej‘grvgqr = rrejeTlqu + ejera <e]9’“e JGT)\QW)
. : dAg
Vilqr = rrlflqr +]wr flqr + dth
S
r . . d
= LL( zqr - Lmlflqs) + Jwr éqr + dth
T
Therefore, the rotor flux in the stationary frame satisfies
dj\; Qs X Qs ]
Tr dtqr + Adqr = —]wTTrAdqr + LmquS. (541)

Note that in the stationary frame the mechanical speed w, appears instead of wy
<R
We denote by Ay, the estimate of the rotor flux obtained by utilizing (5.41),

.S
and by Ay, the estimate of the rotor flux obtained by utilizing (5.38). Note that

S R
Adgr = Adgr if both estimations are correct. If they do not match, the rotor flux
estimate based on (5.41) is thought to be incorrect. The angle difference between

S R
Aggr and Ay, may be captured by

R S
ex = >‘qu X )‘dqr

R S .
. = ‘)‘qu‘ ’Adqr’ S 67

where ¢ is the angle between the two flux estimates. Error, ey is used for correcting
the rotor speed estimate, @w,. A method of updating speed estimate, w,, is to use
the PI type controller, i.e.,

1
oy = (k:p + k:) ex. (5.42)
S

The speed estimate is used in the rotor flux model, (5.41), making a closed-loop.

The closed-loop rotor flux model is depicted in Fig. 5.10: Two models yields
two rotor flux estimates, and their angle difference is taken by utilizing the outer
product. Passing the angle error through a PI regulator, a rotor speed estimate is
obtained. The speed estimate is used 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 it also utilizes the same integrator type
estimator, (5.38).

5.5.3 Full-Order Observer

Hereforth, a rotor speed estimation method is illustrated that utilizes a full-order
observer [3]. Define a stator vector by

i€
x:[@qs} ER*.
dqr
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Stator model
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Figure 5.10: MRAS for rotor speed estimation.
Recall from (4.41) that the IM dynamics are
d e
X = A(wr)x + Bvgg,, (5.43)
%, = Cx (5.44)
where
(e 1 =DV 4 T Lm (Ly4 ]
A(w ) — oLs oTr We oL .Ls \ 1 Wr
' Lo —11 —w)J |’
Tr el (we — wr)
1 |
B = [JIE)S}’ and C=[I 0].

Note that the IM model, (5.43) and (5.44), is written in the general synchronous
reference frame. However, if the reference frame is oriented to the rotor flux and
w, is available, the electrical angular speed may be calculated according to (5.16)
as We = wr + 2—:%’;2‘28. Therefore, w, is regarded as the only unknown parameter in

the system matrix, A, and we denote it by A(w,) to show the w,-dependence.

An adaptive observer should be constructed to derive an estimate, w, of w,. A
full-order observer for (5.43) and (5.44) can be constructed such that

% = A(@)%+Bv5, + G(ig, — Cx), (5.45)

=

where G € R**? is an observer gain matrix. Let the observer error be defined by
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Ax = x — x. Then, the error equation turns out to be

%Af{ = (A(wy) — GO)Ax + (A(w,) — A(wr))%,
L JX;
= (A(wy) — GC)Ax + Aw, | oLrLs 2270 | (5.46)
- dqr

where Aw, = w, — @,.

If w, is a constant and (A, C) is an observable pair, then there is a gain matrix
G € R**2 matrix such that all the eigenvalues of (A — GC) have negative real parts.
Then, the convergence of the autonomous part of (5.46) is established. But in the
time-varying case, the convergence argument is more complicated. Suppose that a
symmetric matrix Q(t) € R satisfies z7Q(t)x > apzx for all z € R, t > 0,
and some ag > 0. Then, Q(¢) is called positive definite.

Lemma 1. An equilibrium, 0 of Az = (A(t) — GC)Aw, is uniformly asymptotically
stable, if and only if there exists a positive definite matrix, P(t) € R*** satisfying

P(t) = —(A(t) - GC)'P(t) - P(t)(A(t) - GC) - Q(t)

for each bounded positive definite matrix, Q(t) € R**%.

Speed Update Law Based on Full-Order Observer

Suppose that w, is in a small neighborhood of w,¢ and \%wr| is bounded for all ¢ > 0.
Choose a Lyapunov function candidate such that

1
V = AxXIP()Ax+ —Aw?.
2y
Then,
L
. T T 7-] Le 1 I3
YV = —Ax QAx + 2Aw,Ax" P(t) ULT%S Adgr — —Aw @y (5.47)
- Y
To make the right-hand side less than or equal to zero, it should follow that

Ly,
2AxTP(t) [ULrLs J] Xagr — L =0,
—-J ~y

That is,

: T Y] 5

Wy = 29Ax" P(t) "5 Ndgr- (5.48)
Further, assume that there is no error in the rotor flux estimate, i.e., S\qu = Ndgr-

Then, the third and fourth components of Ax are equal to zero. If P(t) is an identity
matrix, (5.48) is simplified as [3]

Lb"“ - 7/(7;23)‘27“ - igs)‘ilr> ) (549>
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where 7/ > 0 is a constant.

Remark. The speed update law, (5.48), yields
Y =-Ax"QAx < 0.

Note that V is not negative definite in the augmented space [Ax”, Aw,|T € R?.
Therefore, (5.48) does not guarantee asymptotic convergence. For asymptotic con-
vergence, we may need LaSalle’s theorem [4].

5.6 PI Controller in the Synchronous Frame

To implement the field-oriented control, coordinates should be changed two times:
First, measured current values are transformed from the abc to the synchronous dg-
frame. Then the command voltage vector is computed by the PI controllers, (5.21)
and (5.22). Second, the voltage vector should be transformed back into the abc-frame
to provide the inverter gating signals. Fig. 5.11 shows the current controller involving
coordinate transformations. The question here is what the controller looks like if it
is seen from the stationary frame. In this section, the PI controller established in
the synchronous frame is interpreted from the view of stationary frame [5],[6].

777777777777777777777777777777777777777

ek gk ' . - 2 =
W, tq i  eg €g Vg ’U:l,i _ ; Vg, Vp, Ve
—p > H(S) TS EZJG . q —
+ K | abc
e e
T T
ds> bq e_j{_),‘_ dg
abc éaa ’ib, iC

Synchronous reference frame

Figure 5.11: Current controller implemented in the synchronous reference.

Consider the transformation of stationary current error ey, ey into the error e,

¢ in the synchronous frame:

€q

eg| _ | cos(wt) sin(wt)| feg| _ | cos(wit)eg + sin(wt)eg
e —sin(wt) cos(wt)] |eg —sin(wt)e + cos(wt)ey |

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

[vfl] _ {cos(wt) —sin(wt)] [ hx (cos(wt)ed) + h * (sin(wt)e;) ]

v, sin(wt) cos(wt) | [—h* (sin(wt)ey) + h* (cos(wt)e;)



Field-Oriented Controls of Induction Motors 127

cos(wt)[h x (cos(wt)ey)] + cos(wt)[h * (sin(wt)ey)]

+sin(wt)[h * (sin(wt)ey)] — sin(wt)[h * (cos(wt)ey)]

= . (5.50)
sin(wt)[h * (cos(wt)ey)] + sin(wt)[h * (sin(wt)e;)]
— cos(wt) [h x (sin(wt)ey)] + cos(wt)[h * (cos(wt)eg)]

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/“! + e779%) /2 and sin(wt) = (/! — e799t) /23,
and the frequency shifting property of Laplace transformation, we obtain

Fi(s) = L{hx(cos(wt)eg)}} = H(s)- %[Eé(s +jw) + Eg(s = jw)]

Fy(s) = L{hx(sin(wt)es)}} = H(s) ;j[E5<s+jw>—E;<s—jw>],

where H(s) = L(h), Ej(s) = L(ey), and E;(s) = L(ef). Therefore,

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

1
2
i (H (s + jw) B (s + j2w) + H(s + jw) E5(s)

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

£ {sin(wt)[h  (sin(wt)es)]} = 21],[F2(s+ jw) = Fa(s — juw)]

= [H(s + jw)By(s + j20) — H(s + jw) By(s)
— H(s — jw)Ej(s) + H(s — ju)Ey(s — 2]
Then the d—axis part of the first component of (5.50) is equal to
L{cos(wt)[h * (cos(wt)eg)]} + L {sin(wt)[h * (sin(wt)eg)] }

_ % [H (s + jw) + H(s — jw)] Ej(s).

Similarly, it follows for e, that
L {cos(wt)[h * (sin(wt)ey)|} — L {sin(wt)[h * (cos(wt)e))]}

- _21] [H (s + juw) = H(s — jw)] E3(s).

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

Vi(s) = L{vg}
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= G+ ) + H(s = )] Eil) = 5 [H(s + ) = His = )] (s
K; 1 1 K; 1 1

- = 4 — | B3(s) — — — — — | Eg(s)
2 |s+jw  s—jw 27 |s+jw s—jw| ¢

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, + Ki/s,
it follows that

K.+ KZ'S Kiw
Vi(s) Pls? 4+ w? 52 + w? E5(s)
- . (5.51)
VE(s) Kiw Kis E3(s)
q - K q
52 + w? r Tz + w?

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
is highly sensitive to the ones that would appear as constants in the synchronous
frame. Fig. 5.12 shows an equivalence. The pioneering work for this transformation
is shown in [6].

1
H(s)=Kp+ Kj—
s

I
¢

5 —— € 7 Ya — s

eq— [ coswt  sinwt] 1 P* ——[ coswt sinwt >V
2 ¢ /1 Y4 2

ey » | —Sinwt COSwt | > hx » [—Sinwt COSwt | - vl

] i I\'.‘. f'.u _ | /S

d— Kp+ — -l-‘t»? 5 :_ s —Va

E “{; ? Kiw K K;s — V;;
S ‘f’+52+w.2_

Figure 5.12: Transformation of a PI regulator in the synchronous frame into the
stationary frame. Block (a) is equivalent to block (b).

Exercise 5.1
Show that
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Problems

5.1 Consider an IM with the parameters

Rated power 10 hp (7.46 kW)
Rated stator voltage 220V

Rated frequency 60 Hz

Rated speed 1160rpm
Number of poles P=6

Stator resistance, 7 0.33 Q2

Stator leakage inductance, L;; | 1.38 mH

Rotor resistance r, 0.16

Rotor leakage inductance, Ly | 0.717 mH
Magnetizing inductance, L, 38 mH
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5.2

5.3

5.4

a) Determine the rated current if PF 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, = 10A.
Calculate I s at the rated condition.

c) Calculate Iy and A4, and draw a current vector diagram.

d) Using the dg currents obtained in b), calculate the slip, s at w, =
377rad/sec when the motor is controlled with the rotor field-oriented
scheme.

e) Calculate the rated torque.

An IM is controlled with the rotor field-oriented scheme. Rotor resistance
varies along with the rotor temperature, thereby rotor time constant changes.
Let 7., be the nominal rotor time constant used for the field-oriented control,
and let 7, be the real rotor time constant. Assume that rotor flux, A\, is

the same for both cases, and denote by 7y, Zzs the stator currents in the e/
frame, where 0, is the angle calculated based on 7,,.

a) Using the slip equation, determine angle error, Af, = 0, — ..

b) Show that
. __s€ . ~ .
A12(13 = ldqs - lzqs ~ JAelilqs'

¢) If 7 < 7pp, the real slip is larger than the estimated value based on 7,.,.
Correspondingly, larger torque will be produced. Similarly if 7, > 7.,
smaller torque will be produced. Discuss the stabilizing action of the
field-oriented control using the result obtained in b).

Show that I
)‘f‘ = ﬁ( Sls - ULSl(eis)'
Consider equations, (5.27) and (5.28) for the stator field-oriented scheme.

a) Setting p = 0 and eliminating i, obtain a quadratic equation in
Wgl-
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b) Obtain a relation so that the discriminant is not negative.
¢) Using T, = (3P/4)\3iS,, calculate the upper bound of |T,|/|As|?.

5.5 Consider the IM in Problem 5.1. Assume that I,,4, = 23.3A(rms). Calculate
the maximum torque at w, = 377rad/sec by utilizing (5.29), (5.34), and (5.35).

5.6 Derive (5.47) and (5.49).
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Chapter 6

Permanent Magnet AC Motors

Permanent magnets (PMs) eliminate the use of field exciting coils and slip rings for
current conduction. Due to the absence of field winding inside the rotor, PM motors
have low inertia. The field strength is so high the motor volume can be reduced.
Further, since there is no copper loss of the secondary winding, the PM motors
have higher efficiency than induction motors. Also, permanent magnet synchronous
motors (PMSMs) are advantageous in incorporating the reluctance torque in the
field-weakening range, so that they can be designed to have a wide constant power
speed range (CPSR). As a result, PMSMs have higher power densities than any
other types of motors.

As the greenhouse effect becomes a serious concern, the efficiency of home appli-
ances becomes more important than ever. Due to recent reduction in PM material
cost and growing concern for greenhouse gases, PMSMs are widely used in home
appliances such as refrigerators, air conditioners, vacuum cleaners, washers, etc.
Also, hydraulic actuators in vehicles and airplanes are being replaced by PMSMs
for higher fuel efficiency. Furthermore, PMSMs are popularly used as propulsion
motors for hybrid electric vehicles and ships.

6.1 PMSM and BLDC Motor

Three-phase AC motors are simply described as a three-phase circuit consisting of
inductors and EMF’s as shown in Fig. 6.2. In the equivalent circuit, the motor
terminal voltages (source voltages) are denoted by v,, vy, and v., and the back
EMFs by eq, e, and e..

PM motors can be broadly classified into two categories according to the patterns
of back EMFs. 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 (BLDC motor). The back
EMF patterns are shaped depending on the magnet and cavity arrangements and
the coil winding structures. In the following section, it will be shown how constant

133
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Figure 6.1: Taxonomy of AC motors.

torque is developed with AC sources.

L
3 phase

Va AC motor/

Up Ve \

Figure 6.2: Simplified equivalent circuit of three-phase motors.

6.1.1 PMSM Torque Generation

The patterns of back EMF and current waveform can be easily understood in the
light of the torque to current relationship. However, both PMSM and BLDC mo-
tors have the same design goal, which is to establish a linear relationship between
torque and the phase current magnitude, independently of rotor angle. Fig. 6.3
shows how a constant power is made from a PMSM. The PMSM phase windings
have balanced three-phase sinusoidal patterns: [eq, €p, €c] = [E cos(wet), E cos(wet—

2{), E cos(wet — 4%)] Assume that an external three-phase power source pro-
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vides balanced three-phase sinusoidal currents: [iq, iy, ic] = [I cos(wet), I cos(wet —

%’r), I cos(wet — 4%)] Then, the total electrical power is equal to
Piot = eqlq + epip + ecle
2 4
= Elfcos®(wet) + cos” (wet — ?ﬂ) + cos? (wet — ?ﬂ)]
EI 9 A

= 7[1 + cos 2(wet) + 1 + cos 2(wet — g) + 1+ cos 2(wet — ?ﬂ)]
_ 3EI

= 5

Py, = eqiq = EI cos? wit

Prot = Pa+ Py + Pe

2
\/B—b\/ P, = eyiy, = EI cos®(wt — 5

.m-"' Za

.,

2 ™

Figure 6.3: Constant power generated from three-phase sinusoidal currents and
sinusoidal back EMFs.

The motor converts the electrical power, Pt = eqiq + epip + €.l into the me-
chanical power. Thus, the shaft torque is given by dividing the power by mechanical
speed:

Pt 3EI

T, = .
¢ W 2w,

(6.1)

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

Wy

T, 5

(6.2)

Note that the torque is proportional to only the current, like in a DC motor.

Exercise 6.1
Consider a PMSM which has the following back EMFs: [e,, €y, €] = [E cos(wet),
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E cos(wet — 2F), E cos(wet — 4T)]. Assume that an external power source supplies

balanced three-phase sinusoidal currents: [iq, ip, ic] = [ cos(wet — @), I cos(wet —

2 — ¢), I cos(wet — 24T — ¢)]. Determine the total electrical power and torque when

the rotor speed is w;..

Solution
Electrical power is
. . ) El
Piot = eqiq + epip + ecle = — cos ¢.
Thus torque is equal to T, = % cos ¢ = 32&[ cos ¢. [ ]

Figure 6.4: Four pole BLDC motors with 120° coil span and PMs covering 180°
pole arc in electrical angle.

6.1.2 BLDC Motor Torque Generation

Fig. 6.4 shows a schematic diagram of a typical BLDC motor with 120° coil span and
PMs covering 180° pole arc in electrical angle. Therefore, the back EMF exhibits a
trapezoidal waveform with 120° flat top (bottom) regions. Suppose that an external
power source provides a constant phase current when the corresponding back EMF
maintains constant peak values over 120° periods. Further, assume that the phase
current is zero elsewhere, i.e., the current is regulated to be zero during the back EMF
transition. Each phase produces a square shaped periodic power which conducts for
120° per a half period. Since each phase is shifted by 120°, the sum of phase powers
turns out to be constant. At each instant, one phase power is equal to zero, while
the other two are EI. Hence, the torque will be proportional to the current:

P OFT
T, = - = 21
Wy Wy

Fig. 6.5 shows how a constant power is made from a BLDC motor.
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Po = egiq
\
'D:') = Bbi; v Piot = Pa+ Py + P
ET
A > 2E1
Fe = ecie j

Figure 6.5: Three-phase trapezoidal back EMFs and square wave currents making
a constant power.

Hall Sensors and Inverter for BLDC Motors

Fig. 6.6 shows the location of three Hall sensors in a 4-pole, 6-slot BLDC motor, and
the Hall sensor signals along with phase currents. BLDC motors employ three Hall
sensors, and they are displaced by 60° (120° in electrical 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: (Hall A, Hall B, Hall
C)=(1,1,0), (1,0,0), (1,0,1), (0,0,1), (0,1,1), and (0,1,0). Fig. 6.6 shows instances
when the sensor signal transition occurs. Note for example that Hall sensor “A”
detects the edge of the north pole of a PM at an instant when the phase “A” winding
starts to experience constant rotor flux linkage. That is, the signal transition occurs
when the back EMF starts to change from the peak values.

Exercise 6.2
Discuss why e, is low and e, is high in the interval of (Hall A, Hall B, Hall C)=(110).

Each set of Hall signals indicates one of six sector positions, based on which
the gating signals are generated. An inverter circuit and PWM signals for a BLDC
motor are shown in Fig. 6.7. The voltage level is determined by the on-duty interval
of the PWM.

Torque Ripple of BLDC Motors

Normally torque ripple of BLDC motors is about 4 ~ 5% in a low-speed region, while
it is less than 1% in PMSMs. However, the torque ripple problem of BLDC motor
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HallB ——— | i

| " L
Hall C ! i |
110 100 101 001 011 010

[

Figure 6.6: Three Hall sensor signals of a 4-pole, 6-slot BLDC motor.

Hall
Sensor | 110 100 101 001 011 010
Signal
PWM1 PWM3 PWM5 PWM4
Vi - 1 : :
T PWM1

Ed
PWM6

Y =pwma_J ] Pwmes, S JPwm2
PWM3 |
PWM2

P A

Figure 6.7: Inverter and PWM gating signals for the BLDC motor.

becomes serious as the speed increases. It is because the current cannot change

sharply as shown in Fig. 6.5.
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. Based on the
motor model shown in Fig. 6.2, the rate of current change (for example, a-phase) is
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determined by

== (6.3)

dia o ’% - kewr’
L

where k. is the back EMF constant and V. is the inverter DC link voltage. In the

low-speed region, Vy./2 > kew, so that |%‘\ is high during current change. But in

the high-speed region, Vj./2 =~ kew, so that |%| is low.

Fig. 6.8 shows schematic drawings illustrating how torque ripple is generated:
The speed of column (b) is about two times higher than that of column (a). The
current slope decreases as the speed (back EMF) increases. Therefore, the power
profile of each phase looks more trapezoidal in the high-speed region, and their sum,
Piot = eqiq+epip+ecie, is no more constant. It has dents which deepen as the speed
increases. Fig. 6.8 (a-3) and (b-3) show the torque profiles obtained by T, = Pjot/ws-
Note that the torque ripples (dents) are larger at a higher speed and that the ripples
constitute 6t"-order harmonics. Distortion in the back EMF shape or Hall sensor
position error also creates torque ripple.

6.1.3 Comparision between PMSM and BLDC Motor

PMSMs are better in speed and position accuracies than BLDC motors. Also,
PMSMs do not create torque ripple like BLDC motors. But the merits of BLDC
motors lie in simplicity and costwise competitiveness. BLDC motors are normally
used for low cost, low power (less than 5kW) applications such as blowers, material
handling equipments, home appliances, etc.. Comparisions between BLDC motors
and PMSMs are listed in Table 6.1.

Table 6.1: Comparisions Between BLDC motors and PMSMs

BLDCM PMSM
Back EMF Trapezoidal Sinusoidal
Phase current Square Sinusoidal
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
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Figure 6.8: Torque ripples of a BLDC motor due to reduced % at (a) low and (b)
high speeds: (a-1), (b-1) back EMFs and phase currents; (a-2), (b-2) power of each
phase; (a-3), (b-3) shaft torque.

6.1.4 Types of PMSMs

Fig. 6.9 shows cross-sectional views of four pole surface mounted PMSMs and interior
PMSMs. The difference is the location of PMs, which are marked by dark areas. If
PMs are mounted on the surface of the rotor (Fig. 6.9(a), (b)), it is called surface
mounted PMSM, in short SPMSM. If PMs are buried in the cavities of the rotor core
(Fig. 6.9(c), (d)), they are called interior PMSM, in short IPMSM. In Fig. 6.9 (b),
PMs are inserted on the groove of the rotor surface, which is called an inset magnet
motor. The inset magnet motor, though the magnets are on the surface, has different
reluctances like IPMSMs. Specifically, the g—axis inductance is larger than the d—
axis inductance. With the flux-concentrating arrangement (Fig. 6.9(d)), the air gap
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(a) (b)

() (d)
Figure 6.9: Typical PMSM structures: (a) surface magnet, (b) inset magnet, (c)
interior magnet, (d) interior magnet (flux-concentration).

field density can be increased higher than that at the surface of PMs. For example,
it is possible to achieve 0.8T air gap field density with 0.4T ferrite magnets if a flux-
concentration arrangement is utilized. It is important to note that none ferrormagnet
material (e.g. stainless steel) needs to be used at the shaft area to penalize flux flow
through the center part.

A common problem in SPMSM lies in the methods of fixing PMs on the ro-
tor surface. Glues are widely used, but they have aging effects under the stress
of heat cycles and large centrifugal force. If stainless band is used for fixing and
protecting PMs, then loss will take place on the surface of the stainless steel due to
the eddy current caused by slot harmonics and the inverter PWM carrier. Further,
the protecting devices like glass fiber or stainless steel require a larger air gap. In
IPMSMs, no fixation device is required since PMs are inserted in the cavities. Fur-
ther, PMs are protected from stator MMF harmonics and slot harmonics, allowing
for use of cost-effective rectangular shaped magnets. Differences between SPMSM
and IPMSM are listed in Table 6.2.
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Table 6.2: Comparisions 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

6.2 PMSM Dynamic Modeling

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 [2]. That is, the permeabilities are close to one
although they can retain high residual field density. From the magnetic reluctance
view point, they can be treated the same as a vacuum. Since the permeability
of widely used PMs are close to unity, PMs look like air in the view of magnetic
reluctance. Therefore, the reluctance profile changes whether the PMs are set on
the rotor surface or in the cavities of the rotor. The reluctance variation is reflected
in the Ly and L, difference.

SPMSM Inductance

Consider a SPMSM shown in Fig. 6.10. The two diagrams represent the same motor,
but with two different flux paths corresponding to the d and g phase windings. The
PMs are denoted by dark arcs. The lines shown in Fig. 6.10 (a) denote d-axis flux
corresponding to the d—axis current. Note that the d—axis windings are positioned
along the g—axis.

Applying Ampere’s law to the d—axis current and integrating along the desig-
nated loop in Fig. 6.10 (a), it follows that

B B B

—2hpy, + —29 + —Veore = Nig, (6.4)
npm Ho HFe

where pupys is the permeability of the PM and £, is the total length of flux paths

in the steel core. However, pup. = 4000y in the case of electrical steel. Therefore,

%Ecme is relatively small, thereby often neglected. Since ppps = 1o, we obtain

polN

B =5y (6.5)

Further, let A be the air gap area through which the flux crosses. In this case,
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A~ %ﬂ'Drlst, where D, and [y are the diameter and stacked length of the rotor,
respectively.

Note that N® = NB x A = Lgig, where N is the number of turns of the d—axis
winding. Then, the d-axis inductance is

M0N2A
Li=—— 6.6
= g+ B 00
The loops shown in Fig. 6.10 (b) describe the g—axis flux. Note that the flux
does not pass through PMs. Applying Ampere’s law, we obtain L, = 2‘(‘%};’4) which

is the same as Lg, i.e., Lg = L.

The presence of PMs does not affect the reluctance of the flux loops. In other
words, the effective air gap is uniform along the rotor circumference in SPMSMs.
Therefore, Ly = L.

d axis d axis

g axis q axis

Nig .
hm qu hm + g
g
(a) (b)
Figure 6.10: Flux paths of SPMSM: (a) d—axis flux path, (b) ¢g—axis flux path:

(Lqg = Lg).

IPMSM Inductance

The reluctances are different depending on the flux paths in IPMSMs. According to
Fig. 6.11 (a) and (b), PMs are encountered following the d—axis flux, whereas no PM
is found along the g—axis flux. Hence, the d—axis reluctance is greater than that of
the g—axis, i.e., the d—axis inductance is smaller than that of the g—axis. Specifically,
we obtain

polN2A
19 6.7
/L()NQA
L, = ——. .
a % (6.8)

Thus, Ly < L, for this type of IPMSM. This inductance asymmetry generates the
reluctance torque, and the reluctance torque contributes to increasing the shaft
torque with negative d-axis current. One can make an IPMSM with Lg > L, but
it is rarely used.
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d axis d axis

g axis g axis

¥
4 hom, .
v Nig Nig
(a) (b)
Figure 6.11: Flux paths of IPMSM: (a) d-axis flux path, (b) g—axis flux path:

(Ld < Lq).

6.2.1 SPMSM Voltage Equations

The dynamics in the abc-frame is used sometimes for computer simulation. The
SPMSM voltage equation is described in abe-frame firstly, and then description in
the dg-frame follows. In the synchronous motor, 6, = §9T and w, = gwr. Firstly,
the theory will be developed for two-pole motors (P = 2). Thus, 6 and w are used
without subscripts, or 6. and w, are used for general case (high pole machines).

SPMSM Dynamics in the abc Frame

The first thing in deriving the dynamic model is to obtain the flux linkage of the
stator winding. Two elements contribute to forming the flux linkage: the stator
current and rotor flux. Note, however, that the contribution of rotor flux to a phase
winding varies as the rotor rotates, i.e., the flux linkage is a function of . Fig. 6.12
shows how the rotor flux links to a-phase winding: Since the rotor flux linking is
maximum at § = 0, (b) and zero at § = 7/2, (¢). Therefore, the fundamental
components are described by cosine functions. The stator flux linkage of SPMSM is
described as

)\a Lms + Lls - %Lms _les i cos
)\b — _%Lms Lms + Lls _§Lms ib + 'QZJm COS(G - 277/3) . (6'9)
A —5Lims —%Lims  Lps + Lis| |ic cos(0 + 2m/3)

= Labes

Recall that SPMSMs are considered to have a uniform air gap from the view of the
magnetic circuit of the stator windings, since the permeability of PMs is close to one.
As a result, we have Lgp.s which is constant independently of the rotor position.
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Flux linkage

a

(b)

Figure 6.12: Change of rotor flux linkage to a-phase winding as the rotor rotates.

The voltage equation is given by

abc = s.a c _>\a c
Vab Tslgbe + a b
d sin
= Tsiabc + Labcsaiabc - wwm Sin(e - 277/3) . (610)
sin(0 + 27 /3)
In the form of ordinary differential equation,
d sin 6
—labe = —rsL) dabe + wtpn L [sin(@ — 27/3) | + L, vape, (6.11)
sin(f + 27 /3)
where
5 2+7)? -1 3+~ 3+
Ligpes = 3 34y (2+9)°-1 347
Lms((2+’y) _3(2+7)_2) 3_1_,}/ 3‘|"7 (2+’7)2—1

and v = 2le/Lms. A schematic description is shown in Fig. 6.13.
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Va N I,
Vo™ S i
o, 0,

Figure 6.13: A MATLAB® simulation model for a SPMSM in the (a, b, c) frame.

SPMSM Dynamics in the Stationary d — q Frame

Using the transformation map fj, = % [fa(t) + ej%wfb(t) + e_j%”fc(t)}, Lopesiape of
(6.9) yields Lyig, , as was shown in (4.5). Here, the second part of (6.9) is transformed
as follows:

2 o 2 o 9
§¢m [cose + ej% cos(6 — ?ﬂ) + 6*32? cos(6 + ;)]

- 27

— g%wm [e]p + e*je + (ej(97§7r) + 671(9*%))637
_|_(ej(9+§77) + e*j(9+%7"))e*j2§}
= §%¢m [eje eI 4 el i3 4 o 4 ej("+§”>]
21 . .
= 35¥mde’ = Yne’’.

That is, the rotor flux vector appears as a complex vector with magnitude 1, and
angle 6. As the angle increases, the flux vector rotates with the center at the origin.
Hence, the flux linkage in the stationary dg-frame is given by

Ny = Lsij, + tme’?, (6.12)
Aql iy cos 0
N T P 61

where L; = %Lms + L.
Then the SPMSM dynamics in the stationary dg-frame are given as follows:

d . ;
Vig = Tl + La g + jwtme”, (6.14)
Or, we have in the matrix form
d zj} Ts [zfl] Yrmw [— sin «9] 1 [vﬂ
— ] == T +— : 6.15
dt [zfl L |ig L, | cosf L, |vg (6.15)
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SPMSM Dynamics in the Synchronous Reference Frame

We consider transforming A7, into the one in a synchronous frame via multiplica-
tion by e 77, i.e., Adg = e‘je)\jq. That is, the dynamics will be described in the
coordinates which are aligned with the physical rotor and rotates at the rotor speed,
w. It follows from (6.12) that

dg = Lsig, +vm (6.16)
or = Ls| % 4+¢Ym .
[)\Z ig 0
Now, we embark on the voltage equation in the synchronous frame. The procedure
of transforming the voltage equation from the stationary into the synchronous frame
is given as follows:
e*jgviq = rse*jeiflq + e*jgpejee*jez\jq
Vig = 7l e p(e"AG,)
= 7sig, + e_jejweje)\gq + e—j%ﬁp)\gq
= rsig, +JwAg, + PAG,

. d, . .
= rig, + Lsalgq + jwLsig, + jwibm. (6.17)

Then, we obtain from (6.17) voltage equation for SPMSM

of = iyt Logiy - wL; (6.18)
. d . .
vg = Tsig+ L8$22 + wLgi§ + wihp,. (6.19)

Note again that wiy, 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 normal differential equation form, (6.18) and (6.19) are
written equivalently as [1]

d il (7= w][ig] @mw[0], 1 [vf
= || = | s | — | %] 2
ild = |5 —] ERS A (620

6.2.2 IPMSM Dynamic Model

In IPMSM, the inductance changes depending on the rotor position. The flux linkage
change is described by a sinusoidal function of the rotor angle, 6.

Flux Linkage of IPMSM

Consider flux linkage of a—phase winding for different rotor positions shown in
Fig. 6.14. Fig. 6.14 (a) shows different rotor positions for given flux loops of the
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a—phase winding. Note that the effective air gap changes, as the rotor rotates. The
effective air gap reaches its peak, when the flux lines cross the cavities at the right
angle. However, it reduces to the minimum value, when the lines do not cross the
cavities. A plot of the gap function, g(6), is shown in Fig. 6.14 (a). It is a periodic
function with a DC offset.

$ Air gap height

— pole pitch — o
1 (a)
—— = g — Y2 COS 20
—% 0 E Fis 9
(b)

Figure 6.14: Effective air gap and its inverse as a function of 0: (a) g(6), (b) 1/g(0).

Note on the other hand that the inductance is an inverse function of the air gap.
Note from Fig. 6.14 (b) that ﬁ can be approximated as

1
—— =9 — Y2 cos 20, (6.21)

9(0)

where 7y and 2 are positive constants. This kind of approximation is also found in
[1]. Tt is worthwhile to note the meaning of 26. Since the reluctance does not have
polarity, it shows two periodic changes per one rotor revolution.

Utilizing (6.21), the a—phase winding inductance is equal to

N2A
Lo(0) = MOW = Lyys — Ls cos 20, (6.22)
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where

N2A

Lms = Mo 2 70, (623)
N2A

L5 = Mo 5 Y2. (6.24)

Note that L, is the static component corresponding to the average gap length, and
Lg describes the reluctance component.

Extending the result to different phase windings, the stator inductance is de-
scribed as

Labes = Liabes — Lrlc(e)a (625)
where
cos 20 cos(20 —27/3) cos(20 + 27/3)
L,.(0) = Ls |cos(20 —27/3) cos(26 + 27/3) cos 20 . (6.26)
cos(26 + 27/3) cos 20 cos(20 — 27/3)

Note that Lgpes is the inductance corresponding to the uniform air gap which ap-
peared in (6.9), and that L,;.(0) is something that varies along with the angle. It
should be noted that (6.26) describes only the fundamental component of inductance
change. The total flux linkage is

Aas Tas cos 0
Abs | = [Labcs - Lrlc(e)] ips | + Um COS(G - 277/3) : (6'27)
Aes Tes cos(0 + 27/3)

Transformation of Reluctance Matrix

L,;. may be called reluctance matrix, since it results in reluctance torque in the later
part. Let AX = [AXg, AXp, AN = Luie(O)iase. Using £, = 2 [falt) + &/ fi(1)

+e ¥ fe(t)|, we consider mapping A\ into a vector in the complex plane. The
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desired vector follows from direct calculation [3]:
2 op -
2 [AA (t) + &7 AN (t) + efﬂ%mc(t)]
= §2L5 [(6329 +e72)i, + (63(2 ™) 4 (20 ))Zb + (63(26’+ ™)
+67](20+%7r))ic_i_ej%ﬂ(ej@@f%ﬂ) _+_efj(207%7r))ia +€j§7r(ej(20+§7r)
e IROTEMY G 4 5T (T2 4 eI, 4 e TET (05T IO 5T
+€—j§7r(ej29 eIy, +e—j%ﬂ(6j(29—%ﬂ) +€—j(29+%7r))ic]
= 172 [389'2%‘@ + 36705, 4 3ej<29+%”>z‘c]

2 73

3 0n 2 . ,
= §L5€]2€§ [ia + 6_3%”1'1, + eJ%”z’c}

3 .
= §L5€j26(i2q)* . (6.28)

where (ijq)* is the complex conjugate of iy . Note that the computation result is

remarkably simple.
It follows from (6.27) and (6.28) that the stator flux of IPMSM is described in
the stationary dq coordinate such that

I N |
by = Loty = 5 Lo (G,)" + me”” (6.29)
or
Al [Ls—3Lscos20  —3Lssin26 i cos 0
[AZ] a [ ~3L5sin20 L+ 3Lscos20) |if t¥mlGngl - (6.30)

By comparing (6.30) with (6.13), it is clear that 3 Lscos26 and 3 Ly sin 20 are origi-
nated from the rotor saliency.

IPMSM Dynamics in the Stationary Frame

Using (6.29), the stationary IPMSM dynamic model is obtained as

d
— A7
dt” %

o d 3 .
rfq + 2 (Lsigy — fL(;eﬂOﬁ o)+ Jme’?. (6.31)

s . .5
qu = rsldq +

Rewriting (9.68) in the matrix form, it follows that

vyl ., i . LS—%L(;COSZH —%L(ssin29 d iy
0 I [ —3Lssin20 Ly + 3Lscos20] dt |if

—3wL5{ sin 260 cos29] [ }_._ wm[ sin@] (6.32)

cos20  sin 26 cosf

This stationary model is useful for developing a signal injection-based sensorless
algorithm.
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IPMSM Dynamics in the Synchronous Reference Frame

Further transforming flux (6.29) into the synchronous reference frame, we obtain

s 3
(cilq = Lge Jeldq L(Seje( ) +m
. 3
= ledq 2L (ldq) +¢m7 (633)
or
Al [Ls—3Ls 0 < 1
R N I

By comparing (6.34) with the expression, (6.30), in the stationary frame, it is appar-
ent that 26 disappears in the synchronous frame, leaving the inductance asymmetry
between d and ¢ inductances.

Note that

. . B
jwAg, = JjwLsig, —]wiLg(lgq) + jwibm, (6.35)
. 3 e \x
pAg, = Lspig, — §L5(p1§q) ) (6.36)
Substituting (6.35) and (6.36) into the voltage equation (6.17), we obtain
)

vy = rsifi—l—w(L + L5> L —

- (130
e = » L L L 3L »
Vg = Tsigtw —=Ls | ig+ s+ 5L zq+W¢m.
Letting
3
La = Ls—5Ls
3
Ly, = Ls+ 2L5 )
we obtain the final voltage equation
e -€ d/llg N
Vg = Tslgt Ld% — (,L)quq (637>
'6
vg = Teig+ Ly— o 1+ WLgi§ + wibp, . (6.38)

Note again that coupling terms, —wLgig and wLgig, are originated from rotating the
coordinate and they make an interference between d and ¢ dynamics. In the normal
differential equation form, (6.37) and (6.38) are written equivalently as

A i) |~ wr] [i] _won [0] 25
dt |i§ —wpd -l gl Lg 1 -V

Just the existence of Ls; makes a difference between Ly and L,. Note that if Lg = L,
then (6.39) turns out to be the same as (6.20).

(6.39)
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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’?. For
example, vg = et%vs . Recall from (4.29) that 94 d t (e77%) = —wJ. With the use
of (6.34), it follows that

gd [ _
e'wvdq = rse'wlzq + el dt (e J96J9A§q> ,
o d
e _ —JOye
Vi, = Tsiggt e’ dt <e )\dq) ,

od [ _3p d
= T‘Sldq-l-@ T (e ) —i—dt)\dq,

Ld dzd
I dz )

qﬂ

= rsig, —wIAg, +

dzd

L€
— e a°q
Tslgg — W [_Ldiz - T/Jm] +

Note that the result is the same as (6.39).

dl (6.40)

th

6.2.3 Multi-Pole PMSM Dynamics and Vector Diagram

Equations (6.37) and (6.38) describe the dynamics of a single-pole pair. Specifically,
vy and v are the voltages of a single-pole pair winding, and 1, 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. The parallel windings are rarely
used due to the circulating current. Fig. 6.15 shows an example of 6-pole PMSM, in
which just a-phase windings are depicted. Note that the electrical speed is equal to
We = FQ) w in the P-pole motor, since each pole pair winding experiences % L periodic
changes of flux linkage at each rotation.

To derive the P-pole IPSMS dynamics from the single-pole pair dynamics, we
should multiply (6.37) and (6.38) by P/2, and replace w by we:

P P P di§ P

Vi = Grsiat 5lad —wes Lyig (6.41)
P P P dig P P

5@2 = 57“32'3 + Lq 7 4 we— Ldig + we*@bm- (6.42)

The things that change with the series connection are voltage and impedances. Let

vg = (P/2)vg, v = (P/2)vg, Ts = (P/2)rs, Lq = (P/2)Ly, Lq = (P/2)Ly, and

Um = (P/2)t)y,. Then, we have

- di§ =

6 = Feib+ Lg—2 I — we Lyl (6.43)
_ o dze

¢ = 7Fa+ L 44 weLdzd + we¢m (6.44)

q q d
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Figure 6.15: Structure of 6-pole motor showing a series connection of three equal
sub-dynamics.

However, for simplicity, we will abuse the notations in the following: v§, vg, 75, La,

Ly, and 4y, will be used even in high pole machines, instead of v§, vg, 7s, La, Lq,
and zﬁm Then, the P-pole IPMSM dynamics are given as
e -€ dl?l -€
Q]d = ’["S’Ld + Ld% — weLqu (645)
(& -€ dzg -€
vy = Tslg+ Lq% + weLgig + wethm,. (6.46)

That is, the P-pole dynamics are not different from the two-pole dynamics, as far
as we and the parameters measured from the terminals are used. PMSM equations
are summarized in Table 6.3.

Equivalent Circuit

The rotor flux linkage is equivalently expressed as a product of d—axis inductance,
Ly and a virtual current, iy, i.e.,

Ym = Laiy. (6.47)

With iy, a PMSM equivalent circuit is depicted as shown in Fig. 6.16.
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T'S W(qu?.-q '}"S th\'(Ldfd + IU"‘TH‘.)

— W= —w—
Ld% +CD ”3?) ng

|/\\+
/

(a) (b)
Figure 6.16: Equivalent circuit of PMSM: (a) d-axis and (b) g—axis.

Table 6.3: PMSM dynamic equations.

SPMSM in the stationary frame

s " . s
d T — v |%| _ dmwe —sin 6, L1 v
dt is Ls |ig Ls cos 0, Ls |vg

IPMSM in the stationary frame

vl _ . [ia Ly —3Lscos20,  —3Lssin20, | 4 [if
v 0L —3Lssin20, Ly + 3Lscos20,| 9 i

3w, L [— sin 20, cos 296] [zg] + Wt [— sin 06]
q

cos 20, sin20, cos 0,

SPMSM in the synchronous frame

@ lie) T |we —r | lig] TR 1) T g

IPMSM in the synchronous frame

. L . 1

e _Ts ~q e L €

d |%| _ L, YeT| |%a| _ wem |0 4| ZaYd

dt |4e| — —w id _Ts ;€ Lq 1 1,Ue
q €T, Ly La L%

6.3 PMSM Torque Equations

Torque is obtained by the cross product of stator flux linkage Ag, and stator current
iflq' With the right-hand rule, torque is obtained in the axial direction. With the
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use of orthogonal unity vectors ¢, 7, and k, we have

T = 55 (Mg x 1G),
3P )\Sls Zs
= —— ASo x |8
22 as a
0 0 &
PTF
— §£ )¢ e 0
27 [Nis i
g g O &
3P . .
= 55( ?lszg_)‘gszfl)
3P -
= 2 2 [(Ldld +wm) quzzz}
= T[wmig— (Lq — La)igig]. (6.48)

Note that 115 is the electro-magnetic torque based on the Lorentz force, whereas
—(Lq — Lq)igig is the reluctance torque caused by the Ly — L, asymmetry.

With the lossless model, v = —wequq and vq = weLdzd—i—wewm, the total electric
power is
3 e:e e e
P = 5(7}‘11‘1 +v319)

3 . e

= 5&]@(1/17”22 + (La — Lq)zzlg)

_ 3r 16+ (Lg — Lg)i5i¢ 4

= Twr(wmzq + (Lag — Lq)igig)- (6.49)

Torque is derived from the power such that T, = gf <. Then the identical result,
(6.48) follows.
Note further that the torque equation is independent of the coordinate frame.

3P ) . 3P e i . . 3P ) .
T, = Tlm(lgq Adg ) = TIm(@qu"e -e jee}\flq ) = Tlm(lflq g )
In the stationary frame, the torque equation has the same form:
3P ,

T, = 20 iy — i), (6.50)

where
3

Ay = Lgij— §L5(—ifi cos 20 + i, sin 20.) + 1y, cos Oe,

3
Ay = Lsig— §L5(if1 sin 20, — i, cos 20.) + Y, sin b,.
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Figure 6.17: Block diagram representing the PMSM dynamics.

6.4 PMSM Block Diagram and Control

Suppose that J is the rotor inertia, and B is the friction coefficient, and T7, is a load
torque. Then, the mechanical equation is given by

dwy
dt

Based on (6.39) and (6.53), the IPMSM dynamics can be depicted as shown in
Fig. 6.17.

The typical control block diagram is shown in Fig. 6.18. To implement the
current controller in the synchronous reference frame, the sensed current should be
changed through the transformation map, abc/dq. 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 values.

In general, current controller involves decoupling and back EMF compensation,
as well as PI controllers:

J

+Bw, =T, —1Ty. (6.51)

vg = (PI)(ig" —ig) — wLqiy, (6.52)
vg = (PI)(ig" —ig) + wLaig + wibm, . (6.53)

The PWM duties are determined normally by the space vector PWM method from
the input voltages vg and vy in the reference frame.

For current sensing, Hall sensors are most widely utilized. There are two types
of Hall sensors: one is voltage type, and the other is current type. The current type
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Figure 6.18: Control block diagram of PMSM using the coordinate transformation
map.

Hall sensor contains a current controller inside to obtain zero flux measurement.
Therefore, the linearity is superior to the voltage type Hall sensors. Or, in some
home appliances where precise control is not necessary like blowers or compressors,
or the system cost is critical, (speed) sensorless control is often utilized.

6.4.1 MATLAB® Simulation

Simulation parameters are listed in Table 6.4, and PI gains for current and speed
controllers are Kp = 1.07 and K; = 350 for current controller and Kp = 20 and
K7 = 40 for speed controller. Fig. 6.19 shows a speed step response and the corre-
sponding a-phase current under no load condition. Fig. 6.20 shows a speed response
and the corresponding dg currents when a step load torque (212Nm) is applied at
t = 10 sec. Fig. 6.21 shows speed and phase currents when the speed changes from
500rpm and to —500rpm.
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Table 6.4: PMSM parameters for MATLAB® simulation.

Motor power 80kW Ly 0.538mH
Rated speed 3600rpm Ly 0.824mH
Rated torque 212Nm Ts 6.5mf2
Rated current 296A 106 Flux () 0.162Wb
Rated voltage 176 Vims Inertia, J 0.1kgm?
Number of poles 6 Damping coeff., B 0
4000
Ref. RPM
[rpm] 2000 - |
0O 1 2 3 4 5 6 7
4000 T
RPM
[rpm] 2000 - -
o ‘

o 1 2 3 4 5 6 7
a-phase 100 | | | | | | ]
current o

[A]
-100 ‘ ‘ ‘ ‘ ‘ ‘ —

o 1 2 3 4 5 6 7

Time [s]

Figure 6.19: Speed response under no load condition.
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9.5 10 10.5 11 11.5 12 12.5
400 T T T T T
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9.5 10 10.5 1 11.5 12 12.5
400 T T T T T
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current 200 - J
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Figure 6.20: Speed and current responses to a step load torque applied at ¢t = 10sec.

500
RPM
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19.5
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current 0
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Figure 6.21: Phase currents when the speed changes from 500rpm to —500rpm.
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Problems

6.1

Consider a two-pole machine shown in Fig. 6.22 that has air gap height, g,
average air gap-diameter, D, and stack length, L. Suppose that the stored
energy in the air gap is
Mo DL

Wiia = (MMF? + MMF? 4+ 2MMF MMF, cos ) .

Determine the torque, 7.

g

Figure 6.22: Two-pole machine (Problem 6.1)

6.2

Consider a 6-pole IPMSM section shown in Fig. 6.23. It is assumed that
the rotor without a PM rotates when 40A current flows through the a-phase
windings, i.e., i, = 404 and i, = i, = 0. The corresponding flux \;, of a-phase
winding is plotted in the right side.

161
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a) Assuming that the leakage inductance is equal to zero, determine L
and Ls.

b) Determine Ly and L.

a -phase windings

0.1+
0.10 Aa
f 0.09
.’. i ! 2
— N "
AR Nyt

0.08

% 0.07 -
' % 0 06
&, Y N .06
ﬂ’rf’ \"~.\’~-- \\-© ® 'g
- _\_\_\_\:_\_-\.:_:\_\H - . ?—< 0.054
™ S
shaft rotation 1 A4 ®® T 004+
) / S 0.03
\ {/ - 0.02
\ \ ) 0,01
i = 0.00 T T T T 1
W 0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Time (sec.)
(a) (b)

Figure 6.23: Flux linkage of a—phase winding of a 6-pole IPMSM (Problem 6.2).

6.3 Fig. 6.24 shows the back EMF's of phase windings at open terminal at 6000rpm.
The number of poles is 4, and Ly = 1.2mH and L;=2.3mH. Suppose that the
motor is running at 6000rpm when ig = —6.6A and iy = 37.5A.

a) Estimate the back EMF constant, ¢,,.

b) Construct a voltage vector diagram for the lossless model.
c¢) Calculate torque.

d) Calculate power factor.

Figure 6.24: Back EMF (Problem 6.3).
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6.4 Determine whether L, > L4 or Lq > Ly for the PMSMs shown in Fig. 6.9.

6.5 Consider an IPMSM with the following parameters: %Lms + L;s = 0.8mH,
Ls = 0.1mH, ry = 0.036mS2, ¥, = 0.2229V-s. Two computation methods are
shown in Fig. 6.25: one is in the synchronous frame, the other in the stationary
frame. Current controller is constructed in the synchronous frame with PI
gains, K = 30 and K; = 40, and current commands, (i§*,ig") = (—2,10).
The same voltage (v§, vg) is fed to the stationary frame model via coordinate

transformation:

vyl |cosf —sinf| |vg

[1}3] - [sinﬁ cos ] [vg] '
Let w = 15rad/sec. Show that mapping of (i3, ig) into the stationary frame
yields the same vector as (i, i;), i.e., show that the two calculation results
following Mand @) are the same. Utilize M-file of MATLAB®. As for the
numerical method, use the following Rounge—Kutta 4" method with step size

h = 0.00001sec:

function xx = rook(t,xy,h,w)

xytemp=xy;

kk1l= 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*hh,w);

xx = xytemp+h*(kk142*kk2+2*kk3+kk4)/6;

K;

i ®

vg| IPMSM Dynamics i
g | > | Synchronous Frame | > i

(6.20)

b .
@‘: [cos{-} —sing

cosfl —sinf
sinf cosf

sinf cosf

| ONNRY |

-nJ}" IPMSM Dynamics ;r‘i}
s :> Stationary Frame :> ;s
Yal (6.15) q

Figure 6.25: Two computation methods verifying identity of the dynamics in the
synchronous and stationary frames (Problem 6.5).
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Chapter 7

PMSM High-Speed Operation

The motors are designed such that its terminal voltage reaches the maximum source
voltage when it operates at the base speed with the rated torque. Since the back
EMF grows with the speed, the speed range can be extended only by reducing the
air-gap field with negative d—axis current. The field-weakening is a technique of
finding a high-speed solution within the boundary of speed limit.

The PMSM speed range is divided into two with a base speed as the pivot: The
low-speed range from zero to the base speed is called the constant torque region,
while the high-speed range above it is called the field-weakening region (or the
constant power speed region). In the constant torque region, the performance is
limited only by the allowable maximum current, since the back EMF is not high
enough to hit the voltage limit.

7.1 Machine Sizing

19;;” sin -:J HH

Figure 7.1: A single-pole section of a PM synchronous motor.

In this section, the relationship between the motor volume and torque is consid-
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ered. Consider a single-pole section of a PM motor shown in Fig. 7.1, where 7, is
the pole arc length and I is the stack length. Assume that air gap field density by
the rotor PM is sinusoidal and that the rotor is rotating at the speed of w,. Then
the air gap field density is modeled as a traveling wave, B, sin (%x — gwrt). Let
N, be the number of coil turns per phase and k,, be the winding factor. Then the
flux linkage of a phase winding is equal to

v s P
Apole = chwlst/ B,,, sin <£L‘ - wrt> dx (7.1)
0 Tp 2
2 P
= Nckylsp—By cos —wyt. (7.2)
T 2
From the Lenz law, the induced phase voltage is
d P P
ef = _%)\pole = chwq)f§WT sin Ewrt, (7.3)

where @ = lStTp%Bm. Note that % denotes the average level of sinx. Therefore,

the rms value of the induced voltage is equal to

1
Ep = —=2nfe - Neky®; = V27 fe Nk @y, (7.4)
V2
— Puw,

where fo = 55~ is the electrical frequency.
The electric loading is defined as the ampere-turn per circumferential length of

the stator bore:

_ 2mNV2I,  2mNV2I,
- P, - D,

Am (7.5)
where D, is the diameter of the air gap, m is the number of phases, and I, is the
rms phase current. Note that 2mUV, is the total number of conductors in the whole
slot. The electric loading is the description of a current sheet along the airgap, and
it is limited by the ability of heat dissipation from the conductor bundles.

The apparent electromagnetic power crossing the air gap is equal to the product
of the induced voltage and current:

A, D
Poow=mE:l, = mV2rf.Nhy,®,—2—"
gep f ™ ' 9v2mN,
T fe
= kw2 (P1,)l3BmAmnD,
2 P/2( 7o)lsi

= %k:walsthAmwT . (7.6)

In deriving the third equality, 7D, = P7, and f./(P/2) = w,/(2m) are utilized.
Since torque is obtained as T, = Pyqp/wy, it follows from (7.6) that

T. = kuwBnAnVolyoor) (7.7)
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Table 7.1: Magnetic and electric loadings.

Machine type Magnetic loading | Electric loading

B(T) A (A/cm)
IM ( ~ 10kW) 0.6~0.8 100~ 350
IM ( 10 ~ 1000kW) 0.6~0.8 250~ 450
PMSM (air cooling, ~ 10kW) 0.7 150
PMSM (water cooling, 10 ~ 100kW) 0.8 ~ 600

where Vol(;40r) denotes the rotor volume as depicted in Fig. 7.2. Here, B, is called
the magnet loading. Once a motor type and a cooling method are determined, B,
and A,, are almost fixed. Therefore, torque is proportional to the rotor volume as
depicted graphically in Fig. 7.2.

Dy

- —>

Est

Figure 7.2: Torque is proportional to the rotor volume.

7.1.1 Electric and Magnet Loadings

To achieve a high torque density, motors are designed to use the achievable maxi-
mum electric and magnetic loadings. Ranges of electric and magnetic loadings are
A ¢ 150 ~ 3000A/cm and B, : 0.6 ~ 1.4T. High electric loading leads to a
large heat generation in the coil, or may cause PM demagnetization. Note that the
coil temperature rise is determined by A,, x J, where J is the coil current density.
Current density of air cooled motors is J = 3.5A/mm? for continuous operation.
Therefore, if the cooling method is more efficient, a higher electric loading can be
used. For example, A,, = 150A /cm for a totally enclosed PM servo motor without
a fan. But with water cooling, it can be increased to 600A/cm. Typical range of
magnetic and electric loadings are listed in Table 7.1 .

7.1.2 Machine Sizes under the Same Power Rating

Since Pyqp = Tewr, there are two ways of increasing the motor power: to increase
the rated torque or to increase the rated speed. For the same power, rated torque
decreases as the base speed increases. Since motor volume is proportional to torque,
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motor volume reduces as the rated speed increases. That is, a high-speed motor has
a smaller volume for a given power.

Torque Torque

/ Same power

High Motor | R Motor Il
rated
torque

Larger volume Smaller volume

Speed Speed

Figure 7.3: Size comparision of high and low-speed motors.

Concerning the motor size comparision, refer to Fig. 7.3, in which two motor
operation regions are marked by shaded areas. Note that the two parabola curves,
representing the power, are identical. That is, Motor I and Motor II have the same
power ratings. There is a trade-off between the rated torque and the maximum
speed. Motor I has a high starting (rated) torque but a low maximum speed, whereas
Motor IT has lower starting (rated) torque but a higher maximum speed. Based on
(7.7), Motor I obviously has a larger volume than Motor II.

Note, however, that a high-speed motor can be fit into a desired operation range
with a reduction gear. Therefore, a high-speed motor along with a reduction gear
offers a reduced volume. Due to this smaller volume merit, there is a tendency to
utilize high-speed motors in electric vehicles (EVs). Recently, the maximum electric
vehicle (EV) motor speed reached to 13,500rpm (Prius III) [2]. Note that 13,500rpm
is nearly the peak speed that roll bearings can endure in the 60kW power range.

7.2 Extending Constant Power Speed Range

Consider the PMSM dynamics:

di§

vy = rsig+ Ld% — we Ly (7.8)
,L'e

vy = Tslg+ qu—tq + we Lt + Wehm. (7.9)

Based on (7.8) and (7.9), the current and voltage vectors are depicted as shown
in Fig. 7.4 (a) when iq < 0 and i > 0. Note that the coupling voltage, w.Lgi$,
is opposite to the back EMF when i§ < 0. Therefore, increasing 4§ in the negative
direction helps compensating the growing back EMF.

www.EngineeringEBooksPdf.com
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g axis q axis
rsls

b —UJqui;

d axis d axis

Figure 7.4: Voltage and current vectors in the (i, i¢) plane: (a) with rs and (b)
without 7.

However, in high-speed region, the voltage drops over stator resistance are rel-
atively small. Neglecting the ohmic voltage drops and assuming the steady-state
condition, we have

vg = —weLygig (7.10)

vy = welgig + wetm. (7.11)

These equations are called lossless model. Based on (7.10) and (7.11), the vector
diagram is simplified, as in Fig. 7.4 (b).

At the base speed with a rated load, the terminal voltage reaches the maximum.
To increase the speed more, it is necessary to increase the d—axis current in the
negative direction at the cost of reducing the g—axis current. With this method,
the torque reduces, but the power is kept constant. That constant power range is
called constant power speed range (CPSR). The CPSR can be extended infinitely
or limited, and it is determined by the relative magnitudes between ,,, and Lgl.

Let the magnitude of maximum voltage denoted by V;. Then the voltage limit
is described by

g2t < V2 (7.12)

Recall from (6.47) that the rotor flux was described with a virtual current source,
i.e., ¥y = Lgiy. Then, it follows from (7.10), (7.11), and (7.12) that

ig 2 (i +if)>
q d T 7.13
V2 (il T V2 (ol = (7-13)
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Speed  g-axis |,

. s

increase P
7

-

d-axis

Voltage limits Voltage limits

(a) (b)

Figure 7.5: Current limit and voltage limits for various speeds in the current plane:
(a) Lg < Lq and (b) Lg > Lq.

As shown in Fig. 7.5, the voltage limit is described by a bunch of ellipses for different
speeds, and the current limit by a circle in the (i, zZ) plane:

iG2+i < I2. (7.14)

It is obvious from (7.13) that the ellipses shrinks to (—iy, 0) as the speed w increases.
Practically feasible solution pairs, (ig, 7g), exist within the intersecting area of the
ellipses and the circle.

Consider weLgi§ and wey, in Fig. 7.7. To counteract the growing back EMF,
the d—axis current is increased in the negative direction. However, one can see from
the intersection points in Fig. 7.5 that the increase of i (in the negative direction)
is obtained at the expense of decreasing g—axis current in the limiting case. That
implies that torque needs to be reduced to provide a larger negative d—axis current.

Since ig approaches zero as w becomes large, it is obvious from voltage limit
equation (7.13) that

e - \2 ‘/;2
(ig+ Zf) < (Lor)? . (7.15)
For sufficiently large w, the right-hand side of (7.15) vanishes. Therefore, it should
follow that i§ — —if as w — co. As was observed in [4], the ability of producing
power at infinite speed is determined by the criteria

Ym = Lals . (7.16)

Fig. 7.6 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]

i) ¥y > Lgls : This corresponds to the case where the rotor flux linkage is larger
than the maximum field that the stator current can provide. Above the rated
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Voltage limits <<

Power Power Power

Speed Speed Speed

(a) (b) (c)

(Dmax

Figure 7.6: Current contours and power versus speed for three cases: (a) ¥, > Lqls,
(b) ¥ = Laqls, and (c) ¥y, < Lgls.

speed, the power decreases to zero drastically. Since the ellipses’ center, —i
lies out of the current limit, there will be no more intersection above the critical
speed defined by

Vs
We= ————— . 7.17
7 m — Lals (7.17)
That is, the current limit and voltage limit curves are separated for we > we,
so that no proper solution exists.

ii) 9y = Lqls : This is the case where iy = I5. Since the ellipse center lies on the
current limit circle, intersection always exists for any arbitrarily large w. Thus,
the constant power region can be extended to the infinite speed theoretically.

iil) ¢, < Lgls : The constant power range will be extended to the infinite speed,
too. But, the output power is low compared with the case ii).

This indicates that to expand the CPSR the strength of rotor PM should be
balanced with the maximum stator current. Criteria (7.16) is an important guide
line in designing the CPSR.

7.2.1 Magnetic and Reluctance Torques

If we fix the magnitude of current, then (if, if) will be a point on a circle. With
polar description, it follows that

ig = —Issinp, (7.18)
ig = Iscosp, (7.19)



172 AC Motor Control and Electric Vehicle Applications
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0 _stIscosp

— I sin B

Figure 7.7: Voltage and current angles.

where Iy = /i ? +i¢? and = tan~'(—i5/i). Note that 3 is the angle between
the g—axis and the current vector, as shown in Fig. 7.7. Substituting (7.18) and
(7.19) into the torque equation (6.48), we have

T - g[%z@—(Lq—desf] (720)

— 3P[1/}ml cos 8+ = (L — Lg)I? sin2p] .

Note that 32 “mlscos B is a magnetic torque that comes from the Lorentz force,
whereas 3P 1 (L — Lg)I? sin 243 is the reluctance torque originated from Ly, L, asym-
metry. Note further that the magnetic torque is a function of cos 3, while the reluc-
tance torque is a function of sin 2. In order to make the reluctance torque positive
when L, > Lg4, current angle should be larger than zero, i.e., 3 > 0. The corre-
sponding torque versus current angle is shown in Fig. 7.8 (a). On the other hand, if
L, > L, the peak torque is obtained for 8 < 0, as shown in Fig. 7.8 (b). But, the
case, Ly > L is rare. Thus, we will consider Fig. 7.8 (a) in the following.

Further note that 8 > 0 implies that the d—axis current is negative. The relative
magnitude of reluctance torque is not small for high 8 value. Even the reluctance

torque component can be made higher than the magnetic torque by increasing the
ratio, Lq/Ld.
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Torque sum
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Figure 7.8: Torque sum consisting of magnetic and reluctance torque components:
(a) Lqg < Ly and (b) Ly > L.

7.3 Current Control Methods

Since there is no reluctance torque component for SPMSMs, the torque is determined
only by ¢g—axis current. However in case of IPSMS, the reluctance torque level
is decided by the d-axis current, thereby numerous combinations of (i, ig) are
feasible for a given torque production. Hence, several current selection methods

were developed together with current and voltage constraints.
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7.3.1 (@-Axis Current Control

This is a simplest control method, by letting ¢ = 0 and taking advantage of a linear
relationship between torque and ig. For SPMSM torque control, no other option
is possible except the g—axis current control. Since ¢§ = 0, no reluctance torque is
utilized. Thus, the g—axis current control method is less efficient for IPSMSs.

7.3.2 Maximum Torque per Ampere Control

The maximum torque per ampere (MTPA) control is a method of maximizing the
torque for given magnitude of current, as viewed in Fig. 7.9.

MTPA " iqe
contour N

\

Constant
current
contours
Constant
torque
curves

Figure 7.9: MTPA contour.

First, we let the current magnitude be fixed, and change the current angle, 5,
until the torque is maximized. To obtain the desired angle, we take the differentiation

of T with respect to 3:
or 3P
B T[_wmls sin 8+ (Ly — Lg)I% cos 28] = 0.

Equivalently,
2(Ly — Lg)Issin? B+ by, sin f — (Ly — Lg)Is = 0.

Thus, we have

[t R TSE, LT
B = sin [ (L, — L)L, ] . (7.21)

Equation (7.21) gives us the current angle for a given current magnitude I;. Further,
since iy = —I¢sin 3, we have

-t

4(Lq — La)

<¢m — U2+ 8IA(L, - Ld)2> . (7.22)
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Dotted line in Fig. 7.9 is the MTPA contour when the current magnitude is in-
creasing from zero to Is. Note that it is the set of points, {(—1I,sin 3, I;cos3)},
that a torque line intersect a (current) circle tangentially as shown in Fig. 7.9. The
MTPA method is widely used in many practical applications since it is simple and
minimizes the copper loss. However, this approach cannot be applied above the
rated speed due to the voltage limit.

Different Derivation Using Lagrangian

The MTPA is viewed as the torque maximization under the current constraints.
Consider power maximization problem under the current limit (7.14):

max T under i§2+i22—13§0.
g, 4

Let the Lagrangian be defined by [6]

. 3P , .y . ,
L(ig, iq) = = (¥miq + La(1 = €)igig) +pm (i3 +1ig* — 1),

where § = L, / L, is the saliency ratio and pp is a Lagrange coeflicient. Necessary
conditions for the optimality are

oL 3P

9 ~ 4 (1 = &) Laig + 2puig = 0, (7.23)
oL 3P . ,

o = —Laliy+ (1 —8)ig) + 2umig = 0. (7.24)
o1g 4

Then we obtain from (7.23) and (7.24) that
(1—&)(i6 2 —i§2) —igi§ = 0.

Since the solution is found on the boundary, we utilize the boundary equation ¢§ 24

ig 2 _ I? = 0. Then, we have the following second-order equation:

i
2(i)% + (1_f£)z'§—ls?:0.

Thus, the meaningful solution is given by

i = 4()51_1)(z'f—\/z'§c+81§(£—1)2)

1
= m <"7ij - \/¢%1 + 8]3(5 — 1)2L?l> ] (7‘25)

This result agrees with the previous solution (7.22).
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7.3.3 Maximum Power Control

Motors are designed, in general, to reach the maximum voltage at the rated speed
and load conditions. Above the rated speed, the voltage limit forces to increase the
current angle, meaning more d—axis current and less g—axis current. Thereby, airgap
flux is weakened and torque decreases.

With the lossless motor model (7.10) and (7.11), the power is given by

P =

DO o

.e e-e 3 .e - e
(veil + vgig) = QWe (Vmig 4+ (Lg — Lq)igic) - (7.26)

More formally, the power maximization problem in the field-weakening region is
stated as follows:

?Q%}eipe under ¢y (ig, i) <0, e2(ig, ig) <0,
@'
where
e(ig ig) = (9" + Q) - L7,
coig, i) = 52(2) + (1§ + %) w‘;ifl'

Note that the power maximization for a given speed is the same as the torque
maximization. It is obvious from a geometric viewpoint that the maximum solution
is found at an intersection point of the two curves, ¢c; = 0 and co = 0. Note also that
the intersection point satisfies the necessary conditions of Kuhn—Tucker theorem
[6]. Substituting i¢ ? = IZ — i ? into equation ¢z = 0, it follows that

V2
QL?Z'

o¥m
Ld

0=(1-¢%i5%+ +T/’m+§212

Since the intersection point in the second quadrant is meaningful, we just need to
consider the negative i solution. Thus, we have

1 m m V2
i = @y (}@d \/ 2 <52—1><§213—W2L3>), (7.27)

it = (12— 2 (7.28)

Intersection points of the current limit circle and voltage limit ellipses make the loci
of maximum powers versus speed. That is, the maximum power is obtained along
the current limit circle ¢;(i§, ig) = 0.
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7.3.4 Maximum Torque/Flux Control

This control strategy is applicable to the last step in high-speed operation when
Is > 1 /Lg. At an extreme high speed, voltage limit shrinks to a point (—%, 0).
Correspondingly, the operation points, determined on the voltage limit curve, con-
verge to (—%, ).

Let the d-axis flux denoted by Ay = Lqi§+y,. Then, flux equation follows from
the voltage limit, (7.13):

(Lgig)? + 25 = (Vi /we)®. (7.29)

A maximum torque for a given flux level is obtained at a point where the voltage
limit and torque curves intersect tangentially. Therefore, the curve consists of the
tangential intersection points between the torque and voltage limit curves.

Max. torque/flux

TN

2d

Constant
flux curves”

Figure 7.10: Maximum torque per flux solutions.

Substituting (7.29) into torque equation (7.20), it follows that

3P\? A — U \ 2 (VeJwe)? — A2
T2: 95 _ I m s e d.
2= (7)) (ommig) 5

Taking differentiation with respect to A¢y and making it equal to zero result in [5]

—~Ltbm + /L2303 + 8(La — Ly (Vi /we)?

A =
4(Lg — Lg)
Therefore, the torque/flux maximizing solution is given by
: Ad — ¢
o (Vefice)? = A 7.31
o = —. (7:31)

Fig. 7.10 shows the solution contour when 1,,, — Lgl; < 0. In the limiting case, Ay
vanishes, i.e., i§ — —mm/Lq and ig — 0 as we — oo.
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Table 7.2: An example IPMSM specifications.

No. of poles 6 || Power (rated) 8.8 kW

DC link voltage 300V | Base speed 2600rpm

Inductance (Lg) | 3.05 mH || Current (rated) 40A

Inductance (Lqy) | 6.2 mH || Flux (¢,) 0.0948Wb
A "'E;

Current limit
40

-
-
.

-

Wiy =2600rp

A
m’(’
// N MTPA
N
3200rpm /
/ N
/ N T
4 N\ =8Nm| 2°
AN

/
/ |Max. torque/flux

30

7600rpm 10

/ 20000rpm

-60 -50 -40 -30 -20 -10 0

Figure 7.11: Combination of control strategies: OA: MTPA, AB: maximum power,
and BC: maximum torque/flux .

7.3.5 Combination of Control Methods

Fig. 7.11 shows a control sequence consisting of MTPA, maximum power, and max-
imum torque/flux contours for an IPMSM. The motor parameters are shown in
Table 7.2. Within the base speed range, it is desirable to operate along the MTPA
line from the efficiency view point. Beyond the base speed, the maximum power is
determined along an segment, AB of the current limit circle. As the motor speed
increases, the voltage limit ellipse shrinks. From point “B,” the operation point
follows the maximum torque/flux line, BC.

Fig. 7.12 shows the corresponding torque and power plots over AB and BC.
In this plot, constant current, (ig, ig) = (—22, 34), was applied from zero speed
until the point “A” was reached. Note that the power reduces along the maximum
torque/flux line.

7.3.6 Unity Power Factor Control

Depending upon the combination of iy and iy, the unity power factor (PF) can be
obtained in the high-speed region. The unity PF condition is related to the use of
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[Nm] C kW]
30 10
A B
25 : ‘
= 8
Power
20
-6
15
-4
10 |
Torque 1,
5 |
o L L L L L Il o
o 5000 10000 15000 20000 25000 30000 35000
Speed [rpm]
(a)
[A] C [deg]

100

_50 ' 1 : 1 1 1 I I o
o 5000 10000 15000 20000 25000 30000 35000

Speed [rpm]

(b)

Figure 7.12: TPMSM characteristics versus speed: (a) torque and power plots and
(b) current and current angle. From zero speed to “A”: constant current, AB:
maximum power, and BC: maximum torque/flux).

minimum current vector, thereby to the loss minimization problem. In the sequel,
the unity PF condition is derived and interpreted geometrically.
From the geometry shown in Fig. 7.7, it follows that

§ = tan! (—1}3) = tan~! < welaly , > (7.32)
'US Welm + WeLdZZ
_qe

B = tan! <Zd> . (7.33)
%

At the unity PF, current angle and voltage angle are the same, i.e., d = 8. Therefore,
it follows from (7.32) and (7.33) that

ic —ie
. gq‘e S (7.34)
(F ! ig
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Rearranging (7.34), unity PF condition is given by
ig? | Gg+3)?
Y2 ify2
AT

That is, the unity PF condition is described as an ellipse with center (—%, 0) that

=1. (7.35)

passes through the origin and (—iys, 0). Since the minor axis is ;—f\/z, the shape of
unity PF ellipse is pressed as the saliency ratio, &, increases.

Unity PF for .-~ Iy ~

£ — 1\\ ',/ ,, \\

N \

Figure 7.13: Unity PF ellipses for different saliency ratios, £’s.

e 2 2 ‘e 2
=15—1
0

It is obvious that no unity PF solution exists when Iy > iy, Since i a5

we obtain from (7.34) that for Ip < i
(€ —1)i5% —igi§— €13 =0. (7.36)

Thus, the d—axis current at unity PF is

RV R T
v 26-1)
Note that § * is dependent upon 1,/ L, saliency, and the current magnitude.
In the following, the unity PF solution is calculated for a simple case, £ = 1,
where there is no saliency. When ¢ = 1, the unity PF curve (7.35) turns out to be a
circle, as shown in Fig. 7.14, The beauty of this case is that i * and g * are obtained

directly from the geometric relationship. By applying the cosine law to the triangle
ABO in Fig. 7.14, we obtain

(7.37)

§=cos ! |+ (7.38)
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Note that triangle ABO is an isosceles triangle, hence the unity PF current angle is

x _ m _ w0
p* =73 5~ Therefore,

(7.39)

Figure 7.14: Application of the cosine law to unity PF condition when £ = 1.

Exercise 7.1
Calculate the dg-axes currents yielding the unity PF when { = 1 and Iy < iy.

Solution

2 2
ek IO ex — [ IO
e = T tg = Aoyt 7 23

Zf Zf

Exercise 7.2

a) Determine the motor terminal voltage at point “A” (i = —22A, if = 34A, and
2600 rpm) of Fig. 7.11.

b) Calculate the power factor at “A”.

c¢) Draw voltage and current vectors.
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Solution
a) The electrical speed is 2500 x 27 x 3 = 817rad/sec.
The back EMF is equal to wet),, = 817 x 0.0948 = 77.5V.

At the same time,

weLlqi§ = 817 x 0.00305 x (—22) = —54.8V
weLgi& = 817 x 0.0062 x 34 = 172V.

The terminal voltage is

v, = \/(1/}mwe + weLai%)? + (weLgit)? = /(T7.5 — 54.8)2 + 1722 = 173.5V.,

b)
172
§ = tan ' | oo—rs | = 82.5°
an (77.5—54.8) 525
22
= tan ' () =32.9°
15} an (34> 32.9
PF = cos(f8 — ) = cos(—49.6°) = 0.65.
c) See Fig. 7.15 [

g-axis

-172V

77.5V
-54.8V

34A

d-axis

Figure 7.15: Vector diagram ( Exercise 7.2 ).

Fig. 7.16 shows how the power profile and PF change as the strength of the
rotor PM changes. The results were obtained using the IPMSM parameters listed in
Table 7.2. Since I; = 40A, the condition, ¥, = L4l is satisfied when v, /L4 = 40A.
Note that the power is extended infinitely with the unity PF when ,,/Lys = 40A. If
tm/Lg = 52A, the power drops rapidly in high-speed region. Obviously, the strong
PM field is useful for high torque in the low-speed region. Note also that the peak
power is obtained near 5000rpm where the PF angle is zero.
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Figure 7.16: Power and PF profile change versus speed when 1),,, changes: (a) Power
profile and (b) PF profile.

Exercise 7.3

a) Determine torque at point “B” (i = —38.5A, ig = 11A, and 7600 rpm) of
Fig. 7.11.

b) Determine also the ratio of reluctance torque to magnetic torque.

c) Calculate the power.

Solution
a)

3P . e
Te = T (wng + (Ld — Lq)lglg)
18
— 7 (0.0948 x 11+ (~0.00815) x (~38.5) x 11) = 10.7Nm.
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b) The ratio of reluctance torque to magnetic torque = 1.28, i.e., the reluctance
torque is 28% larger than the magnetic torque.
) P. =10.7 x 1830 x 27 = 8.5kW. n

7.4 Properties When v, = L,

With constant power condition v, = Lgls, voltage limit is described by an ellipse
with center (i, i) = (-1, 0).

(ig)” (i + 1)
V2/(wekLa)? "~ V2/(weLa)*

1. (7.40)

Hence, as w increases, the ellipse shrinks down to the point (—Is, 0). Hence, the
CPSR can be extended to infinite speed if v, = Lq1;.

Further, theorems like optimality can be proved easily if 1, = Lgls satisfied.
In this section, some properties are investigated theoretically. First we consider
the Kuhn—Tucker theorem, which provides necessary conditions for the optimality
under inequality constraints.

Kuhn—Tucker Theorem for Local Maxima [6]. 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 = U N {z €
R™ | hi(x) <0, i=1,...,0}. Then there exist uj, ..., u; € R such that

i) pr <0, fori=1,..,¢

ii) prhi(z*) =0, for i =1,..., ¢,

iii) 2 f(x*) + Sy i hi(a}) = 0.

The coefficients p, - - - , pg are called Kuhn—Tucker (K-T) multipliers and have
the similar meaning to the Lagrangian multipliers. Note that #* is on the boundary
or interior of D. Hence, condition i) states that either z* is a point of the boundary
h; = 0, or an interior point (h; < 0) to h; = 0. In the latter case, the constraint is
meaningless, and thus condition i) requires that the corresponding K-T multiplier
be zero, i.e., u; = 0. Therefore, it is called the complementary slackness condition.
Condition i) sets the first partial derivatives of f is equal to a linear combination
of gradient vectors, a h of constraint functions at the Kuhn—Tucker point, z* [

If ¢y, = Lals, solution (7.27) and (7.28) reduces to

ex 1 V2
ig = 527_1 <Is - \/5413 - ngZ & -1 ) : (7.41)
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Utilizing i§* = /12 — i* 2, it follows that
o= 2 e Ve o fer- Ve oy, ga
T @ 5T W22 \[5E T L2r2 B

Solution pair (7.41) and (7.42) are the power maximizing solutions for a given speed
w.

Theorem 1. Suppose that § < —IS/\/§, ig > 0, and that £ > 1. Then for a
given speed w, the intersection point (7.41) and (7.42) of curves c1(ig, ig) = 0 and
c2(ig, 7g) = 0 maximizes P, subject to c¢; <0 and ¢z < 0.

Proof. Firstly, we need to show that necessary conditions i), i), and iii) of the
Kuhn—Tucker Theorem are satisfied: Condition 4ii) yields

oL 3 . . .

9ic = iwe(l - f)LdZZ + 2185 + 2p0(i§ + Is) = 0, (7.43)
d

oL 3 , . . .

e = §CL)eLd (if + (1= &)ig) + 2pig + 2,u2§2zq =0. (7.44)
q

We obtain from (7.43) and (7.44) that

3 (203 — I2)(1 = &) +ifi§
P2 = GWeld™, ¢ e
2ig [(1 —¢£ )zd + IS]
p Swe(& — 1) Lyi& — 2us(i§ + I)
1 = .

re
2zd

Therefore, u1 < 0 and pe < 0 by the assumptions, i.e., Condition i) follows. This
implies that both constraints are effective, i.e., the maximizing solution is obtained
at intersection of boundaries. Thus, the solution given by (7.41) and (7.42) is the
power maximizing solution. ]

Assumption i < —I; / V2 implies that current angle is larger than 45 degrees,
i.e., f > 45°. From the numerator of uo being positive we obtain a more relaxed
inequality:

i — \/z'fc +8(6 — 1)212
iG <
46 —1)
According to Theorem 1, maximum power versus speed moves along the intersection
of the voltage and current limits. The loci may be represented by {maxc, ¢,<0 Pe(we)

| wp < we}, where wy, is a base speed. As far as the operating point is on that loci, Vj
and I, remain the same. Hence, power depends only on the PF, and the maximum

(7.45)

value is equal to %VSI 5
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7.4.1 Maximum Power and Power Factor

With the above polar coordinate representation, power is equal to

Poo= 3 (v i)
= g <we¢mls cos 3 — we%@ sin 26) . (7.46)
Utilizing the notion of inner product, (7.46) can be expressed equivalently as
P. = ;VS I = %VSIS cos @, (7.47)

where Vg and I are stator voltage vector and current vector, respectively.
In this section, it is demonstrated that if ¢, = Lgls, then the unity PF is
obtained at infinite speed. Note from Fig. 7.7 that

Vs = VsZ6+90° =g+ jug,
Is = I/ZB8+90° =ig+ jig,
where current and voltage angles are denoted by 5 and §, respectively.

Theorem 2. Consider lossless PMSM model (7.10) and (7.11) with current limit,
c1(ig, ig) < 0 and voltage limit, c2(i§, ig) < 0. Suppose that ¢, = Lgls. Along the
power curve {maxc, c,<0 Pe(we) | wp < we}, PF converges to unity as speed w goes
to infinity. Correspondingly, the maximum power is obtained at infinite speed, i.e.,

lim { max Pu(w.)} = gvz

We—+00 "c1,c2<0

Proof. As speed increases, the voltage ellipse shrinks to the center (—Is, 0). Since
the solution is given at the intersection, the current vector rotates to the negative
d—axis in the second quadrant. Specifically, the current vector converges to (—Is, 0).
Therefore, 8 approaches to 90° as we — oo. That is,

lim Ig = I,/180°. (7.48)

We—>00

On the other hand, it follows from (7.10) and (7.11) that

Vs = /(v5)%+ (v))?
= welgl\/(1 —sinB)2 + €2 cos? B. (7.49)
Note that
15 2 2 )
L2812 = w’[(1 —sinfB)* + £ cos” ]
d”s

= w?[2(1 —sinB) + (€2 — 1) cos® 3]
= w?(1 —sinB)[2+ (62 — 1)(1 +sin B)).
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Hence, it follows that for a constant a > 0

V2
lim w?(1—sinf) = —=25— = a. (7.50)
5008 262 L3I3
Utilizing (7.50), we obtain
wliLnOO vy = wlignoo welLgls cos B
55900 555900
= lm weLgIsy/1 —sin B+/1 +sin 3
825900
= V2aLgyl,=V;.

Therefore, it follows from (7.49) that lim,, oo vg = 0. This, in turn, implies that
voltage angle § converges to 90°, i.e.,

lim_ V= V,Z180°. (7.51)
ﬁf+90°

Hence, unity PF at infinite speed follows from (7.48) and (7.51).
On the other hand, it follows from (7.46) and (7.50) that

[weLdISQ cos B(1 —sin ) + weLqIS2 sin 3 cos ﬂ}

LyI? cos B
We

= lim
we —»00
B—90°

3 3
= §J§Lq13\/a = SVals.

€

©

{

3
Nlw N w

o+ quzwe sin 81/1 — sin? 3 ]

7.5 Per Unit Model of the PMSM

The base values are chosen to give one per unit stator current and flux at one per unit
speed when a rated current gives the maximum (rated) torque. The scaled values
are denoted with subscript ”pu”. The DC link voltage of the inverter is denoted by
Vie. The maximum voltage is reached when the base torque is produced at the base
frequency. Thus, the base voltage, V}, is calculated as the maximum phase voltage
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that can be synthesized by the inverter:

Vdc
voltage : V= —=
g b \/§

. _ /2 2
current : I = iy T g

flux linkage : 1 = \/(wm + Laiap)* + (Lgig)?

Vb
frequency : wp= —
(3
inductance : Ly = %.
I
A normalized dq model is
Vd wengiq Wedeiq .
= — frd _—_ = —— = = — L
i =y, wWyp wyLpTp “né Lantn
Vg Welgiqg + wethym  welglq — Wem .
= — = == = L
Ugn v, w5 ls wu Lol w5t wn Lantdn + wntn,
where
We
Wy, = —
w
I . & . wadIb I . & . waqu
dn = Lb = Vb s qn — Lb = V;) >
o U o U
dn — ‘/177 qn = %7
) id . 1g
ldn = Tb’ lgn = Tb’
Ym
by =
" Py
Since Pep, = Vantdn + Vgniqn and T, = Pey, / wp, the final normalized dg model turns
out to be [3]
Vdn = _WnELdniqna (7'52)
Ugn = WnLanidn + wnin, (7.53)
Tn = Ynign — (£ —1)Lantanign. (7.54)

The normalized torque equation, (7.54), indicates to us that v, can be traded par-
tially with & If € is increased, then i can 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 moti-
vates us to design high saliency ratio motors. But, due to the mechanical strength
requirements and manufacturing complexity, it is not easy to increase £ more than

3.
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Exercise 7.4
Consider an “IPMSM-A” with the following parameters: 6-pole, Ly = 3mH, L, =
6.2mH, ¢, = 0.146Wh, wy, = 816.8rad/sec, and ig, = —22A, ig, = 34A.

a) Calculate the normalized model.
b) Show that v}, + vz, =1 when w, = 1.

Solution
a)
0.0062
= =2.07
¢ 0.003
Yy = 1/(0.146 — 0.003 x 22)2 4 (0.0062 x 34)2 = 0.225
Vi = wpthp = 816.8 x 0.225 = 183.78
I, = /222 4342 =40
WdeIb 816.8 x 0.003 x 40
Lipn = = =0.533
dn 7 183.78
Yy  0.146
= = —0.649
¥ vy 0.225
Van = —Llwpign,
Vgn = 0.933wnign + 0.649w;,,
T, = 0.649g, — 0.5Tignign.
b) v, + va, = (1.1 X 0.85)* 4 (0.649 — 0.533 x 0.55)% = 1. "

7.5.1 Power-Speed Curve

If the rotor flux is strong such that ., > L4, 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 (7.17) that at the critical speed

Wehm weLgly Vi 1
— = — = — Lgp, = —, 7.55
Wytp Vi Vi ¥n an Wen ( )
where we, = <¢. It should be noted that the critical speed is inversely proportional

= o

to wn - Ldn-
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Exercise 7.5
Consider “IPMSM-A” whose parameters listed in Exercise 7.4. Determine w. in
rpm.

Solution
1 1

Un — Lan _ 0.649 — 0.533
we = 862 x 2600 = 22412rpm.

8.62

Wen =

Exercise 7.6

Consider “IPMSM-B” whose parameters are the same as those of “IPMSM-A" ex-
cept ¥, = 0.16Wh.

a) Determine wey,.

b) Plot the power curves of “IPMSM-A” and “IPMSM-B”.

Solution
0.16
Py = = 0.693
v/(0.16 — 0.003 x 22)2 + (0.0062 x 34)2
L L 6.25
w. = = = .
o Yp — Lgn,  0.693 — 0.533
Wen = 6.25 x 2600 = 16250rpm.
Py, [pU]
1 -
IPMSM-A
P = 0.146 Wb
IPMSM-B
W = 0.16 Wb
Wen Wen
2 . : : W, [pu]

Figure 7.17: Normalized power curves for “IPMSM-A” and “IPMSM-B,” (Exercise
7.6).

If the PM strength is high, the starting torque (initial power) is also high. But,
the critical speed reduces as the PM strength increases. The PM strength needs to
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be determined considering the usable speed range. The results can be summarized
as

1. To make the critical speed, we,, larger, the use of PM should be reduced.
2. With the increase in the saliency ratio, &, the use of PM can be reduced.

3. The maximum torque is almost invariant to saliency ratio, &.

7.6 An EV Motor Example

Table 7.3: Parameters of an IPMSM for a fuel cell EV.

Parameters [Unit] Values
Motor power 100kW
Rated speed 2600rpm
Rated torque 300Nm
Ly 0.lmH
L, 0.35mH
Ls 0.083mH
Ts 26m¢)
Flux (¢m,) 0.052Wb
Rated current 354A s
Rated voltage 102 Vims
Number of poles 8
Inertia, J 0.01kg m?
Damping coeff., B | 0.001 kg/s

Fig. 7.18 shows a photograph of a 100kW IPSM motor designed for a fuel cell
EV. Machine parameters are listed in Table 7.3. Fig. 7.19 shows a current contour
yielding the maximum power. Fig. 7.20 shows the voltage components at three
different speeds, 2600rpm, 6000rpm, and 12000rpm. Back EMF grows with speed:
At 12,000rpm, it reaches 260V. However, coupling voltage weLgi§ with negative
i cancels out most of back EMF, so that it enables torque control with a small
terminal voltage (150V). Magnitudes of terminal voltage and current are the same
for all three cases. At 3,600 rpm, voltage vector leads current vector. But as the
speed increases, angle difference decreases, i.e., the PF approaches to unity. Fig. 7.21
shows the power and torque plots versus plot.
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Figure 7.18: 100kW fuel cell EV motor (Hyundai Motor Company).

g-axis
7 600

= === 500

2600 rpm (-314,388) ‘

?\' 400

4

Max. power l' 1 300
4
»

4

4
6000 rpm ? (470, 171) 120
[}
»
12000 rpm (-493, 85) J 100
]
1

d-axis . 3 . . \ . 0
-700 -600 -500 -400 -300 -200 -100 0

Figure 7.19: Maximum power contour in the (ig, iq) plane.
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u)l;qig
(150V)
deiE‘E
(5008) [ 4 '.’ wLqi (247V) Wim
‘ _
quiI!;",‘ (-118V) (260V)
148V i\ ¢ '
ot b oo 1%
(-34V) (57V) p 7
Vi 500) Vs Vs (150V)

(a) (b) (c)

Figure 7.20: Vector diagrams showing the proportions of back EMF and coupling
voltage as speed increases; (a) 3600 rpm, (b) 6000rpm, (c) 12000 rpm.
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Figure 7.21: Power and torque versus speed: (a) power and (b) torque.
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Problems

7.1 It is desired to design an IPMSM whose rated power is 36kW at the base

speed, 3000 rpm. Assume that k,, = 0.96, B,, = 0.8T and A4,, = 550A /cm.
Calculate T, and the stack length, [s, when the rotor diameter is D, = 11lcm.

7.2 Plot the magnet and reluctance torque components versus speed above 2600

rpm for the IPMSM listed in Table 7.2. Repeat the same when Lj; = 2.2mH.

7.3 Derive (if, ig) that yields the maximum torque while satisfying the unity power

factor. Determine the values of T, and (i, ig) for the IPMSM listed in Ta-
ble 7.2.

Hint: Let the Lagrangian defined by L(i%,i7) = %(wmiz + La(1 = &)igig) +
p (Ei52 405 +iGig).-
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7.4 Obtain the per-unit model for the IPMSM listed in Table 7.2. Note that the
base currents are (igp, igp) = (—21.7, 33.6)A.

7.5 Consider an EV motor whose parameters listed in Table 7.3. Note that the
base currents are (igp, iqp) = (—314, 388)A.

a) Determine the normalized model.
b) Show that v, + vgn =1 when w,, = 1.
c¢) Determine the critical speed, we, and w. in rpm.



Chapter 8

Loss-Minimizing Control

Motor loss consists of copper loss, iron loss, stray loss, and mechanical loss. Copper
loss is the Joule loss of copper winding of the stator coil. Since there is no secondary
winding in PMSMs, the copper loss of a PMSM is lower than that of the corre-
sponding induction motor [1]. The iron loss consists of hysteresis and eddy current
losses. The former originates from the hysteresis band of the core, while the latter
is caused by the conductivity of the core material. The hysteresis loss is higher than
the eddy current loss under the base frequency. But, the eddy current loss becomes
dominant in the high frequency region. The stray loss accounts for the losses of
winding (high-order) space harmonics and slot harmonics. Mechanical loss includes
friction and windage losses, but it is not dealt with here.

In the IPMSM, the d—axis current is used not only for field-weakening, but
for generating the reluctance torque. Therefore in producing a given required
torque, numerous combinations are feasible between the magnetic and the reluc-
tance torques. However, their proportions need to be considered in the perspective
of loss minimization.

8.1 Motor Losses

Hysteresis Loss

A hysteresis loop is shown in Fig. 8.1. Hysteresis loss (energy), W}, per volume Vol
of a ferromagnetic material due to a current cycle is equal to the loop area, i.e.,

Wh
— = ¢ HdB. 8.1
Vol 7{ (8.1)

Assume that B(t) = By, sin(27 ft). Then, the power loss will be proportional to the
frequency, f. However, the energy loss per cycle is a nonlinear function of maximum
field density B,,, since the loop area is not proportional to B,,,. The hysteresis power
loss can be modeled approximately for a given magnetic material by

Py = knfBy, (8.2)

197
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where kp and n are empirical constants. The exponent, n is usually in the range
1.8 <n<22[1].

B‘HL

E(J/m3) —

Figure 8.1: B — H curve of a soft magnet material with the loop area representing
the hysteresis loss.

Exercise 8.1

Consider the toroidal core with N-turn coil shown in Fig. 8.2. The core cross sec-
tional area is A and the mean periphery is £. When a voltage source, e(t), is applied
to the coil terminals, current, i(t), flows in the coil. At this time, core field density

increases from zero to B. Derive the energy loss, W), = A/ fOB HdB from [ eidt.

Solution.
Wi, :/e(t)i(t) dt:/id(i\;@)dtzé ; —d(l) Al HdB
(]
i(t)
e(t) ]
- P oA

Figure 8.2: A toroidal core with N-turn coil (Exercise 8.1).
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Eddy Current Loss

If a time-varying magnetic field passing through a conductive material, then it sets
up around itself an electric field that opposes the change in the magnetic field. The
electric field induces a loop current in the ohmic conductor. The induced current,
called eddy current, results in ohmic heating. Inductive heating devices utilize this
heating principle in melting metals or heating some plastic materials.

> <
w
N

B(t)

Figure 8.3: Stack of laminated metal sheets and eddy current loops.

But for motors and transformers, the eddy current implies a loss. To reduce the
power loss, cores are constructed by stacking up thin steel sheets. Fig. 8.3 shows
a stack of laminated metal sheets and eddy current loops. Assume that a time
varying magnetic field B(t) is passing and that each sheet is insulated electrically.
Reacting to the time varying field, current paths are formed in the transversal planes.
Since individual sheets are insulated, the current flow is confined within a thin sheet.
Therefore, the current loops are hardly formed. More specifically, the loop resistance
increases as the sheet width, W/N, narrows down. When B(t) = B,, sin(27 ft), the
average eddy current loss is calculated as [4]

2 3
Pat= "5 JSL]\I;W 1B, (83)
where o is the conductivity of the core material. This means that the eddy current
loss is reduced by a factor of 1 / N2, when compared with that of the single block. It
should also be noted that the eddy current loss is proportional to the square of the
frequency, f, and to the square of the maximum field density, B,,.

In practice, 1 ~ 3.5% silicon steel is used for the motor core, which has low
conductivity. If the silicon content is even higher, the steel becomes more brittle
and the maximum B field is reduced. Further, each sheet surface is insulated by
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some organic compounds, or oxidated by phosphoric acid. Most commercial motors
are made of 0.35 ~ 0.5mm-thick silicon steel sheets.

8.2 Loss-Minimizing Control for IMs

Note from (5.35) that torque is a product of the dg-axes currents. Hence, there is
a degree of freedom in choosing the levels of the current components for a torque
production. Specifically, in attaining the same torque, one option is to use a large
d—axis current and a small g—axis current, and the other is to use the reverse. But
a proportioning method between the d and ¢ axes currents may be considered from
the perspective of minimizing the motor loss.

In the low-frequency operation, the core loss (hysteresis and eddy current loss) is
lower than the copper loss. As the speed goes up, however, contribution of the core
loss increases and finally becomes dominant. Hence, the loss-minimizing dgq currents
set varies, depending on the required torque and speed.

Numerous control schemes have been proposed by many researchers concerning
the optimal choice of excitation current or flux level for a given operating point [5],[6].
The techniques allowing efficiency improvement can be divided into two categories.
The first category is the so-called loss-model-based approach [5],[8], which consists
of computing losses by using the machine model and selecting a flux level that
minimizes these losses. The second category is the power-measure-based approach,
also known as search controllers [7], in which the flux (or its equivalent variables)
is decreased until the electrical input power settles down to the lowest value for a
given torque and speed.

8.2.1 IM Model with Eddy Current Loss

In a high-frequency region, the eddy current loss is dominant over the hysteresis
loss. The rotor iron loss is quite small compared with the stator iron loss, since the
rotor flux alternates at the slip frequency. The stator core (eddy current) loss is
approximated by

WP W2P?

= klw?®? ~ = —, (8.4)

& 1kl Tm

wron

where ® is the air gap flux. Since w® represents the airgap voltage, 1/k. has the
dimension of resistance. Letting r,, = 1/k., the eddy current loss can described by
a parallel resistor with the magnetizing inductor, L,.

Denote the magnetizing current by

.5 T .5
Ligm = ldm +]qu7

where @5, = i, + e/“ri and lgm = lgs T ej“’Ti;r. Then, the stationary IM model



Loss-Minimizing Control 201

(4.27) is rewritten as

di? di?

vzsis - rSst + Lls dis +Lm C;ltm (85)
dis, di?

_ am

Vgs = s+ Lis— dt >+ Ly, T (8.6)
dis dis

0 = rds + Ly dﬂf“ + L, szm Ly, dif, (8.7)

. dis, i m .
0 = ’I"quT + Llrﬂ + Lm dt - wTLleZdr' (88)

Note that the redundant variables, i, ~and i}, are utilized in (8.5)—(8.8). Trans-

qm
forming (8.5)—(8.8) into the synchronous frame, we obtain

dig,

vgs = Tsigs+ Lis—=2 o — weLisigs + Vg, (8.9)
,Le
Vgs = Tslgs + Lis— 7t + we Lisigs + Vg (8.10)
di§, ,
0 = rrigy + Lir—>* dt — Wy Liyig, + Vg, (8.11)
dig,
0 = +Llr dt +w81LlT7’dr+vqm7 (812)
where
di§
e = Ln Zm—weLmz‘gm (8.13)
e dZe .e
Vgm = Lm p + WeLmig,,- (8.14)

The eddy current loss can be included such that

e e 1 diilqm e
ldqs —+ ldqr = 7"7 LmT + ldqm' (815)

m

Note from (8.15) that ig, +1ig,, is split into two parts: the real magnetizing current
and the loss current that is determined by the air gap voltage.

8.2.2 Loss Model Simplification

A problem with the previous loss model is the complexity caused by the additional
current equation, (8.15). To circumvent this complexity, model simplification meth-
ods were proposed. A typical method was to ignore the leakage inductances [8]. Such
simplification may be effective in a low-frequency region. However, as the velocity
increases, the voltage drop over the leakage inductance becomes significant. For
example, it takes 40 ~ 50% of the rated voltage in a high-speed region. Therefore,
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ignoring the leakage inductance will result in a significant error when calculating the
loss.
Note however that i, + ig,, ~ ig,,, since the loss current is small compared

with the magnetizing current, i.e., ‘il}m dlzzm ) < |igy, |- Lim and Nam [9] described
the loss current with the use of an additional (dependent) voltage source, i.e., they
let the loss current be Vg, / T, Where Vigm = Ugm + j0gm is a virtual voltage source
whose level is determined according to

d(igs + G,

Tgm = Lm dt — wWe Ly, (14, + if,) (8.16)
d(i¢, + i
Ugm = me + We Ly (15 + 15, )- (8.17)

Fig. 8.4 shows Lim and Nam’s simplified IM model. Nothing is altered in the main
motor part. But to reflect the iron (eddy current) loss, an additional voltage source
and a resistance are introduced. However, the loss, (vﬁm + vﬁm) / Tm, Will be counted
as the iron loss of the IM.

Ts le }wi L-’.-:i:.}qs <'jw-‘v'lL?'i-:}f,-'{‘ Li?’

+ - - +
_/\/V\,__rW‘\_O O M

e = ' e
Ligs N Ligr

_ = .o e
Ve Vigm JUJHLTH.(IJW i [ i,jq,.) rp
dqs @ Tm 1 Lm.
e .e
™m l ldqs"“dqr

Figure 8.4: Simplified IM model with iron (eddy current) loss.

8.2.3 Loss Calculation

The rotor field-oriented scheme is realized by aligning the reference frame on the
rotor flux axis. Then, A\gr = A = 0. Substituting i, = (XS, — LniS,) /L, and

i¢, = —(Lm/Ly)i&, into (8.16) and (8.17), we obtain
_ Ly Ly diy, Ly, dXG, LyLiy .
= — 8.18
Udm L, dt L, dt e, ‘e (8.18)
_ L Ly, dig L .
Vym = TZT r d'f + wef(ngs +25,.). (8.19)
di¢ di¢,  d\S . . .
In the steady-state, —f+ = —* = —f= = 0. Further, ig. = 0, since A5, = Lpig,.
Therefore, in the steady-state we have
Ly Ly
Vim = —we VZ g (8.20)
VE = B (it +AE,) = we L 8.21
gm wef( Irtgs + dr) = Welmlgs- ( : )
T
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Then the iron loss is equal to (Vdem2 + qumz)/rm. Along with the copper loss, the
total motor losses are equal to

) ) 1
Ploss = ('Lds + Z ) + TT(ZZTQ + ZZTQ) + 7(Vd€m2 + qumg)
L2 1 L
= (i +igh) b repic® + - (WRLL(EES + WlLhia
L? L,
212 2 212 2
_ e 2 weLm e 2 ’l“er weLler
— st (Ts + o ) "‘qu (Ts + L% + ’)"ng
= Rg(we) - i%° + Ry(we) - 1'332, (8.22)
where
2L2
Ry(we) = ry4 2em (8.23)
Tm
reLZ  WILZ L}
Ry(we) = rs+ Lgm Tm’ZQ L. (8.24)

Note that Rq(we) and Ry(we) are the dg-axes equivalent resistors representing the
total losses.

In the rotor field orientation scheme only d—axis current contributes to generating
the flux, while g-axis current makes torque. Specifically, in the g—axes, ig, is opposite
in polarity to ig, so that Af, = 0. In the steady-state, it follows that Aj. = Lnig,.
Hence, the iron loss is mainly caused by the d—axis stator current. Comparing Rg(we)
and R,(we), one can notice that Rg(we) is dominant over R,(we), as w, increases.
This is because L, / L, is very small value in (8.24). Therefore, it motivates us to
reduce the d—axis current(or flux level) for the loss minimization. However, too much
decrease in i, (or Ag,.) leads to extremely large igs for a desired torque production,
yielding a great copper loss. Hence, a comprormse between the iron loss and copper
loss needs to be made for optimal operation.

8.2.4 Optimal Solution for Loss-Minimization

The electro-magnetic torque in the rotor field-oriented scheme at steady-state is
given by
3P Ly,

Te 2 2 Lr dr.qs

Kiiggigs, (8.25)

where K; = %gL—m As was stressed in the previous, the iron loss is closely related to
the flux level, i.e., ig., while the copper loss is related to the ig,. Hence, depending
on the operating condition, loss-minimizing choice of i, and igs differs. In this
section we consider deriving the optimal choice for (75, qs) under voltage and current
constraints based on the loss model derived in the previous.



204 AC Motor Control and Electric Vehicle Applications

Since there is a rated flux level for each motor, the d—axis current constraint also
needs to be limited below a rated value.

15 < Lin, (8.26)

where I, is a rated d—axis current.

The aim is to find an optimum flux level that minimizes the loss while producing
a desired torque 7, under the voltage and current constraints. Specifically, it is
to minimize Pj,ss subject to equality constraint T, — Ktigsigs = 0 and inequality
constraints:

Minimize Pjygs subject to Kiigsigs — Te = 0,
. 2 e \2 2
(weLSlfls) + (weaLSZSS) S Vmax’
e 2 e 2 2
lgs lgs < Imaa:?
i9s < Igp.

It leads us to apply the Kuhn—Tucker theorem. First, the cost function is defined
by

J(igs igs) = Ploss(igs igs) + A1 - (Kiigsigs — Te)
+ K1 - {(weLSiZs)Q + (W60L8i25)2 - Vrzzax}
+ o (ige” +ige = Dnae) + p3 - (igs — Lan), (8.27)

where A1, 1 > 0, po > 0 and ps > 0 are the Lagrange multipliers. We define regions
in (ig,,1g,) space such that

Uv = {(2537 igs) ‘ (weLSizs)Q + (weaLSi(e]s)z S Vrgza:r} (828)
UC = {(iflwigs) ‘ 1552 + i252 S I?%Iaa:]’? (829)
Ud = {(igs7igs) ‘ 0 g igs g Idn}' (830)

Note that each boundary of U, U,, and U, consists of regular points. The minimum
point is found under the following conditions:
0J (15, 1¢)

B2 = 2RqiG, + MK i, + 12wl L2iG, + 112215, + p3 =0, (8.31)

i,
dJ(i¢., ¢
(60;‘15) = 2Ryil, + MEKyiG, + 11207 L30%i5, + p22il, =0, (8.32)
qs

0J (g, igs) . .

87;1‘18 = KyiGit, — T. =0, (8.33)
K1 - ((WeLsiceJ,s)2 + (JweLsiZs)z - V’n%a:r) =0, (8.34)
w2 - (ZESQ + 2252 - Irznax) =0, (835)
pz - (18, — Ign) = 0. (8.36)
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Conditions (8.34), (8.35), and (8.36) require that either u; = ps = pg = 0 when
(iG> 1gs) is in the interior, or (i, i¢,) is on the boundary. Depending on the location
of the solution curves, the optimal solutions are classified into 4 parts [9]:

i) Interior points : (if,,i¢,) € {U, NU.N Uy}
At an interior point, u1 = po = psz = 0. The solution follows straightforwardly
from (8.31), (8.32), and (8.33), that is to say;

2R4iG, + M Kyic, = 0, (8.37)
2Ryi%, + M FiG, = 0, (8.38)
Kyi%,ic, — T = 0, (8.39)

such that
(55, 155) = Ryl T2\ Ralwo T2 (8.40)
dor st Ri(we) K7 ’ Ry(we) K7 ' .
At this time, \; = 2y/Rg(we) Rg(we) /K.

ii) Points on the boundary 9U, (d—axis current limit)
We denote by U, the boundary of the closure of Uy. For points on U g4, A1 # 0,
s # 0 while uy = uo = 0. Hence, solving 8J/8z'§5 = 8J/(“)i25 =0, i, = Ign, and

(8.33), we obtain
e e Te
(stvzqs> = ( Idna KtId ) . (841)

iii) Points on the boundary 9U. (Current limit)
Note that A\ # 0, g2 # 0 while u1 = pu3z = 0 for points on dU,.. Solving
8.J)oi5, = 0J Joic, =0, i5.% + it ? = I2,, and (8.33), we obtain

1 1
(ie i ) . \/ ma:v - max 4T2/K2 2 \/ ma:v max 4T2/K2) 2
ds’ “qs \/ﬁ \/ﬁ

(8.42)
iv) Points on the boundary 9U, (Voltage limit)
Note that Ay # 0, u1 # 0 while yus = puz = 0 for points in 9U,. Solving
0J 0iG, = 8J ity = 0, (weLyif,)? + (weo Lyil)? = V;2,,, and (8.33), we obtain

(ids: igs) = (8.43)

1

\/ maac ma:c - 4W4G2L4T2/K2 2 \/ maa: - maac 4w402L4T2/K2)%
\fwe Ly \[weO'Ls
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Region Separated by Different Constraints

The maximum output torque and power of the machine are ultimately limited by

the allowable inverter (source) current and voltage rating. Due to the presence of

the voltage and currents limits, the torque vs. speed curve is plotted as Fig. 8.5.

The torque-speed plane is divided into three regions as discussed in Section 5.4.

Note that w,, is called the rated speed or the based speed, and wj,s represents the

boundary speed between Region IT and Region III. They are calculated such that
Wy, = Vimaz (8.44)

\/Lglgln + 02L3<I7%1ar - I(%n)

[ L2 4+ 02102 Vipas
Wps = STy — (8.45)

The maximum available torques in each region are expressed such that

T = Ktldm/lfnm—lgn, (8.46)

(Vmaz/we)Q — (JLSImax)Q (LsIma:z?)2 — (Vmax/we)2
Tr2 = & 8.47
Vmax Vmaa:
g K : 8.48
e ! \/iweLs \/5&160'[/8 ( )
Const. Const. Const.
A torque power power x speed
Tml

T
0 1 p ? >
Bwp  |Wn 2wn Wps 4w Speed
Region | Region Il Region llI

|
Figure 8.5: Maximum torque plot versus speed.

Fig. 8.5 represents the output (or load) torque at fixed speeds, i.e., 0.5wy,, 2wy,
and 4w,,. The corresponding contours are shown in Fig. 8.6 (a), 8.6 (b), and 8.6 (c),
respectively. In Region I, the maximum torque 7}, is determined by the rated dg-
axes currents at the rated speed. In Region II, the maximum torque 7,2, being
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.e .e . .
tas Voltage limit lgs Voltage limit L
1 A Voltage

A Current limit A
/ \ limit

T2

Current limit

Const.

Const. torque ™ torque

/
I"I'(2U~'n?‘l

/ ,'.'T(‘%Wn)

?‘ds- Yds

(b) (©)

Figure 8.6: Optimal trajectories at constant speeds while the load torque increases:
(a) w = 0.5wy, in Region I, (b) w = 2wy, in Region II, and (c¢) w = 4w,, in Region III.

a function of we, is determined by the intersecting point between the voltage limit
curve and the current limit curve. As the frequency increases, the ellipse representing
the voltage limit shrinks down gradually. Therefore, level of the intersecting point
Tim2, shown in Fig. 8.6 (b), decreases with w.. At some high speed, the osculatory
point between torque and voltage limit curves lies inside the current limit circle.
This characterizes Region III. Hence, in Region III the maximum torque boundary
Tns has nothing to do with the current limit.

Optimal Constant Speed Contours versus Load Torque

In this section, we consider the optimal constant speed contours versus load torque
in each speed region. The case differs whether the curve is in the interior or on
the boundary. If an operating point in the interior of the constraint curves, the
loss-minimizing current level for a given torque and speed is given by (8.40). From
(8.40), the following linear relationship is obtained:

igs = V(We)igs = (| 57— ig (8.49)

where 7(we) £ \/ Ry(we)/Ra(we). This implies that the flux level needs to increase
or decrease linearly with the torque. This linear relationship is shown as the linear
segments of the trajectories in Fig. 8.6. Note also that the slope y(w,) decreases as
we increases. However, after it hits the d-axis current constraint at 7}, it stays on
the d—axis current limiting boundary, OU, until it reaches the boundary U, of the
current limit. This states that once d—axis current reaches the rated value I4,, the
torque increases further only by an increase in the g-axis current. Since T} is the
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crossing point, it can be found by solving (8.41) and (8.49) such that

IR R
Tp1(we) = Kilgnlan RJ =K, R—dlgn. (8.50)
q q

In Region IT where we > wy,, the same linear relationship (8.49) between i, and
igs holds if the load torque is low, i.e., in interior region. Since T} is the point where
the linear curve intersects the voltage limit ellipse, it follows from (7.50), (8.25), and
(8.49) that

RquVTgLam
Tpo(we) = Ki (qu+ Fao?) L2 (8.51)

The maximum torque 77,2 is determined by the crossing points of the voltage limit
curve OU,, and the current limit curve 9U.. From Tp2 to T2, the optimal trajectory
of the torque at a fixed speed lies on the voltage limit ellipse (8.43). However, if
we increases in Region II, the values (ig,, ig,) of the crossing point reduce with the
shrink of the ellipse. A reduction of the crossing point values corresponds to the
decrease of the maximum torque T),2 with the speed, as shown in Fig. 8.6 (b).

In Region III, w, is larger than wps. Then, the ellipse shrinks further so that the
maximum torque T;,3 given in (8.48) is determined not by the current limit curve,
but only by the voltage limit curve, as shown in Fig. 8.6 (¢). Eventually, the voltage

limit ellipse lies inside the current limit circle completely as we increases.

V RquVT%La:C
Tpg(we) = Kt (Rq T Rdo'Q)ngg (852)

One can note from (8.48) that the product of maximum torque T),3 and speed
squared is constant in Region III. Since the power is a product of torque and speed,
the product of torque and speed squared being constant is equivalent to saying
that the product of power and speed is constant. Hence, Region III is often called
constant power-speed limit region.

8.2.5 Experimental Results

Table 8.1 shows parameters used in the experiment. Fig. 8.7(a) and (b) show the
experimental results of torque, speed, flux, and loss when the torque command
changes from 20 to 0 and from 0 to —20 N.m. Fig. 8.7(a) shows the responses of
the conventional vector control without a loss minimization control. Because of the
field-weakening profile, the flux level is slightly decreased from the rated flux level
0.8 Wb when the motor rotates above the rated speed (1800rpm). At steady-state
with 2000rpm, the power loss of the motor is about 200W. Fig. 8.7(b) shows the
responses of the proposed loss-minimizing control (LMC). The flux level is changed
according to the torque and speed for the loss minimization. One can note that the
significant loss reduction is observed in steady-state operation region.
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Table 8.1: The parameters of the induction motor used in experiments.

Motor rating | 9kW (4-pole) || Current rating 20A
Voltage rating 400V Rated speed 1750rpm
Ts 0.399 Q Ty 0.3538 Q2
Tm 650 L 59.327 mH
L, 60.448 mH L, 56.646 mH
201 70 N-m/div) -—~«~w\ 0| 00N may 3
0 . : : . + ' + } 0 -+ + ; + + + + }
201 M -L_ww 201 L_._____J L,_
2000 1 2000 I
—'-\ ,(1000 rpm/div) T / . . m,.(l(TOO rpml/ div) T /.— .
0 ; . ; ; T ! ! ! 0 t t t 1 t !
2000 |- -2000 |- \————-——
08l 02 Whdiv) T 08} %02 Whdiv) T
0.4 , , , , T ; ; ; ; 0.4 s ' T t a—
0 T 0 [ LA N
400 - £,200W/div) T 400] B, (200W/div) ]
wm 1
0 ; ; ; ; ; } " " 0 ' [L._/‘.L T T 7 : ' ’.L'
(;) 05 sec/div (l;) 05 sec/div

Figure 8.7: Experimental results of torque, speed, flux, and loss when the torque
command changes from 20 to 0 and from 0 to —20 Nm: (a)Conventional vector
controller and (b)loss minimization control.

Fig. 8.8(a) and (b) show the experimental results speed, torque, flux, and loss
when the speed command is kept at 1000rpm and the load torque changes from 0 to
20 Nm. Fig. 8.8(a) shows the responses of the conventional vector control method,
while Fig. 8.8(b) shows those of the proposed LMC. When the load torque is 20 Nm,
the power losses of the two methods are almost the same with 230 W; however, when
the load torque is zero, the loss of the proposed method is reduced about 100 W.

8.3 Loss-Minimizing Control for IPMSMs

In the IPMSMs, torque is also dependent on the d—axis current. Therefore, like
induction motors, there are numerous ways of combining dg-axes currents for a
constant torque production. But, the loss is different for each current set, (ig, ZZ)
Hence, the LMC of an IPMSM is a control method that controls torque with the
current sets that minimize the loss. The solution derivation process of the IPMSM is
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Figure 8.8: Experimental results of speed, torque, flux, and loss when the speed
command is kept at 1000rpm and the load torque changes from 0 to 20 Nm: (a)
conventional vector controller and (b) loss minimization control.

similar that of the induction motor. But the torque equation and voltage constraint
are different. Further, negative d—axis current is utilized in the IPMSM.

Nakamura et al. [10] utilized the fact that high-efficiency is obtained at the
unity power factor condition in the design of a controller for the PMSM. Morimoto
et al. [11] established a loss-minimizing control based on an equivalent circuit that
contained an iron loss model, as well as a copper loss model. Taking differentiation
of the loss function, the d-axis current yielding the minimum loss was obtained.
Bianchi et al. [14] searched the maximum torque experimentally when the current
magnitude was fixed.

Gallegos-Lopez et al. [13] proposed an idea of extending maximum torque per
ampere (MTPA) to the field-weakening region with a focus on automotive appli-
cation. However, the iron loss was not properly considered. Cavallaro et al. [12]
developed an on-line loss-minimizing algorithm based on the loss model of Morimoto
[11].

In the following, a Lagrange equation is utilized in finding the loss-minimizing
solution. The loss-minimizing solutions for different torque and speed are made into
a look-up table, and based on that a loss-minimizing control (LMC) is developed.
A similar method based on approximate analytical solutions was presented in [15].

8.3.1 PMSM Loss Equation and Flux Saturation

For the mathematical treatment, the losses are modeled as follows:
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1) Copper Loss:
Copper loss is caused by the stator coil resistance rg:
3 3 .
P, = 57«513 = 57’5(23 +i2). (8.53)
2) Iron Loss:
Iron loss consists of hysteresis loss and eddy current loss. Here, the total iron loss
is simply modeled as
Piron = crew” (Nj + A2), (8.54)

where v = 1.5 ~ 1.6 and ¢y, = 1.5 ~ 1.6.

3) 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 as
Py = capw? (i3 +i2), (8.55)

where ¢y, is the stray loss coefficient [3].
Summing the above losses, the total loss P; is equal to

Pt = Pcu+-13iron+Pstr
3

= (57“5 + Cstrwz)(ig + 13) + Cfe("ﬂ()‘?l + )‘3)
= k1 (w)ig + ka2 (w)iz + ks(w)ia + ka(w) (8.56)
where
3 Y12 2
ki(w) = 3" + cfew Ly + cstrw?,
3
ka(w) = s + cfew7L3 + Catrw?,
k3(w) = 2cfew” Lgthm,
k4(w) = Cfew’yqvbzn .

Hereforth, illustrations are made with an example electric vehicle (EV) motor. Its
picture and parameters are listed in Fig. 8.9 and Table 8.2.

The stator flux is proportional to the stator current. However, as the current
increases, core saturation develops gradually. Fig. 8.10 shows the measured values
of fluxes by utilizing the steady-state relations:

Ad = (vg — 7siq),

1 )
Ay = —;(vd — Tiq) -

€|~
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Figure 8.9: Example EV propulsion motor.

Table 8.2: Parameters and coefficients of a PMSM for FCEV

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 pole (P) 6
Permanent magnet flux (A,,) [Wh] 0.07
Number of stator slot 54
Switching frequency [kHz| 8
nominal d axis inductance (Lg) [uH] 375
nominal q axis inductance (Lg) [uH] 835
stator resistance (rs) [m€2] 29.5
coefficient of iron loss (Cf.) 2.1 x1072
coefficient of stray loss (Cs) 6.5 x 1079
coefficient of q axis inductance (a) | 4.85 x 10~*

But some values corresponding to high currents (/42 15+ 12 > 500A) are extrapolated

with the data obtained from FEM calculation. Note that almost no saturation in
Aq takes place along d-axis current. However, saturation in A\, becomes apparent as
14 increases.

Based on the above measured values of flux linkage, the inductances are calcu-
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kd (measured) kq (measured)

.........

Figure 8.10: Measured stator flux linkages versus dg-axes current (a) d-axis flux
linkage, (b) g-axis flux linkage.

lated via numerical differentiation:

L — % ~ _A)\d
T dig B Aig ig=const. 7
O\ A
L, = A~~~ 8.57
! 81‘1 AZQ ig=const. ( )
. Mg AN
di = S R K )
! aZ‘I AZQ ig=const.
oA AN
Lyg = —~ =14 8.58
x ald Azd ig=const. ( )

Fig. 8.11 shows the plots of inductances versus current. Note that L, > Ly and that
the cross coupling inductances, Lg, and Lyq, are small enough to be neglected. The
saturation effect is noticeable in L, as i, increases.

To show why L, > L4 and the saturation effect is more pronounced in g-axis,
FEM simulation results of an example six pole IPMSM are presented in Fig. 8.12.
In the FEM simulations, PMs were not set in the cavities. Fig. 8.12 (a) shows the
flux lines when only the d—axis current is excited, whereas Fig. 8.12 (b) shows the
same when only the g—axis current is excited. Note that the cavities are arranged
in favor of g—axis flux generation. For d—-axis flux, the cavities function as barrier.
Therefore, more flux lines are formed when ¢—axis current flows, and it substantiates
Ly > Lg4. Further, it also tells that the possibility of core saturation is higher with

e
lq.
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Fig. 8.11 shows inductances versus current obtained by processing the experimen-
tal data according to (8.57). Almost no saturation is observed in Lg. As indicated
in Fig. 8.11 (b), the variation in L, is approximated by a linear function in 4, such
that

Ly = Lyl — aiy), (8.59)

where o > 0 is a constant representing the slope.

Inductance [H] Inductance [H]

-0~ L, | 00005 00008 Al
O qu -
- 0.0006 0.0006
L,=L, (1 —ociq)
I 0.0004 0.0004

I 0.0002 0.0002

[ oo e o o e e e ) - 0.0000 0.0000 B O S S B S

T T T T T T T T T T
i, [A] -s00 -400 -300 -200 -100 0 0 100 200 300 400 500 iq [A]

(a) (b)

Figure 8.11: Measured values of (a) Ly and Lyq versus iq when iy = 160A, (b) L
and Lgg versus i; when ig = —160A.

Figure 8.12: Flux lines excited by (a) ig and (b) if.

8.3.2 Solution Search by Lagrange Equation

To produce a requested torque T for a given speed w, there are numerous choices
for (iq, iq). But, we consider the loss-minimizing current set (iq4, iq) for a given
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torque value Ty and speed w. Further, there are voltage and current limits. The loss
minimization is formulated as

Minimize P;(ig, iq) = (=75 + cserw?) (i3 + zg) + crew ((Laia + ¥m)? + ngg)

2
i 3P . .
subject to T(d)mzq + (Lg — Lg)iqiq) —To = 0, (8.60)
(Laia + $m)*w” + w*(Lgiq)” < Vinags (8.:61)
ig+ir <12, (8.62)

Since the loss-minimizing control problem is an optimization under inequality con-
straints, one may need to apply Kuhn—Tucker theorem. However, we separate the
cases depending whether the optimal solution is found on the boundary or in the
interior of the constraints.

First, we just consider the optimization in the interior. Let the Lagrangian be
defined by

L(ia, iq) = Pi(ia,iq) + p(Te — To)

where p is the Lagrangian multipliers. The necessary conditions for the existence of
the optimal solution are

OL(ig,1
W = 3rgig + 2csrwiig + QCfEOﬂL?lid
(2]
N 3P .

+2cfew” Lathm + ,LLT(Ld — Lq)ig =0, (8.63)
OL(ig, i | | |
g;qu) 3rsiq + 2csrw?iy + QCfeuﬂLzzq

3P 3P ,
‘HLTwm + MT(Ld — Lq)Zd =0. (8.64)

Eliminating u from (8.63) and (8.64) and substituting
g = T0/¥(1/Jm + (Lg — Ly)iq), we obtain a 4""-order equation [15]:

fo. 1y (iq) = Aiy + Bis + Ci2 4+ Dig+ E =0 (8.65)
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where
27P3
A = o4 (Lg — Lq)3(3rs + 2cerw? + QCfSwVL?i)
27P3
B = ol Ym(La — Lg)* (975 + 6cstpw® + 6¢pew? L3
+2(Lg — Lg)cgew™ Lg)
27P3
C = 64 w?n(Ld - Lq)(grs + 6C5trw2 + GCfeoﬂL?l
+6(Ld — Lq)cfeuﬂLd)
27P3
D = o Yo (3rs + 2¢strw? + 25w L3
+6(Ld — Lq)cfeuﬂLd)
27P3 9P
E = 39 prncfewwl/d - T(Ld — Lq)TSTO2
3P
_T(Ld - Lq)cstTWQng
3P

—7(Ld — Lg)csew LT3

Note that all the coefficients A ~ E contains w, and that only E includes torque Tp.

Fig. 8.13 (a), (b), and (c) show the plots of (8.65) for different torque and speed.
They are close to straight lines in the region where ¢4y < 0, so that it is easy to find
the zero crossing points which were marked by “x”. The second row of Fig. 8.13
shows the curves of motor losses P, versus iq along the constant torque lines. The
loss curves were calculated by utilizing (8.56). It should be noted that P, has the
minimum values where function f crosses zero, as predicted by the necessary con-
ditions (8.60), (8.63), and (8.64) for optimality. That is, minimum values of P, are
obtained at the ig’s satisfying f,, 7, (ig) = 0. The third row of Fig. 8.13 shows the
plots of constant torque curves in the current plane with 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 on an intersection of the
voltage limit ellipse and the torque parabola[13]. The solution on the boundary was
marked by “®”.

8.3.3 Construction of LMC Look-Up Table

The loss-minimizing solutions need to be prepared as a table a priori. In the follow-
ing, an algorithm of generating the loss-minimizing (i4, i4) sets is summarized:

For a given speed wj, choose a feasible torque 7, % from the torque-speed curve,
where “feasible” means that a solution exists within the voltage and current limits.
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Figure 8.13: Calculated results illustrating how to find the loss-minimizing (i4, i4)
for three different speeds: (a), (b), and (c): plot of f(ig) for different torques, (d),
(e), and (f): power loss curves along constant torque contours (g), (h), and (i):
constant torque contours in the (ig, i) plane.

For w;, we denote the region inside a voltage limit by

j o . . V,
U = { (i, i) | (Laia +¥m)? + (Lgig)* < 2525,
J
where Vinae = Vbo/V3. A procedure for generating the LMC table consists of two

parts: from the interior points and from the boundary.
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A1l (From interior)

i) Calculate the coefficients A ~ E of function f utilizing (w;, T?);

ii) Plot f(iq) and find a zero crossing value, izlk;

iii) Obtain g—axis current corresponding to igk in such a way that
1k
q Tk/ (¢m (La — Lq)lil )?

iv) Check Whether or not the current pair satisfies the voltage limit condition, i.e.,
check (zd , ) e UJ

If the solution is outside of the voltage limit, then the solution should be extrap-
olated to the boundary along the constant torque curve and the optimal solution
is found on an intersection point between the torque and the voltage limit curves.
When there are two intersection points, the left side solution will be the optimal
since it has a shorter length. A method of finding the boundary optimal solution

from (é°, @) can be summarized as:

A2 (From boundary)
i) Let 2F = i2F — Aig;

ii) Find the corresponding g—axis current utilizing
ik k
i1 = 35TE/ (¥m + (La— L))
iii) Che/ck W/hether (zd , zflk ) € U‘j/. If “yes,” stop. If “no,” let (Z‘Zlk, zék) =
(sz , iz ), and go to Step i).
As we run (A2), the point moves to the left along the constant torque line T? to
the point where the torque line intersects the voltage limit curve.
Repeating algorithms (A1) and (A2) for all feasible (T, w,) under the speed
and current limits, we can construct a look-up table of the optimal current pairs.

8.3.4 LMC-Based Controller and Experimental Setup

Fig. 8.14 shows a PMSM controller, which includes the LMC table. The LMC table
requires torque and speed as the input variables, and provides the optimal current
commands. The LMC table is made for the largest possible DC link voltage in
operation. However, the table output values are checked to find whether or not they
are feasible under a given DC link voltage. If it is not feasible, then the output
values are adjusted according to algorithm(A2). Next, the table output values are
used for the current commands, which minimize the motor loss for a given speed,
torque, and DC link voltage. Conventional PI controllers can be used for d and
g—axis current control along with decoupling and back-EMF compensation.
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Figure 8.14: LMC structure for IPMSM.

The experimental environment is shown in Fig. 8.15. The proposed LMC were
implemented utilizing a floating-point DSP (MPC5554). The PWM switching fre-
quency was selected to be 8kHz and the dead-time 2us. Current control routine was
carried out every 125us, and torque command was refreshed at every 1.25ms.

' Control Board

Figure 8.15: Photograph of the experimental setup.
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The PMSM under test was controlled in a torque mode by an inverter with the
LMC scheme, and the induction motor of the dynamo was controlled in a speed
control mode. A power analyzer monitors the input power (Vpe - Ipc) at the DC
link. A torque transducer was also installed between the two motors to measure the
output torque. Through multiplying a measured torque by motor speed, mechanical
shaft power (P, = T. - w,) was obtained. The motor power loss was calculated
according to

P, =Vpclpe — Te - wr — Pinw, (866)

where P;,, is the inverter loss. Inverter loss comes from conduction and switching
losses of IGBTs and diodes, i.e., Py = Praprs + Piiode, Where Praprs and Pyiode
are the IGBT and diode losses, respectively. Based on the method proposed in [6],
the IGBT and diodes losses are estimated as follows

1 2 1
PIGBT = 6 {2DT <fj V on ) + 2Etsfsw} ) (867)

Plivie = 6 {;(1 — DT) (2\[ IATSE > + ;wasw} : (8.68)

where Vc(eon) is the collector-emitter voltage during on-state, DT is an average con-
duction time of IGBT, I. is the rms value of phase current, Ej, is the total switching
loss of IGBT, V}"”) is the on-drop voltage of diode, E,.,. is the reverse recovery loss
of diode, and fg, is the PWM switching frequency. Note that DT is dependent on
power factor (cos ¢), and that the conduction times of IGBT and diode appear to be
complementary. For the switching and reverse recovery losses of IGBT and diode,
we utilized the data in the data sheets.

Iron loss coefficient Cy. 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 such as bearing and windage losses are small enough to
be negligible. As a consequence, P; — P., — P, would be close to the stray loss,
Py,. Based on this method, the coefficient, C., was selected to be 6.5 x 107, This
approximation corresponds to a rough estimation, Ps. /2 0.03 ~ 0.05P,,; [3], of the
stray loss of small motors.

8.3.5 Experimental Results

The parameters, as well as loss coefficients, cf. and ¢, of the PMSM used in the
experiment are summarized in Table 8.2. Instead of utilizing algorithms (A1) and
(A2), 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. 8.16
shows the loss-minimizing currents (iq, i4) for different speed and torque conditions
found by an experimental scanning method. Fig. 8.18 shows the colored efficiency
map of the motor. Efficiency ranges above 90% in most torque-speed region, but it
is low in the low-speed/low-torque region.
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Figure 8.16: Loss-minimizing currents (iq, i4) for different speed and torque condi-
tions found by an experimental scanning method.
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Figure 8.17: Loss-minimizing (i4, i4) under fixed speeds 1000, 3000, and 6000rpm,
while the torque is increasing. Symbols : experimental results, dashed line : com-
puted results.

Fig. 8.17 shows the loss-minimizing (ig, i4) under fixed speeds 1000~6000rpm,
while the torque is increasing. It compares the loss-minimizing data obtained from
the experimental scanning method with those from algorithms (A1) and (A2) (sym-
bols: experimental results, dashed line: computed results). This shows that the two
methods yield the same results. Fig. 8.17 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
1000rpm are similar to those of MTPA.

Fig. 8.19 shows the plots of responses to a varying load torque at constant speed
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Figure 8.18: Efficiency map for the IPMSM for EV.

(2000rpm). Note that both ig and i, change when torque varies. It displays the
plots of measured shaft power and DC link power. The LMC results were compared
to those of MTPA. Note from Fig. 8.19 (c) that LMC yielded lower loss than MTPA.

Fig. 8.20 shows the responses when the operating points move along the maxi-
mum torque and maximum power contours with the LMC. Fig. 8.20 (b) shows the
current contour in the d, ¢ current plane which corresponds to speed, torque, power,
and loss plots shown in Fig. 8.20 (a). During the period from the origin (start) to the
point O, torque was increased rapidly to the maximum (400A). Then to meet the
power rating of the inverter, the current magnitude was decreased to 300A (Point
P). Then, the points followed the current limit line with the increase in speed (Point
Q). Fig. 8.20 (c) shows the computed result of the current trajectory.

8.3.6 Summary

The optimal condition ended up with a 4**-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 experimental
scanning method. The two results agreed in most torque-speed range. In addition,
the loss-minimizing data were made into a look-up table, and used for constructing
an LMC. The proposed LMC provides the loss-minimizing current commands in all
operating ranges.
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Figure 8.19: Current responses when load torque changes at 2000rpm: (a) LMC,

(b) MTPA, and (c) the loss comparision.
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Problems

8.1 Consider calculating the eddy current loss of the lamination stack shown in
Fig. 8.3.

a) Consider a narrow loop whose area is 4xy shown in Fig. 8.21. Show
4L ,dB
that the EMF around the loop is equal to v = Wi/NwQE

b) Denote by o the conductivity of the core material. Assume that
L > W/N and that the loop has incremental width dz. Show that the
resistance of the loop is

o 2 L =z
Y oDW/Ndz"

c¢) Show that the dissipated power, dP,, in each incremental loop is

4o LD dB\?
P,y = Sdo | — ) .
APy, W/Nxd$<dt>
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Figure 8.21: A laminated sheet (Problem 8.1).

d) Show that the power loss, Pgpeer in each sheet is

P LoDW3 <dB> 2
sheet — T a2 TS
16N3  \ dt

e) Assume further that field density is given by B(t) = B, sin(2x ft),
where f is a frequency. Show that the total eddy current loss of the

stack is
w20 LDW?3

V2 f2B2, cos?(2m ft).

Pg = N X Pspeet =
f) Show that the average value of Py is equal to (8.3).

8.2 Derive (8.45) from (5.34) and (5.36).

8.3 Derive (8.47).
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Chapter 9

Sensorless Control of PMSMs

Rotor position information is required for the field orientation control of PMSMs.
But in some applications, installing position sensors makes problems: In some vac-
uum pumps, it is not possible to extend the motor shaft out of the motor housing
due to the sealing problem. In crane and elevator applications, the distance between
the motor and inverter is so far that the sensor signal attenuation and the noise
interference make a problem. In some household appliances such as refrigerators
and air conditioners, the cost pressure forces eliminate the use of speed sensors.
The above problems have motivated the development of sensorless algorithms for
PMSMs, and numerous works have been published.

Sensorless techniques for PMSMs are classified broadly into two types: back EMF
based methods and signal injection methods. Matsui [1] pioneered back EMF based
sensorless controls for PMSMs. Tomita et al.[2] introduced a disturbance observer
for an EMF estimation. Corley and Lorenz [3] proposed a sensorless control that
operated at zero speed with a high frequency current injection and a heterodyne fil-
tering technique. Zhu et al.[6] introduced a sensorless control by signal injection that
considered the cross-coupling magnetic saturation. Aihara et al.[7] combined a signal
injection technique with a back EMF based position estimation method. A sliding
mode current observer was utilized to find out the position and velocity estimates
by Chen et al.[8]. The influence of measurement errors and inverter irregularities on
the performance of the sensorless control was studied by Nahid-Mobarakeh et al.[9].
Xu and Rahman [10] and Liu et al.[11] used an adaptive sliding mode observer with
a simple Kalman filter for the direct torque control of a PMSM. Bolognani et al.[12]
applied the extended Kalman filter to a PMSM sensorless control, and studied a
guideline for choosing the noise covariance matrices. Very recently, Ortega et al.[13]
published a result on the application of a nonlinear observer to SPMSM. They uti-
lized a new state variable and proposed a simple nonlinear state observer. Nonlinear
state observers were utilized for for rotor position estimation in [14], [15]. It is widely
recognized that the back EMF based methods perform relatively well in middle and
high-speed applications. But the major drawback is that they behave poorly at
standstill and in the low-speed region. Further, they are sensitive to inherent motor
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torque ripple and noises. But with high-frequency signal injection methods, full
torque-zero speed operation is feasible at the cost of probing signal power.

9.1 IPMSM Dynamics 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 coordi-
nate frame carries the additional voltage terms caused by the angle estimation error.
The additional terms look like unknown nonlinear disturbances to the system. Cer-
tain types of observers are utilized to estimate the terms which contain the angle
error.

Denote by 0. an angle estimate. The variables based on 6, are marked by
overline’s. Let

|

Afe = 0.—0., (9.1)

Awe = We— We.

Fig. 9.1 shows aligned and misaligned axes and the angle error.

aligned
o d-axis
misaligned 1
g-axis //\@ misaligned
aligned ,'\ d-axis

g-axis .,
A} .

'\ 9 estimated
0 “Ye  angle

el

\
\
]
1
]

Figure 9.1: Misaligned (tilted) dg-frame.

An IPMSM model with respect to 0. is developed in the following. Recall from
(6.29) that the flux in the stationary frame is equal to

. 3 y ¢Sk ]
Ay = Liid, — §L5632981§q + el (9.3)
where Ly = %Lss + Ljs. Transforming the flux (9.3) to the frame of ejge, we obtain

— = e 3. on 7 »
Ay =e 366)\2[1 = L.e Jeequ - §L5€](20 ‘96)(12(1)’k + e T80,
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. . e — 50,
Defining the current in the reference frame by i;, = e 39¢i44, We have

3e e 3. ze . _jong —jAg
Adg = Lsigy — 5Ls(ig,) €772 + e ™7,

2
Therefore,
JBeXg, = jWeLsigy — jwegL(;(iZq)*e*ﬂMe + jTethye IR0 (9.4)
~e <€ 3 € \x —i . <€ \x —7j . i
Phag = Lopiag = 5Lo(plag) e ™23 + 8LsjAwe(igy) e 722 — jAwpme 2.
(9.5)
Substituting (9.4) and (9.5) into (6.17), it follows that
gl . iz n Ly — %L(; cos 2A0, %Lg sin 2A0, da 2'2
1 I O $Lssin2A0, L+ 3Lscos2A6,) dt |i,
3_ sin2A0,  cos2A0, ] [ig
HBAwe — §we)L5 [cos 2A0, —sin 2A9J E;]
o —752 Sin A@e
+w6LS |: ’LZ :| +we¢m |:COS Aee (96)

Note that the misaligned equation (9.6) is the same as the stationary IPMSM model,
(6.32), if A, = —0, Awe = —w, and W, = 0. That is, if the misaligned angle is equal
to the rotor angle, then the synchronous IPMSM model turns out to be stationary
IPMSM model.

9.1.1 Different Derivation of the Misaligned Model

Note again that

JAG, cos Af,  sin Af,

€ - [— sin A6, cos AGE]

0 1
for J—[_l 0]

Denote the voltage and current vectors in the misaligned frame by Vg = eJA0

and izq = eJAGEizq as in (9.34). Then, the IPMSM dynamics in the misaligned
coordinate is written as

€
e qu

v4, = 00 [7‘8 tpLa —welq ] e IR0y, + 720 [ 0 ] : (9.7)

welyq rs + qu WeWPm
In some literature, the following notations are used:

L L
at q:L87
2

Ly—La 3
2

Lav

Ly = = L.

2
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Then,
ing. |[PLa 0 | _jap.ze
e |: 0 qu:| e ldq
AL Lgpsin2A0,  —Lgy + Lgp cos 2A0, gd
¢ | Lav + Lgf cos 2A0, — Ly sin 2A0, i

n Loy — Lgg cos 2A0, L g sin 2A0, p%fl
Ly sin 2A6, Ly + Lgg cos 2A6, pgz

Similarly, it follows that

ane. | 0 —welq| _jnp.ze
e |:weLd 0 :| e ldq
. Te
— (@ - Aw) —Lgp sin 2A0, —Lgy — I‘de cos 20, fgl .
Ly — Lgg cos 2A0, Lgs sin 2A0, iq
Then,

Aw L sin2A0, —Lay + Lgp cos 2A0, EZI

| Lav + Lgs cos 2A0, — Ly sin 2A0, i
_ — Ly sin 2A0, —Lay — Lgp cos 2A0, ZZ
+(@e — Awe) [Lav — Ly cos 200, Lag sin 2A0, P

_ _ . |sin2A0, cos2A0, iz _ —iZ
= Las(2Awe — we) [cos 2A0, —sin 2A9J Eg] +Weliay [ iq } ’

Now, it is obvious that the above derivation yields the same equation as (9.6). For
a more compact representation, let

L, = L4 — Lgycos2A0,

Lﬂ = Lg+ Ldf cos 2A0,

L, = Lgsin2A0,.

Then, the IPMSM model in a misaligned coordinate is

VZq = ZiZq + (we - QWE)Lde - weLavJ ieiq +e (98)
where
g _ |Ts—Wely+Lap  —Welp+ Lyp
WeLa + Lyp rs +Wel~y + Lgp|’

U - sin 2A60,  cos2A0,
 |cos2A0. —sin2A6.|’

o — ” sin A6,
= Webm cos AG, |
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The stationary IMPSM model can be derived from (9.8) by fixing the misaligned
(tilted) frame. That is, the stationary IMPSM model is obtained by letting we = 0
and #. = 0:

. —sinf
Vilq = (Z‘wezo) lilq - 2weLdf U|§e:0 + wewm |: COS eee:|
3 EEY d
= gt [LS y 2L(;.cos 20, 213)5 sin 26, } i
—5Lssin 20, Ls+ 5Lscos20c| dt™
—sinf
} +w€wm[ sin e} .

cos 0,

—sin20, cos 20,

—3wels [ cos20. sin 26,

(9.9)

Note that the resulting equation (9.9) is the same as (6.32).

9.2 Sensorless Control for SPMSMs

Two sensorless algorithms for SPMSM are illustrated in the following: One is Or-
tega’s sensorless algorithm utilizing a nonlinear observer for stationary SPMSM
model. The other one is Matsui’s original sensorless algorithm that is still being
used in home appliances.

9.2.1 Ortega’s Nonlinear Observer for Sensorless Control

Recall from (6.3) that the P-pole SPMSM dynamics in the stationary frame is

d iyl iy —sin 6, v
L[] = ] e | | (910
P
T. = %wm(igcos%—ijsinﬁe). (9.11)

Since the back EMF term contains the information of ., the goal is to estimate
[—sin B, cos 6.7 using i* and v*.

Ortega et al. [13] developed a nonlinear observer for (9.10), which involves a
coordinate change. A new state variable is defined such that

x =L, [?} + P [ cosfe ] . (9.12)

q sin 6,
Let

lq Yq
Note that y does not include any unknown terms, and thereby is available for mea-
surement for all time. Then it follows from (9.10) and (9.12) that
. d (i sin 6,
* = L3£ [22] — Wethm [ —cos 0. ]
= Y (9.14)

_— @13
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Define a function n : R? — R? as

n(x) =x — Ly [Zg] =+, [ oS Oc ] : (9.15)
q e
Then, the Euclidean norm is equal to

In(x) 1 = 7, (9.16)

The nonlinear observer is proposed as
X YA
x =y + )W — In®)|7); (9.17)

where % € IR? is the observer state variable and v > 0 is the observer gain. Note
that the distance, 12, — [|n(%)||? from a circle is used as a steering term for observer
state, X. Let the observation error be defined by

X = —Jme‘w (x —x). (9.18)

Theorem 9.1 [13]

Consider the SPMSM model, (9.12) and (9.14), and a nonlinear observer, (9.15)
and (9.17). The observation error x defined by (9.18) converges asymptotically to
the disk {x € R?|||x| <2} ast — co.

The observer state, X, evolves according to (9.17). But it satisfies a condition,

x|l < 2. It carries an important meaning: Temporarily, we let for some (£, &2) €
R2

%=L, {Z.gl] + U { &1 ] . (9.19)
Zq 62
Since ||| = 1, it follows from (9.18), (9.12), and (9.19) that

22 = o~ = H Fl - 9}

52 — sin 06

Graphically, 2 > ||x|| forces to satisfy a necessary condition that (&1, &2) is in the
unit circle centered at the origin, i.e., €2 + ¢2 = 1. At this state, we may rewrite
&1 = cos 02 and & = s1n«92, ie.,

%=L, [zd] + Y [ cos b } (9.20)
q

sin 9

Then, an angle estimate could be obtained from X such that

Bo — Lgi®
=tan ' [ —— 29 . 9.21
=t () (0.21)

>
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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 observer (9.24) constructed on a synchronous
frame. See for example [1],[9].

Angle and Speed Estimation

To construct a speed controller or to compensate the cross coupling voltages, we Lty
and we Ly, it is necessary to estimate the speed. Some observers require the use of
speed estimates (see Problem 9). But it is not good to obtain a speed estimate by
the numerical differentiation of the position estimates.

In this part, a phase locked loop (PLL) type speed estimator is constructed from
angle error, 0, — 0,. Fig. 9.2 shows a block diagram of a PLL used for speed estima-
tion [16],[17]. Tt is basically a tracking controller consisting of a PI regulator and an
integrator. Recall from Chapter 1 that PI controllers have the ability of suppressing
error under the presence of a disturbance. In the original PLL circuit, the bot-
tom integrator consists of a voltage controlled oscillator (VCO) (voltage/frequency
converter) and a pulse counter.

Loop filter

------- -: 6(5 9(3 = 9(-:

\0bservert—s( PD

]
1
]
I
i
"I""I'I 7 !
i
]
]
]
I

1 1
l-ﬁ;}[z) [e.'t'}[r’.)
f:}(f) t.‘,';(f) R p—
Oc 1
8

Figure 9.2: PLL type speed estimator utilizing 6 — 6.

Assuming 0. ~ 0 and W, ~ 0, the estimator is described by
@ = a1(fe —0c) + aa(de — @) -
0. = we. (9.22)

The node prior to the integrator, “VCO” signifies a speed information, thereby
regarded as speed, i.e., W, = .. Defining errors by @, = &, — W, and 0~€ = ée -0
and assuming @, ~ 0, it follows that

i) - V1G]
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and the characteristic polynomial is equal to s +ags+aj = 0. The PI gains (a2, ay)
are selected such that the closed-loop bandwidth is larger than the speed bandwidth.

Control Block Diagram

The sensorless control block for a SPMSM, which includes the nonlinear observer,
is shown in Fig. 9.3. The nonlinear observer outputs angle estimate é, based on
which the field orientation control is synthesized. The conventional PI controller is
utilized for d and ¢ axes current control along with the decoupling and the back-
EMF compensation. The IP type speed controller is utilizing w,. that comes out
from the speed estimator.

Jansson et al. [19] pointed that injection of d axis current enhanced the robust-
ness of the sensorless system against rs variation. They applied d—axis current in
proportion to g—axis current. But, we inject d—axis current pulses in a low frequency
region. To generate such current pulses, we apply a voltage pulse train as shown in
Fig. 9.3. In this experiment, the pulse frequency is 200Hz, the peak level is 50 V, and
the pulse duty is 0.2msec. Note that no d-axis current is injected if |w| > 100rpm.

Experimental Results

Experiments were performed with a dynamo test bench that was made with two
SPMSMs. The shafts of the two motors are connected via a coupler as shown in
Fig. 9.4. All the nonlinear observer and control algorithms were implemented in a
TMS320vc33 DSP board. The PWM switching frequency was set to be 8kHz and
the dead-time 2us. The current control algorithm were carried out every 125us, and
the speed control loop was activated every 1.25ms. Dynamo motor controller was
constructed with a DSP, PIC30F6015.

Table 9.1: Motor parameters of a SPMSM used for experiments

Parameters [Unit] Values
Input DC link voltage [V] 200
Rated output power [kW] 0.3
Rated torque [Nm] 3.0
Rated speed [r/min] 1000
Rated phase current [A] 3.0
Number of pole (P) 8
Rotor flux per pole (¢,) [Wb] 0.11
Switching frequency [kHz| 8
Stator inductance (L) [mH] 1.14
Stator resistance (Rs) [€] 0.675

Fig. 9.5 shows sinf, cos 6, and 6, along with real position 6 measured by a 6000
pulses/rev encoder under no-load when (a) w, = 80rpm and (b) 300rpm, respectively.
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Figure 9.3: The overall sensorless control block diagram with the nonlinear observer
and the speed estimator.

¥

Figure 9.4: Photo of the experiment setup.

Trigonometrical functions as a simple observer output are also shown in Fig. 9.5.
Note that the position errors at 300rpm are smaller than those at 80rpm. Fig. 9.6 (a)
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Figure 9.5: Comparison between the real and the estimated position data under
no-load condition at (a) 80rpm and (b) 300rpm.
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Figure 9.6: Comparison between the real and the estimated position data under a
full step load at (a) 100rpm and (b) 600rpm.
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Figure 9.7: Speed and the corresponding torque responses at 1000rpm when a full

load torque is (a) applied and (b) removed.
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Figure 9.8: A speed control response with a step full load torque.

and (b) show behaviors of the position estimates when full step loads were applied
when w, = 100rpm and 600rpm, respectively. One can also notice that the steady-
state position errors at a higher speed are smaller. Fig. 9.7 (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, = 1000rpm, respectively. Fig. 9.8 shows a macroscopic
view of the behaviors of speed and angle estimates when the speed changes from
wyr = 100rpm and 900rpm with a step full load.

Fig. 9.9 shows a stable performance at 10 rpm (0.01pu) with a 1.5Nm (0.5pu)
load. Fig. 9.9 (b) is an expanded plot of real and estimated angles shown in
Fig. 9.9 (a). Note that the d-axis current has a shape of pulse train and that
the g—axis current (2.2A) is flowing for torque production.

Summary

e The nonlinear observer is developed for SPMSMs in the stationary frame.

One great advantage is that it does not require the speed information, so that
a speed estimator can be constructed separately.

For speed update, the PLL type differentiator is utilized independently.

Robustness can be enhanced with the d—axis current injection in the low-speed
region.

It has a simple structure and performs well in practical sensorless applications.
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Figure 9.9: (a) Experimental results under half load (1.5 Nm) at 10rpm and (b) an
expanded plot of Region A in (a).

9.2.2 Matsui’s Current Model-Based Control

Matsui [1] developed a sensorless algorithm for a SPMSM model referenced on a flux
angle estimate. Let 6;) be a rotor angle estimate at Eth step. Let Af, =0, — ée(k)
be the angle deviation from the real angle. The rotor flux vector ,,, is aligned with
the real g—axis, but it is decomposed into

—sin A6,
Ym [ cos Af, }

in the misaligned coordinate as shown in Fig. 9.10. Therefore, the SPMSM dynamics
seen from the 6()-frame is described as
Ly |—cosAb,| L, vg(k)

L Vagn | _ ffam || Z _ {L _“k} )| |
. . — /,'lS .
To \VPaesn ] [aw SO S
(9.23)
where T is the sampling period and wy is the electrical speed. It is assumed that
currents ig and iy are available for measurements. Voltages vy and v, are also

assumed to be known since they are synthesized in the control processor core.
However, in the controller, the current dynamics is considered as

Ly | _ faw || _ [L —‘f’k] Ly | _ Ym@ [0] L1 Paw]| .04
Sm e ~ Ts re € ) °

T \tatesn] o O] [faw]  Ls L Ls [V

where ig}k +1) and i%g 41y are the predicted currents when there is no angle error.

Defining the differences in the one-step ahead estimates by

YW [ sin Afe ] w1 [”2(1&] :

Aig(kﬂ) ZZ(IH—I) - Zﬂkﬂ)

Aifl(kJrl)] _ [?S(kﬂ) _Z:%H)] ’ (9.25)
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Figure 9.10: Current vector decompositions into f.) and 0(x1).-

we obtain
Al:g(k-i-l) _ Tsthm [ Wy sin Aee(k) ) :| ~ E |:¢mka96(k):| (9.26)
ATy Ly |—wkcos Ay + @y, Ls | YmAwg

where Awy, = @, — wg. The observations are:

i) Q—Axis current error is proportional to the speed error;
ii) D—Axis current error is proportional to the angle error.

For correction of speed estimates, the g—axis current error is utilized. Let J; =

1 .
§Azg(z+1). Then

aJl Tsd)m

0Aw, Ly

Al o1)- (9.27)

From the gradient method, it follows that

where K, > 0 is an adaptive gain. It is assumed in (9.28) that wi41 = wi and that
one-step behind value, AiZ(k) is utilized instead of A€

q(k+1)"
Similarly, let Jo = 3AG7, ). Then

6J2 . Tswm N
aAee - L, Wk Y’d(k-i—l)‘

From the gradient method, it follows that A1) = Ab, ) — ngAifi(k), where Ky,

is an adaptive gain and Aiz(k) is utilized instead of Aifl(k +1)- Therefore,

ée(k—i—l) = ée(kz) + KeeAifl(k)' (9.29)
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Extending with the speed update (9.28), the final angle update algorithm is obtained
as

st A~
¢KE (k11 (9.30)

~

0@(k+1) = ée(k) + ngAiZ(k) +

where K > 0 is a constant gain. Note that the sampling time T is multiplied to
W(k+1) in the angle update.

Summary

e The Matsui’s sensorless algorithm can be applied to SPMSMs.
e It utilizes an internal model and develops error dynamics.

e Angle and speed update methods can be derived separately by applying the
gradient algorithm. The two update methods are glued into a single angle
update algorithm.

e [t is being used in home appliances.

9.3 Sensorless Controls for IPMSMs

Describing the IPMSM dynamics in the stationary frame is quite complex, as shown

n (9.9). Thus, the IPMSM dynamics are hardly treated in the stationary frame. In
this part, back EMF based sensorless algorithms for IPMSMs developed by Mori-
moto et al. [18] and Hong and Nam [21] are illustrated.

9.3.1 Morimoto’s Extended EMF-Based Control

As shown in the previous section, the sensorless controls for SPMSM are simpler,
since Ly = Lq. If Ly # Ly, the complexity arises with coordinate change. Consider
the voltage equation in the aligned synchronous frame:

vg rs +pLg —wly 15 0

= . . 9.31

|:v2:| [ wlq s +pLyg ’LZ * WePm ( )
As shown in the previous section, the model (9.31) becomes complex when it is

expressed in the tilted coordinate frame. Morimoto et al. [18] proposed an extended
EMF based model in which L4 appears only in the diagonal, whereas L, in the

off-diagonal:
vl |rs +pLg  —wely 15 0
L}S} o [ welq 75+ pLa| |1 + E.. (9-32)
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where
Eex = we[(Ld - Lq)lg + wm] - (Ld - Lq)(pZZ)

Note that F.,, called extended EMF, contains the differential operator, p. In the
vector form, (9.32) is rewritten as

Vg = [(rs + pLa)l — weLyJ]ig, + ¢ (9.33)
where

e vz e zfl _ 0
Vi = H g = H <= [E ‘

In order to describe vectors in the misaligned coordinate (f.), the vectors in the
real coordinate (6.) need to be multiplied by

JOe—0) _ [ cos(f. — 0.) sin(f. — 06)] .

—sin(f — 0.) cos(B. — 0,)

Let _ _
Vi, = eJ(ee_ee)ng and izq = eJ(ee_ee)igq. (9.34)
Then the dynamics in the misaligned coordinate is given as
Vag = eI (@e—be) [(rs + pLa)I — welyJ] e—J@e—Ge)gzq + e‘](ae_ee)c, (9.35)
Rearranging (9.35), it follows that
vy rs +pLlg  —welyq Zg 52
= ", 9.36
[vfj [ welq 75+ pLal |i, + &g ( )
where _ C e
& sin(f — 0) _ —i,
|:§g - Eex COS(? _ 0) + (we we)Ld I %2 9 (937)

and w, = %56. It is interesting to see that the dynamic model is simple even in
misaligned frame with the extended EMF.
Estimation of Extended EMF via Disturbance Observer

Dynamic model (9.36) is a linear system with the disturbance [£5, €5]7. Tt is further
assumed that W, = we. Then, the angle error is obtained by

0 — 0, = tan™! <§d> . (9.38)
q

This method eliminates the need for calculating E.,. To obtain the angle error using
(9.38), it is necessary to estimate disturbance terms, {; and §,. For this purpose,
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two disturbance observers are constructed for £; and ¢, assuming that they are
constants. A disturbance observer for £; is shown in Fig. 9.11. Recall that the
disturbance observer contains a differentiator functionally, but a filter is combined
to prevent signal differentiation. Note that the low-pass filter in Fig. 9.11 approaches
to unity with a large a > 0.

Most commonly, the disturbance observer is used in the speed loop for unknown
load torque estimation. But in this particular example, the disturbance observers are
used in the current loop to estimate unknown voltage terms that are caused by the
coordinate misalignment. Note also that the current loop bandwidth is larger than
that of the speed loop. Thereby, the observer filter bandwidth should be sufficiently
large.

The estimates are denoted by éd and fq. Using fd and éq, the angle difference is
obtained such that

A, =0, — 0, = tan™"! <§d> . (9.39)

Figure 9.11: Block diagram of a disturbance observer in the current loop.

Experimental Results

Experiments were performed with an IPMSM developed for an air conditioner com-
pressor. The specifications were listed in Table 9.2. The control algorithms were
implemented in a TMS320vc33 DSP board. The PWM switching frequency was set
to be 5kHz and the dead-time 2us. The current control and speed/position estima-
tion were carried out every 0.2ms, and the speed control loop was activated every
2ms.

Fig. 9.12 shows the responses of 6, ée, 0, — ée, and w, at 500 and 6000rpm (field-
weakening region). Note that the angle error is less than £5° at 500 rpm and +2°
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Table 9.2: Motor parameters of an IPMSM used for experiments.

Parameters [Unit] Values
Input DC link voltage [V] 540
Rated output power kW] 11
Rated speed [r/min] 5000
Rated torque [Nm|] 21
d—axis inductance (Lg) [mH] 3
¢-axis inductance (Lg) [mH] 6.2
Stator resistance (r5) [€] 0.151
Rotor flux per pole (¢,,) [Wb] | 0.09486
Rated current [Apms] 25
Rated voltage [V rms] 220
Number of poles (P) 6

at 6000 rpm. Fig. 9.13 shows a transient response to a step speed command from
3000 to 4000rpm. At the point of abrupt speed change, the angle error develops,
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, o = 3450. Fig. 9.14 shows
speed control responses: 500rpm — 6000rpm — 500rpm. This shows that the field-
weakening control with the Morimoto’s algorithm is also stable.

. [degree] - d
N o NP A — o
Ewo # \‘ / " _.Eso
(degree] = 0 (gegree] : = - - —ho
109 0,0, o3
4 .o s o e s v [
10 2
{Jy-= 6000 rpm
;:t:l,-=500rpm
] 20msec/div | 2msec/div
(a) (b)

Figure 9.12: Angle estimation with the disturbance observer: 6, é, 0 — é, and @, at
(a) 500rpm and (b) 6000rpm.

Summary

e The Morimoto’s sensorless algorithm can be applied to IPMSMs.

e The essential part is to make L, appear in the diagonal part and L, in the
off-diagonal part of the voltage equation while driving out the remaining terms
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Figure 9.13: Transient response for a step speed change from 3000rpm to 4000rpm.
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Figure 9.14: Speed control responses with the Morimoto’s sensorless algorithm: (a)
500rpm — 6000rpm — 500rpm and (b) a magnified plot of region A.

to the extended EMF term.

e The extended EMF based model has a simple structure in the misaligned

coordinate.

e Utilizing the disturbance observer, voltage disturbances are detected which

carry angle information.

e The structure is simple and has less tuning parameters than the Matsui’s

sensorless algorithm.
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9.3.2 Sensorless Control Using Adaptive Observer

In this section, the IPMSM dynamic model in a misaligned frame is derived and
approximated as precisely as possible when the angle error is small. An adaptive
observer is constructed and the rotor angle is estimated by a parameter adaptive
law.

The IPMSM model, (9.6), in the misaligned frame is rewritten as

3 - 3 -
vg = <r5 — §L(@e sin 2A96> iz + <LS — §L5 cos 2A96> (pzfl) + Wethm sin Af,
3 _ _
—W, (LS + §L5 cos 2A9€) iZ + 3L5Aweig cos2A0, + Ep (9.40)
—e 3 — . e 3 e
vy, = | 7s+ iLéwe sin2A0e | i, + | Ls + §L6 cos 2A0, (pzq) + Welhym, cos Ab,
3 - _
+, (Ls — §L5 cos 2A06> iz + 3L5Awei§ cos 2A0. + Eq, (9.41)
where
3 - _
Ep = §L5 sin 2A0, (piZ) + 3L5Awei§ sin 2A0,
3 - _
Eq = §L5 sin 2AA0, (pig) — 3LsAwei, sin 2A0,.

Assume that Aw, and A6, are small. Then,
Aw,sin Af, ~ Aw.Ab, € (92,
where 0% = {f(z) : R" = R | lim|;|00 | f(2)]/[z]|* < co}. Further, piy ~ 0 and

pZZ ~ 0 in the steady-state. Then, Ep and Eg are small enough to be neglected,
ie., EFp ~0and Eg ~ 0.

An Approximate Model

One can approximate
3 _ . . .
§L6w8 sin 2A0, = 3Lsw, sin A8, cos Af, ~ 3Lsw, sin Af,.

Therefore, the voltage equations (9.40) and (9.41) turn out to be

05 = (rgs — 3Lswesin Abe) ig + Lay(pig) — WeLguiy + wetbm sin Afe + 3LsAwei,
(9.42)
Ty = (r¢s + 3LsWesin Af,) EZ + Lgv (pr) + WeLayiy 4 wethm cos A, + 3LsAweiy,

(9.43)
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where

Ly = Lg— gL(s cos 2A0,,
Ly = Ls+ gL(s cos 2A\0, .

For simplicity, we let
Ly =~ Ls— sLs= Ly,

Ly ~ Ls+ L5 =L,

3
27
3
2
Substituting Ly and L, for Lg, and Ly, and utilizing

Welm €08 Abe &= Wb €08 Abe — 1V Awe,

it follows that

d —e TS —e — ,l/] 3L5Zd Lq —e 3L§ 1
il = —L—dzd - weiLd n A6, —i—weLd « I, Awez +— L
(9.44)
d —e Ts <e 3L5/L _ LdTe wewm
—i, = ——1l,— We sin Al — We—14 — cos A6
dt 1 Ly L, YT, L, ‘
(B 3Ls =, 1 _
T?Awe — TqAW@ZZ + fqvq. (945)
d
A0 = Aw,. (9.46)
Further, letting sin Af, ~ Af. and cos Af. = 1, it follows in the matrix form that
_ — N _
g [ i i @e Tyl Lfd”d
o iy | = As(t) | i, | +bs(t)Awe + _we% + | 2.0q|,  (947)
Aee Age 0 0
where
=0 @ 3L~ bmiy — 52
At)=10 -5 - 3Lm and  by(t) = %
0 0 0 1

Note here that Ay and b contain iy and i, ¢ So that they depend on ¢. If the axes
are aligned, 0, = 0, and we, = We. In such a case, the approximate model (9.47)

reduces to the model of Synchronous frame (6.39).
Note that 355 and = q‘5 originated from the rotor saliency. The above model

is regarded more precise than the models in the previous works, for example (9.23),
since it accounts 255 and 3L5 in A; and by, and reflects the dynamics of the

speed error, Awe.
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Adaptive Observer

Adaptive observer is constructed for a system with unknown parameters. It is
accompanied by a parameter adaptive law. Hence, the goal of an adaptive observer
is not only to estimate the state but also to identify the unknown parameters. In this
particular problem, the unknown parameter to be identified is Aw,. In the following
adaptive observer, Aw, is tracked by p(t). On the other hand, A, is estimated as
a state variable.

An adaptive observer for (9.47) is constructed such that

weﬁf iﬁd
. ~ LL;dP_gq/} lef 22 - .1’1
x = Asx + bgp(t) + _we% + 12,7 | +K i (9.48)
0 0 !

where x = [z1, z2, 23]7, p(t) € R is a parameter for tuning and K € IR3*? is an
observer gain. Let the observation error be defined by

ig(t) — 21(t)
e(t) = i;(t) — x2(t)

Al — x3(t)
Then, the error obeys
d
e = (A; —KC)e + b;Ap(t), (9.49)
where Ap(t) = Awe — p(t) and
1 00
C= [0 1 O] '

The gain matrix K is chosen such that all the eigenvalues of (A; — KC) lie in the
left half plane of C. If the gain is high enough, the observer error dynamics behave
much faster than the rate of the parameters change. Normally, real parts of the
poles are chosen to be less than —1000 for several kW range PMSMs.

A contains time-varying variables, 53, EZ, and w.. But, they can be regarded as
constants for short time intervals. Then the solution for (9.49) is given as

e(t) = A "KO)g(0) + / t A —KO=T)p (1) Ap(T)dr. (9.50)
0
Let

t
B(t) = / (A KO- (v ¢ 3 (9.51)

0
c0) = PO+ [ O, (1) (952

0
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An equivalent expression for 3 is
B(t) = (A, ~KC)B(1) + by(t),  B(0)=0. (9-53)
Adding &(t) to the both sides of (9.50), it follows that
e(t) +e(t) = eAKCe(0) + B(H) Ap(t) . (9.54)

It should be noted that
t
e(t) = / (AKO =), ()(5(7) — (1)) . (9.55)
0

and that e(t) is an available term, i.e., something that is obtained through a calcu-
lation. This is a normal practice in the adaptive systems used for extracting p(t)
out of the integral operation [22], [23].

Parameter Update Law

Note from the error equation (9.54) that e(4s~KC)e(0) vanishes exponentially. Ne-
glect the initial error and we let

é(t) = C(e(t) +e(t)) = CB(t)Ap(t) . (9.56)
Let the cost J = %,@T(t)CTCﬁ(t)(Ap)Q. Note that

;Aiv = —B7()CTCB(H)Ap(t) = —B" (H)CTe(t). (9.57)

Then applying the gradient law, it follows that

o Y0 T Tg )
Ap = 60+BT(t)CTCB(t)'6 (t)CTé(t), (9.58)

where €y > 0 is a small number introduced to prevent the denominator from being
zero, and g > 0 is an adaptive gain.

Assume that the speed change is slow enough to let %Awe ~ 0. It follows from
(9.58) that

L Y0 T Tg
b= e P HCTe) (9.59)

If the whole adaptive system is stable, then p converges to w. —we, and x3 converges
to 6, — 6.
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Overall Sensorless Control Block Diagram

The adaptive observer based sensorless control algorithm is summarized as:

we%;}; %dvd —€ o
x = Ax+ bsﬁ(t) + —weiLdii+wm + %Uq + K |:Zg I1:| ,
q a Zq — T2
0 0
B(t) = (A;—KC)B(t)+by(t),
t
s(t) — —,B(t)ﬁ(t) _|_/ e(AS_KC)(t—T)bS(T)ﬁ(T)dT,
0
;o Y0 Tyt [la(t) = 1(t) — 51@)]
b= o ﬁT(t)CTCﬁ(t)ﬁ (t)C EZ(t) — 2o(t) — eo(t)|

Note that xg is anﬁestimate of 0, — 0,.. Using x3, a new angle estimate is obtained
such as 0, = x3 + 0. i.e., a new angle is updated by

Oc(tit1) = x3(tr) + Oe(tr) (9.60)

and the field-oriented control is synthesized based on this new angle repeatedly. The
speed is estimated through the PLL type filter, (9.22).

I . 1
-———— I Field- t-------

1 i . 1
—* ¢/ ---» Oriented !
1

1

iEe -
il ze 1
{ “Tita L;0d

1
+ [I—i!-q

” L,a,r;' + iy
—iprigt

0

———mmm——

Angle/Speed
Estimator

________________________________________

L |KC A ;

Parameter : !
Update : I e i
Law ; ;

Adaptive Observer

-
m
—
-
L

Figure 9.15: Overall sensorless control block diagram.
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Note from (9.55) that

e(t) = (A, — KC)e(t) — < /O t e(AsKC)(tT)bS(T)dT) p(t). (9.61)

Therefore, if [(t)| is not large, then e ~ 0. In such a case, it is possible to neglect
e(t). An overall sensorless control block diagram is shown in Fig. 9.15. Note that
the voltage vectors, (7§, 62), are synthesized based on the angle estimate 6,. Such
loop is depicted by dotted line in Fig. 9.15.

Experimental Results

The experiment was performed with an IPMSM drive for FCEV, and its specifi-
cations are listed in Table 7.3. The control algorithms were implemented using a
MPC5554 floating-point DSP. The PWM switching frequency was 8kHz and the
dead-time of PWM was 2us. Current control routine was carried out every 125us,
and torque control loop was activated every 1.25ms. The dynamo consists of PMSM
and induction motor with a water cooling system. The PMSM under test was con-
trolled in a torque mode by an inverter, and the induction motor of dynamo was
controlled in a speed control mode.
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Figure 9.16: Steady state performance of the adaptive observer based sensorless
control with 50% load at (a) 70rpm and (b) 100rpm.

Fig. 9.16 shows the steady-state responses at 70rpm and 100rpm with 50% of
a rated load. Fig. 9.17 shows a transient response at 100rpm when the load was
increased from 5% to 25%. Fig. 9.18 shows the responses of phase current and angle
estimation error when the load torque changes to 50% in a step manner. Finally,
Fig. 9.19 shows the maximum torque performances versus speed. Note that the
adaptive observer based sensorless control performs well along the maximum power
curve. Good performance in the high-speed region is attributed firstly to an accurate
modeling with the state augmentation (9.47): wW.-dependent term is not omitted in
A,
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Figure 9.17: Transient response for step change of load torque (5% — 25%) at
100rpm.
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Figure 9.18: (a) Response for step change of load torque (0% — 50% — 0%) and
(b) a magnified plot of region A.

Summary

e A best effort was exercised to approximate accurately the IPMSM dynamic
model in a misaligned coordinate.

e An approximate model was derived with a state augmentatmn Angel error
0. — 0. was treated as a state variable together with iy and 2
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Figure 9.19: Torque-speed characteristic when the motor speed increases from
100rpm to 7200rpm with a 60% load.

e An adaptive observer was constructed with a speed error update law. Speed
error estimate xr3 = W, — W, is integrated to give angle error 6, — f., based on
which the coordinate frame is updated.

e Experiments were done with a FCEV motor, and showed superior perfor-
mances compared with the other ones. But, the algorithm requires a high
computational load.

9.4 Starting Algorithm by Signal Injection Method

The back EMF can be estimated by applying a certain pattern of voltage and detect-
ing the current response. However, it is well known that the back EMF estimation
method does not work well in the low-speed region since the back EMF is as low
as the noise levels. Specifically, the forward voltage drop of switching devices and
the dead-time voltage error of the inverter are as big as the back EMF in the low-
speed environments. This is an inherent problem since the back EMF is developed
in proportion to the speed. Therefore, a back EMF based sensorless algorithm must
be used with a separate starting algorithm [24]. In this section, a typical method of
starting IPMSM is presented [25]-[27]. Since the IPMSM has a rotor saliency, its in-
ductance differs depending on the rotor position. To estimate the rotor position and
speed, a probing signal, which is a periodic voltage pulse, is applied to the motor.
By analyzing the current responses, the rotor position can be estimated roughly.
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9.4.1 Position Error Estimation Algorithm

In the low-speed region, it can be assumed that @, ~ 0 and w, ~ 0. Then, (9.8) is
reduced to

V9, = Zig, +e. (9.62)
Since the back EMF term is rotor position dependent, the current response to an
injected probing voltage is different according to the rotor position. The pulse
is injected intermittently, such as every 20 or 30 current samplings. In [24], the
following probing voltage was used:

Vv,
Pl o <t<tpy+T,

Av = (9.63)

Zero, tr + Tp <t <lgt1,

where V), is a constant. Note that the probing signal is injected only in the d-axis.
If there is no angle error, the d—axis voltage pulse would cause a change only in
the d—axis current when w, = 0. That is, no coupling exists between the d and ¢
dynamics if the speed is equal to zero and there is no angle error. However, if the
two axes are not aligned, the d—axis voltage pulse will also affect the ¢—axis current.

The probing voltage is superposed on the reference voltage, and let Ai be the
response to Av. It follows from (9.62) that

Av = Z|, _ Al (9.64)

Therefore, the current response will be

Ai(s) = (Zly,=0) " (5)A()
= 1 rs + Lﬁs —L.s (s
~ (Las+rs)(Lgs +7s) [ —Lys 71+ zas] Av(s). (9.65)

Solving (9.65) for Av(s) = [%, O]T, it follows that

Aig 1o+ I1 cos 2A0,
[Aiq] (Tp) = [ —I1sin2A0. |’ (9.66)
where
Iy = % [1 1 (e_%Tp + e_zsz>]
Ts 2
L = % (e_%flTp — e_%Tp) .
27,
Using (9.66), an angle error estimate is calculated as
1 —Ai
A, = —tan™! [ ——L . 9.67
g vt <Az’d—10> (9:67)

It should be noted that I; = 0 if there is no saliency. Thus, (9.67) cannot be used
for SPMSMs.
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Experimental Results

Experiments were performed with the IPMSM whose specifications are listed in
Table 9.2. The control algorithms were implemented in a TMS320vc33 DSP board.
The PWM switching frequency was set to be 5kHz. The probing voltage (50V,
125us) was injected every 20 current samplings.

Fig. 9.20 shows Aig and Ai, for repeated d—axis rectangular voltage pulses, while
the motor shaft rotated from zero to 360°. As predicted by (9.66), Aig is a cosine
function with a DC offset, and Ai, is a sine function with negative sign. Fig. 9.20
also shows the zoomed-in current responses for Af. =0, 7, 5, and ?jT”.

Fig. 9.21 (a) shows an angle estimate and the real angle when the motor speed
was increased from standstill to 100rpm. Fig. 9.21 (b) shows a moment of transition
from the starting algorithm to a back EMF based sensorless algorithm at 350rpm.

Aiy / \ Aiy / Nig /-\\ Aig /

Dig iy Ay ANig

A6.=0 I a0.= 3 a6.= 3

Figure 9.20: Aig and Ai, for a d-axis rectangular voltage pulse, (50V, 125.s), when
A6, changes from zero to 360°.

Summary

e Back EMF based sensorless algorithms require to use a starting algorithm,
since the back EMF based methods are incompetent at zero speed. Once
the motor speed is increased to a certain level (300~500rpm) by a starting
algorithm, then the control is switched to a sensorless algorithm.

e Voltage pulses are injected periodically to the d—axis for IPMSMs. If the
reference frame is misaligned, then the response is also monitored in g—axis
current. By analyzing the relative magnitudes of the dq currents, the real
rotor flux angle is estimated.
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Figure 9.21: Experimental results of the starting algorithm: (a) angle estimate
and real angle when the speed increases from Orpm to 100rpm and (b) algorithm
transition from the starting algorithm to a back EMF based sensorless algorithm at
350rpm.

e Although the angle estimation error is large, the above method works satis-
factorily in starting the motor. It is widely used in many applications such as
home appliances.

9.5 High-Frequency Signal Injection Methods

Back-electromotive-force (EMF) estimation-based sensorless methods have critical
drawback in the low frequency area. To overcome such a low-speed sensing problem,
signal injection methods were developed: High frequency probing signals are injected
into the motor terminal with the main driving power. The high frequency probing
signal does not affect the motor motion, but it yields different responses in the d
and q axes currents depending on the angle misalignments. The difference is caused
by rotor saliency, based on which the true rotor angle is estimated. Since it does
not depend on the back EMF, it could be used in the zero speed area. However, the
injection methods cannot be applicable to SPMSMs that do not have saliency. In
the following, two kinds of signal injection methods are described.

9.5.1 Rotating Voltage Vector Signal Injection
Recall from (9.68) that the IPMSM model in the stationary frame is obtained as

d . 120, + . ;
- Lavlflq - LdfejzeeIZZ) + ]wewmeﬂge-

Vflq = rsiflq—l—dt(
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Note also that the saliency effect is condensed in the term, Ldfej 20 i?f;- In the matrix
formalism, it is written as

cos 26, sin 20, iy
df sin20, —cos20.] |ig ’

One may neglect the resistive voltage drop and the back EMF in the high frequency
model:

Vi, = %(Lwigq — Lgpe?®%i5r). (9.68)
Assume that a high frequency rotating voltage vector is injected into the IPMSM:
Vi, = Vet (9.69)
Substituting (9.69) into (9.68), the current solution has the following form:
ifiq _ ]cpej(wht—W/Q) + [Cne—j(%t—%e—ﬂ/?)’ (9.70)
where
Iep = Vo Law and I, = Vi Ly

Jthv - Lif Jthv - L?lf .

Note that the resulting high frequency current contains both positive and negative
sequences. It is emphasized here that only the negative sequence component carries
0. Lorenz et al. [3],[4],[5] applied a signal processing technique to extract the 6.
information from the negative sequence as shown in Fig. 9.22:

i) Map the current into the synchronous frame by multiplying e=7«t.

ii) Apply a high pass filter to eliminate the fundamental component.
iii) Shift the spectrum to the right by multiplying e/“»?,

iv) Apply a low-pass filter.

v) Apply a PLL type tracking filter to get an angle estimate b

9.5.2 Voltage Signal Injection into D-Axis

In this part, a sinusoidal signal is injected only into the d—axis, and the current
solution is obtained from the high frequency model of the IPMSM.

High-Frequency Model of IPMSM

Suppose that a high frequency signal, [v5,, vg’h]T is added to the main driving volt-

age, [V, vgh]T, in the aligned coordinate frame. Then by the superposition law,
the current responses can be separated such that

Vgt vgn| _ |rstpLa  —welq | |ig+ig, + 0 (9.71)
U; + U;h welLq Ts + qu /LZ + iZh wewm ’
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Elimination of fundamental component | | Synchronous rectification |
A — — — —~
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| PLL type tracking filter |

i(20et)

0

Figure 9.22: Signal processing block diagram in which the rotor position information
is extracted from the negative sequence.

where 4g,,, g, are the high frequency responses. The high frequency part can be
extracted such that

vgh rs +pLq _WeLq Z.(eih rs +pLg 0 izh
€ = e ~ e | - (972)
Vg, weld — rs+pLq] [ig 0 rs +pLq] |tg,

The last approximation in (9.72) is based on the observation that wpLg > welq
since wy, > we, where wy, is a frequency of the probing signal. Writing (9.72) for

current vector, we obtain
. 1
Zih _ | rs+pLqg 0 Uteih (9 73)
iS00 L v | '
qh rs+pLq qh

Suppose that the estimated angle 0. is different from the real angle, 6, by Af, =
0. — 0. Like the method shown in (9.7), the dynamics in the misaligned coordinate
are given as

-e . 1 . —
Fdh} [cos Af, —sin Aﬁe} Py o 0 [ cos Af, sin AGE] [vflh]
—e - . . —e
Tah sin Af, cos A, 0 L, | L sin A, cos Ab, Ugh,
cos? Af, sin? A, cos Afesin Afe  cos Abe sin Abe e
rs+pLg rs+pLqg rs+pLg rs+pLqg Vin
cos Afesin Afe  cos Abe sin Abe sin? Af, + cos? Af. e
rs+pLg rs+pLq rs+pLg rs+pLq qh

We assume that a high frequency signal is injected only to d—axis, i.e., we let

Ugn| _ |Vhcoswpt (9.74)
Uon 0 ' '
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Then, it follows that

Z.e cos? Af. + sin? A6,
dh| _ s+pL s+pL
|;.e :| — | cos AeersinpAHdE N cTos ApeeqsinAGE Vh COSWhp -
qh rs+pLyg rs+pLq
Let
A= ——— coswpt and B=——"—coswpt.
rs +pLg rs +pLlg
The steady-state solutions of A and B are
Vi wp L
A = —— " cos <wht — tan~! (-2 d)) ,
\/T2+wil? T's
V wp L
B = —"  cos (wht—tan_l( h q)) .
Ts

r2 4+ w,%Lg

The solution for (9.75) is written as

th] _ [AJQFB + A*TB cos 2A96} ‘
i

AEB sin 2A0,

Simplified Angle Error Estimation Method [25]

Now consider a limiting case where wyLg > 15 for a high wy > 0. Then,

A~

. Vi .
sin wpt and B~ —" gin wpt.
whlg Wth

Then, (9.78) reduces to

T€
tdh = Vh Lav + Ldf COS 2A96 .
EEJ ~ waLaly, [ Ly sin 2A0, sin(wpt)
where . . . .
Lav = % and Ldf — q ; d'

(9.75)

(9.76)

(9.77)

(9.78)

(9.79)

To obtain an estimate of A#,, sin(wpt) should be eliminated. For this purpose, a
synchronous rectification method is utilized: First, multiply a signal by sin(wpt).

Then, remove the high frequency term by a low-pass filter (LPF). We let

9w Lyl
Xgn = 22420 1 PR (i, x sinwyt)
Vi
9w Lyl
th = M X LPF(iqh X sin wht),

Vi

(9.80)

(9.81)



Sensorless Control of PMSMs 261

where LPF(r) represents the filtered signal of r(¢). Note that

Xan ~ Lgy + Lgp cos 2A0,
th [ Ldein2Aee.

Therefore, an angle error estimate is obtained such that

— 1 Xon
A, = Ztan ' [ ——1 ).
¢ 2 o <th_Lav>

Fig. 9.23 shows the signal processing block diagram.

Lm‘g
thrfof : i
Vi YD
1 ——
@] Ltan1 ()| —> 50,
N

Wh L d L q
Vi

Figure 9.23: Signal processing block diagram of a signal injection-based sensorless
algorithm.

If the rotor position estimation error is small, then (9.81) is approximated as
th ~ 2Lde96. (982)

The PLL type estimator shown in Fig. 9.2 can be used to obtain 6. from the error,
Af,. It is redrawn as Fig. 9.24 for this case. Jang et al.[25], [27] utilized a bang-
bang controller instead of the PI controller. A low-pass filter may be used in order
to reduce the ripples contained in the output of the bang-bang controller.

X 7 2Lgr A0,

Injection-based
sensorless algorithm
+
Field-oriented control

based on ife

K ] >
Kp+—1 > >
5

or bang-bang

1
1
l

Figure 9.24: Block diagram illustrating the concept of rotor position estimator using
PI or bang-bang controller.
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Summary

e With the signal injection method, it is possible to control the motor at zero
speed.

e A high frequency probing signal is injected to detect the rotor angle by ex-
ploiting the salient feature of IPMSMs. For angle detection, the synchronous
rectification method is utilized.

e Signal injection methods are applied in practical systems such as elevators,
ete.

e The high frequency signal makes audible noise and core saturation.
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Problems

9.1 Define the observation error by X = x — x. Show that the error dynamics
directly follows from (9.12)-(9.17) such that

L - - cos O (t)
© = oot | 00|
a(®,t) = %HRHQ+1/Jm[:%1c0396(t)—l—izgsinee(t)].

9.2 Using the MATLAB® Simulink, construct a speed controller based on the
Ortega’s sensorless algorithm for a SPMSM listed in Table 9.1 following the
instructions below:

a) Use a PLL type speed estimator:
z1 = Kp(ée — 21) + K29

~

22 = 93—2’1
O = Ky, —21)+ Kz,
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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 wLi,.

c¢) Use a PI controller for the speed control.

d) Refer to the control block diagram shown in Fig. 9.3. But neglect the
d—axis voltage pulse injection shown on the top.

Obtain a comparable result (300rpm, no load) with the experimental one
shown in Fig. 9.5 (b).
9.3 Derive

£(0) = (A~ KC)e(t)  ( [ €A KO, (ryar )

0

from
B(t) = (A;—KC)B(t)+ by(t),

e(t) = -BO)H(E) + /O A KO (1)p(7)dr .

9.4 Derive from (9.35) the following:
G _|rst Ly —wely %Zi . -
@S welLyg rs +pLg iy I

Eﬂ ~ e [:;I;((Z - Zﬂ + (@ —we)La :‘.23] .

where

9.5 Show that if W, # w, then

L _
ID0 [p a 0 ] o IA0e

0 pL, dq
= (@ —w.) Lgs sin 2A0, —Lay + Lgp cos 2A0, 32
¢ 7Y |Lav + Las cos 20, — Lgp sin 2A0, iy

+ Ly — Lgg cos 2A0, Ly sin2A0, pgz
Ldf sin 2A0, Ly, + Ldf cos 2A0, pgz
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9.6 a) Show that

1
. _|rs+sLy sLy
Ai(s) = SL, rot 8L5:| Av(s)
1 rs+Lgs —Lys
— A )
(Las +1s)(Lgs +175) [ —Lys  rs+ Lgs v(s)

b) Derive (9.66) for Av = [%, 0]7.
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Chapter 10

Pulse-Width Modulation and
Inverter

A three-phase voltage source inverter consisting of six switches and a common DC
rail is shown in Fig. 10.1. The pulse-width modulation (PWM) is a technique that
provides an arbitrary shape of voltage by adjusting the ratio of on and off duties.
With the PWM techniques, the semiconductor switches are not allowed to operate
in the active region. Only on and off modes are used like an ideal switch. Otherwise,
large heat losses will take place in the switches. Note that the ideal switches do not
consume power in cut-off mode, as well as in conduction mode, since either cut-off
current or on-drop voltage is zero.

As physical switching devices, IGBTs are most widely used. But, power MOS-
FETs are suitable for low voltage, low power applications where fast switching (e.g.,
above 30kHz) is required. For high-power applications (6000V, 6000A), IGCTs are
utilized. Note that each switch has an anti-parallel diode in the voltage source
inverter to provide commutation paths for inductive loads.

However, practical semiconductor switches show non-ideal behavior: During the
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Figure 10.1: A voltage source inverter with six switching devices.
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turn on transient, the (collector-emitter) voltage that a switch bolsters drops only
after the switch (collector) current builds up. Since the collector current flows while
the collector-emitter voltage remains high, power loss takes place in the switch.
During the turning off transient, the current begins to drop after the collector-
emitter voltage rises. For the same reason, the switch loss takes place. Fig. 10.2 (a)
shows plots of nonzero-voltage turn on and nonzero current turn off. Fig. 10.2 (b)
shows voltage-current contours during the switching transitions. Theses switching
losses heat up the switch and are directly proportional to the switching frequency.

Besides, physical switches cause conduction losses due to the switch on-drop
voltage during the conduction stage. As the voltage blocking capability increases,
the on-drop voltage increases. The semiconductor switches should be cooled off so
that the junction temperature is below 150°C.

IL
k ‘1 On
5 i Pt
H Oﬁ:
— - V
Hy T B |
On loss Conduction loss Off loss
(a) (b)

Figure 10.2: (a) Typical current and voltage profiles of a semiconductor switch and
(b) turn on and off contours in the voltage-current plane.

10.1 Switching Functions and Six-Step Operation

Three-phase voltage source inverters consist of six switches and DC link capacitors,
as shown in Fig. 10.1. The switches are grouped by arm such that (S, S},), (Ss, S}),
and (S;, S.). In each switching arm, both upper and lower switches should not be
turned on concurrently to avoid arm shorting.

Note that the middle point of the DC link capacitor is denoted n. We also denote
by S, = 1 if switch S, is turned on, otherwise S, = 0. The same rule is applied to



Pulse-Width Modulation and Inverter 271

Sp and S.. Consider the switching pattern for n =0,1,2,---:

Sa =1, nt <wt < (n+ 1)
Se=0, (n+1)w <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)m <wt < (n+4/3)m.

This switching pattern is called “six-step operation”, since it utilizes six switchings
per period. Using the switching function, the pole voltages with reference to n are
:l:%. More specifically,

Van = %(zsa—n, (10.1)
Vbn = %(25},—1), (10.2)
Ven = %(250—1)- (10.3)

Hence, the line-to-line voltage is obtained such that

Vab = UVan — Vbn,
Vbe = Ubn — Vcn,
VUca = Uen — Van-

The pole voltages and line-to-line voltages versus time are shown in Fig. 10.3. Note
that the peak value of the line-to-line voltage is V.. The fundamental component
of the line-to-line voltage is calculated as

2 2 /5”/ 6 2v/3Ve

Vab[1] = 77/0 Vb SIN Wi d(Wt) = ; 6 Ve sin wt d(wt) = -

This is the maximum output voltage that an inverter can produce for a given DC
link V.. Some higher order spectral coefficients are listed in Table 10.1.

Table 10.1: Harmonic coefficients of the six-step line-to-line voltage.

Harmonic number (n) | 1 -5 7 —11 | 12
Uab[n}/vab[l] 1 | —-02]0.14 | —0.1 | 0.08
Note that
Van = Vas + Vsn, (10.4)
Upn = Ubs 1 Vsn, (105)

Ven, = Vs + Vsn. (10.6)
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Figure 10.3: Pole and line-to-line voltages with the six-step operation.

With the assumption that vgs + vps + ves = 0, it follows that

1%
Ve = W _ %(zsa 28,425, — 3). (10.7)

Note again that vy, is the voltage difference between the neutral point, s of the
motor and the DC link center tap, n. Then, the motor phase voltages follow from
(10.4)-(10.7) as:

Vdc

Vas — ?(QSG — Sb — Sc), (108)
_— %(251, 8= Sa), (10.9)
Ve = %(256 S =) (10.10)

The motor phase voltages and vy, are depicted in Fig. 10.4. Obviously, the sum of
(10.8), (10.9), and (10.10) is equal to zero. But, v, is changing its level six times per
period, producing a sixth harmonic component. The fluctuation of vy, is a source
of the common mode noise, which causes bearing current.

The phase voltages shown in Fig. 10.4 are the typical voltage patterns of the
six-step inverter operation. The rms of the fundamental component of the phase
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Figure 10.4: Phase voltages and the motor neutral voltage with the six-step oper-
ation.

voltage is equal to

V2

Vas(rms)[1] = 7 Vie-

It should be noted that the six-step operation requires the minimum number of

switchings whereas it produces the maximum rms voltage under a given DC link
voltage. Therefore, it is utilized in some high-power machine drives where the
fast switching is not feasible. But, it causes large current harmonics, as shown
in Fig. 10.5.

Exercise 10.1
Show that the rms value of the fundamental component of the six-step phase voltage,
Vgs 18 equal t0 Vgs(rms)[1] = ?Vdc.

10.2 PWM Methods

The pulse-width modulation (PWM) is a DC voltage modulation method that pro-
vides an arbitrary intermediate voltage by adjusting the on and off ratio in each
period. Numerous PWM methods were investigated by many researchers [4], [5],
[6], 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
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Figure 10.5: Six-step operation: (a) phase voltage, (b) phase voltage spectrum,
(c) current, and (d) current spectrum.

PWM consumes a DSP computing power since PWM duties are calculated by a
partitioning method in each PWM period.

10.2.1 Sinusoidal PWM

Sinusoidal PWM is obtained by comparing a triangular wave with a sinusoidal wave,
as shown in Fig. 10.6: Turn-on signal of the high-side switch is determined according

to
17 if Vsine > ‘/tri

Sa - {07 if V:eine < ‘/tri ’

where Vgine and Vy,; are sinusoidal and triangular waves, respectively. A schematic
drawing of the sinusoidal PWM and the corresponding output voltage is shown in
Fig. 10.6. The maximum peak voltage is equal to Vy / 2. Thus, the ratio of the
maximum sinusoidal PWM to the six-step operation is equal to

-

max Vrms(.smusmdal) _ 2V2 _ y7g5
Vims (six—step)

1S
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Figure 10.6: Sinusoidal PWM method by comparing with triangular wave.
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Figure 10.7: Addition of a 3"%-order harmonics.

Note that the simple sinusoidal PWM yields a low voltage utilization. It is possi-
ble to increase the rms voltage within Vj./2 by adding some higher-order harmonics.
These methods are referred to as overmodulation. Fig. 10.7 shows how the 3"%-order
harmonics lowers down the peak value of the fundamental, providing room to in-
crease further the fundamental component. On the other hand, since the 3"-order
harmonics are identical in a, b, and ¢ phases, they are canceled out in the line-to-
line voltages. Therefore, the line-to-line voltage level can be increased without any
distortion by adding 3"%-order harmonics. A simple overmodulated waveform and
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the overmodulation regions are shown in Fig. 10.8.

wave form

360

N

Over modulation area —»

Figure 10.8: Over modulation region.

10.2.2 Space Vector PWM

The six-inverter switching status can be mapped into the vertices of a regular
hexagon. With zero (0,0,0) and seven (1,1,1) switching vectors, the eight vectors are
defined by

Vl : (Sa7 Sb7 Sc) = (17 07 0)7
V2 : (SCH Sb7 SC) - (17 17 0)7
‘/3 : (Sa; Sba Sc) = (07 17 0)7

Vi o ( )= ( )
Vs o ( )= ( )
Ve (Sas b, Sc) = (1,0, 1);
Vi | )= ( )
Vo o ( )= )

Fig. 10.9 shows the directions of the flux vectors that correspond to the switching
vectors Vi,---,Vg. The direction of a space vector is chosen to be identical with
that of the resulting flux vector. For example, the direction of Vi = (1, 0, 0) is
the same as that of the flux (or current) vector that resulted from the switching
state, (Sq, Sp, Sc) = (1, 0, 0). In the similar methods, space vectors Vs, --- | Vg are
defined as shown in Fig. 10.10. Based on Vj, ---, Vg, sectors are named Sector 1,
.-+, Sector 6. Note that V and V7 are the zero vectors that are located at the origin.

An arbitrary space vector can be represented as a sum of the decomposed vectors.
Consider a vector V, in Sector 1 shown in Fig. 10.11. Note that V, = V,1+V,9, where
Va1 and Vo are the decomposed vectors into the lines of V; and Vs, respectively.
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Figure 10.9: Directions of the flux vectors for the switching vectors Vi, - - |
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Figure 10.10: Space vector diagram.
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Figure 10.11: Calculation of on-times for v; and vy (partitioning by parallelogram).

Let T be the PWM switching interval. Decomposed vector, V1, is synthesized
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by turning on Vi (1,0,0) during a fractional time interval, T}, which is proportional
to the magnitude of V1. Specifically, 77 and 75 are determined as

Va1 Ty

CBVae — T (10.11)
(2/‘;(1)2‘/@ - ? (10.12)
On the other hand, it follows from the geometrical relationship that
s T
(] en] ] - D2y (1], By [eg]
- 57l il ln) (10,13
Therefore,

[Tl} _ VBT, [sing — cos ﬂ [Ud] . (10.14)

T2 Vdc 0 1 U;

This gives a relation between d, ¢ voltage components and PWM duties in Sector 1.
Generalizing (10.14) in the other sectors, we obtain

Ts 7.
T, — \/ng [sm(gm)vfl _ cos(gm)v(ﬂ , (10.15)
/3T, LT s s s
T, = Vo [— sm(g(m — 1))+ cos(g(m —1D)vg |, (10.16)

where m = 1,2,---,6 denotes a sector number. Equations (10.15) and (10.16)
enable us to calculate directly the switching duties from d, ¢ voltage components.

Exercise 10.2
It is desired to calculate a voltage vector |V,|e/® in Sector 1. Show that

T = T [Val Sin(.% ; «)
2Vae/3  sing
Vol sin(a)
*2V4e/3 sin §
To = Ts— (T1+Tb).

T, =

To use the polar coordinate representation, arctangent function should be used, i.e.,
o= tan_l(vg/vfl). This can be a drawback. But, the arctan values can be obtained
through a look-up table or Taylor series expansion.
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Figure 10.12: PWM waveforms and gating signals.

10.2.3 Space Vector PWM Patterns

A vector V in Sector m can be obtained in an average concept such that for m =

1,2,...,6,
Ts Tm Tm+Tm+1 TS
/ Vdt = / Vyndt + / Vipadt + / Vodt
0 0 m Tm+Tm+1
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ie.,

V= szj_’:: + Vm-i-lTT;—,:l .
Zero voltage can be applied to the terminals by shorting either lower or upper
switches. All inverter output terminals are tied to the negative side of the DC link
in case of Vj, whereas they are shorted to the positive rail of the DC link in case
of V7. With the symmetric PWM method, the zero vector intervals are partitioned

evenly between Vy and V7, i.e,

T, — (T, T,
Ty =Ty = = (m2+ m+1).

Fig. 10.12 shows the method of synthesizing S, Ss, and S3 from 77 and T and the
corresponding symmetric PWM patterns.

N AA‘ NN
1 2 3 4 5

(a)

6

—Ta-Tp
—Tp-Te

—Tc-Ta

(b)

Figure 10.13: (a) Space vector PWM output (S,, S, Sc) and (b) line to line voltage
of the space vector PWM (S, — Sy, Sp — S¢, Sc — Sq)-

Fig. 10.13 (a) shows the phase voltages represented by S1, Sa, and S3. Note that
each phase voltage is not sinusoidal wave. Each phase voltage contains 3"%-order
harmonics, so that the rms value is higher than that of the sinusoidal wave. In
other words, the wave looks more like a trapezoidal wave. For this reason, the space
vector PWM produces higher voltage than the sinusoidal PWM. But, the line to line
voltage appears sinusoidal as shown in Fig. 10.13 (b). Note from (10.14) that the
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space vector wave can be decomposed as the sum of a perfect sinusoidal wave and a
triangular wave (3"%-order harmonics). Since the 3"%-order harmonics are identical
in a, b, and ¢ phases, they are canceled out when taking the line-to-line voltage.

Perfect Sinusoidal

Third Order Harmonic

Space Vector Output

Figure 10.14: Space vector wave decomposition.

10.2.4 Sector-Finding Algorithm

As shown in the above, duty computing equations, (10.15) and (10.16), are different
depending on sectors. To compute the on-duties of a given vector, V* = (v3, v7),
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 v; < 0
for Sectors 4, 5, and 6. Further to distinguish between Sector 1 or Sector 2, |vy| and
V/3|vg| are compared. Similarly, we have

Sector 2, 5, if |vg| > V3|
Sector 1, 3, 4, 6, if [v3| < V3[vj|.

Fig. 10.15 shows the sector-finding rule from (vy, v;), and Fig. 10.16 shows a com-
plete sector-finding algorithm.
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Figure 10.15: Finding sectors from (v}, v}).
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Figure 10.16: Sector finding flow chart.

10.2.5 Overmodulation

The maximum three-phase sinusoidal voltages are obtained if the space vectors are
synthesized along the periphery of the inscribed circle in the hexagon, as shown
in Fig. 10.17. Therefore, the maximum rms voltage obtainable through the space
vector PWM is

1 V32 1

= 777‘/ = —
Umax \/§ 9 3 de \/6

But this is a case without harmonics. With some harmonic distortion, the rms volt-
age can be increased further. For example, if we use the shaded region of Fig. 10.17,
higher voltage can be produced at the price of harmonic distortion. The PWM gener-
ation method utilizing the shaded region is called overmodulation. Overmodulation
techniques were studied by many researchers [7],[3],[8]. In high-speed applications,
the overmodulation plays an important role, since the back EMF grows steadily with
the shaft speed while the source voltage is fixed.

Vie- (10.17)
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Overmodulation
region

Figure 10.17: A maximum voltage and overmodulation region in the space vector
PWM.

10.2.6 Comparision of Sinusoidal PWM and Space Vector PWM

We denote by v, and i, the rms values of line to line voltage (fundamental compo-
nent) and current, respectively. The inverter switch utilizing factor (SUF) is defined

by

\/g'Uolio

6Vrly '
where Vp and Ip are the maximum voltage and current applied to the switches,
respectively [1]. Note that the maximum rms voltages are

SUF =

2y2
%Vdc, Space vector PWM.

Note also that Vp = V. and Iy = \/ﬁ[o. Therefore,
SUF = { % = 0.125, Sinusoidal PWM

{ﬁvdc, Sinusoidal PWM
Vol =

§ = 0.144, Space vector PWM.

Note that the SUF for the space vector PWM is higher than that of the sinusoidal
PWM, since the former utilizes 3"¢ order harmonics.

10.2.7 Current Sampling in the PWM Interval

To implement the vector control, it is necessary to sample the current. However,
the current changes even in a PWM interval. Therefore, the sampled value must be
the average value of the PWM interval. Fig. 10.18 shows a symmetric PWM and an
asymmetric PWM with a current sampling point. In case of the symmetric PWM,
the center value represents the average value. Therefore, current sampling at the
center guarantees an average current in the symmetric PWM. However, the average
value is not taken at the center with the asymmetric PWM.
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Figure 10.18: Current sampling points and points representing the average value:
(a) symmetric PWM and (b) asymmetric PWM.

10.2.8 Dead Time

As shown in Fig. 10.2 (a), the switch conduction current does not fall down to
zero immediately after the gating signal becomes low. This is because IGBTs have
long tail current and the switching circuit has stray inductance. Therefore, the
complementary switch should turn on after the current tail disappears. Otherwise,
the shoot-through phenomenon takes place. To prevent such a shoot-through, a
dead interval, in which both upper and lower switches are low, should be provided
for each signal transition. In case of IGBTSs, the dead-time is typically 2usec. The
dead-time is made by putting off all rising edges of gating signals. Fig. 10.19 shows a
method of generating the dead-time and the voltage error caused by the dead-time.

In most cases, especially when the load is inductive, the load current continues to
flow through an anti-parallel (free wheeling) diode during the dead-time even though
the two gating signals are low: Therefore, the pole voltage (inverter terminal voltage)
is determined to be either V. /2 or —Vj./2 depending on the current direction: If the
current flows into the load (iqs > 0), the load current flows through the anti-parallel
diode of low arm. Thus, —V}./2 appears at the terminal during the dead-time, i.e.,
a negative error voltage is made, as shown in Fig. 10.19 (a). On the other hand, if
current flows out from the load (igs < 0), the load current flows through the anti-
parallel diode of the upper arm. Thus, Vz./2 appears at the terminal during the
dead-time, i.e., a positive error voltage is made as shown in Fig. 10.19 (b).

When the current level is low, the pole voltage during the dead-time tends to be
clamped zero since the pole voltage is not determined definitely. Distorted voltage
current waveforms are depicted in Fig. 10.20. It is obvious from Fig. 10.20 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, Ty,
depending on the current polarities: 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
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Figure 10.19: Dead-time effects depending on current direction: (a) 45 > 0 and (b)
lgs < 0.
decreased by Ty:
T, + Ty, if ig >0,
T, — Ty, it 4, <0,

where T, is on-duty of the upper switch before compensation. Fig. 10.21 shows the
dead-time compensation method.

Fig. 10.22 shows experimental current waveforms before and after the dead-time
correction. It is observed that the dead-time also causes a reduction in the funda-
mental component of the output voltage, apart from distortion. In an extreme case,
the distorted output voltage produces subharmonics, resulting in torque pulsation
and instability at low-speed and light-load operation [10], [11]. In the sensorless
vector control, the voltage error caused by the dead-time has a significant negative
impact on the low-speed performance [12]. Some dead-time compensation schemes
are found in [10],[11],[9].
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Figure 10.20: Voltage distortion due to the dead-time when the current level is (a)
high and (b) low.
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Figure 10.21: Dead-time compensation depending on the current polarities:
(a) iqs > 0 and (b) i4s < 0.
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10.3 Speed/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
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Figure 10.22: Current distortion due to the dead-time: (a) before compensation
and (b) after compensation.

encoder or resolver is utilized. Since absolute encoders are normally expensive,
incremental encoders are used with some starting methods in some applications.
For current sensing, Hall sensors are most popularly used.

10.3.1 Encoder

An incremental rotary encoder generates electrical pulses when the shaft rotates.
By counting the pulses, angular position or speed is measured. Fig. 10.23 shows
the structure of an encoder consisting of LEDs, photo transistors, and a disk with
slits. Normally, the disk is made of glass with the slits created by etching. As the
disk rotates, flickering light is monitored at the photo transistors and transformed
into electrical pulses. The voltage or current pulses are transmitted outside after
being shaped. 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. 10.23.
The signal states are summarized in Table 10.2. The direction is determined based
on which signal comes first after resetting, (A, B) = (0, 0). If the rising edge of B
comes first, then the device is determined to rotate in the clockwise (CW) direction.
Alternatively if the rising edge of A comes first, then it is determined to rotate in
the counterclockwise (CCW) direction.

Table 10.2: State diagram for encoder pulses.

Direction CW CCW
Phase | A | B || Phase | A | B
1 0|0 1 110
2 011 2 1)1
3 1)1 3 011
4 110 4 00

The disk has one slot for Z-phase, so that the Z-phase pulse arises once per
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revolution. The Z-phase signal is used for resetting the data with an absolute
position.

Disk >

LED Slit Photo TR

Figure 10.23: Incremental encoder and its signal patterns.

M /T-methods

There are two speed measuring methods: M-method and T-method. With the M-
method, the speed is measured by the number of encoder pulses, m,, for a given fixed
time interval, T;. Suppose that an encoder resolution is P, pulses per revolution
(PPR). Then, the number of pulses per second is mT:L Therefore, the shaft speed,
Ny, in rpm is calculated as

_ G0y,
Ts Ppr

Note however that the encoder pulse-width increases wider and wider as the speed
decreases, while Ty is fixed. Finally, m,, will be a fractional number at a low speed.
The truncation error of m,,/Ts becomes serious in a low speed. Correspondingly,
the M-method error increases as the speed decreases.

The T-method utilizes high frequency reference pulses internally. An encoder
pulse period is measured by counting the number of reference pulses captured be-
tween the rising edges of encoder pulses. Denote by f; the frequency of reference
pulses and by m; the number of reference pulses in an encoder period. Then, my / It
is the encoder period, and f; / my is the number of encoder pulses per second. There-
fore, the shaft speed, N in rpm is calculated as

60 f¢

Ny = .
1= (o)

Ny (rpm).

The T-method is more accurate in a low-speed region, but becomes less accurate
as the speed increases, m; being small. Thus, it is not appropriate for high-speed
measurements.

www.EngineeringEBooksPdf.com
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Fig. 10.25 compares the measurement errors of the M-method and T-method.
An integrated method that combines both M and T methods is called the M /T-
method. A synchronous speed measurement method was proposed in [13].

mm Encoder

— / signal \
AR I S N

Reference P
Ts T pulses — ”

Frequency f:
(@) (b)
Figure 10.24: Speed measuring methods: (a) M-method and (b) T-method.

M-method T-method

Measurement error

Speed

Figure 10.25: Measurement errors versus speed.

10.3.2 Resolver and R/D Converter

Resolver is a type of angular position sensor that yields the absolute position [2].
Basically, it looks like a small synchronous generator. Fig. 10.26 shows a type of
resolver having one input coil and two output coils. But, the two stator windings
are 90 degrees apart; therefore, the coil currents are independent. It has a rotary
transformer on the rotor shaft so that the rotor coil is excited by an external sta-
tionary power source (2 ~ 8V, 1 ~ 20kHz). Depending on the rotor position, the
coupling coefficients between the rotor and stator windings change. As a result,
induced voltage levels of the two stator windings are different.

Specifically, a carrier signal is injected to the rotor winding through the rotary
transformer. Then, the induced voltage is modulated by the stator angle as the
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rotor rotates. The output voltages are expressed as sine and cosine functions of the
rotor angle, 0,.:

Vi = Vpsin6, sin w4t

Vg = WVocosO,sinw,st.

Rotary transformer

S-eo Flux linkage

™ Rotating coil

P;d = 1{“0 sin Or sin Wrat

-

______ \Esin torat
bom Focostysnond ! |~ AR
- vWWMN;fWUWWM" wwﬂm

Figure 10.26: Schematic diagram of a 1-input, 2-output resolver.

<--- Stationary coll

The rotor angle is measured by processing the output signals. The signal pro-
cessing module is called the resolver-to-digital converter (RDC). In a RDC, demod-
ulation and PLL circuits are normally employed, as shown in Fig. 10.27. First, V
and V, are multiplied by cos ¢ and sin ¢, respectively. Note that ¢ is an internal
variable which is desired to track #,.. Then, we have

Vo sin 6, cos @ sin w,.st — Vj cos 8, sin g sin w,st = Vj sin(0, — ¢) sin w;.st.

Second, the carrier signal is eliminated by the synchronous rectification: Multiply
the signal by sinw,st and pass through a low-pass filter:

Vo sin(6, — o) sin? wy.st = Vysin(6, — go)M LPF Vo sin(6, — ).
2 = 2

As shown in Fig. 10.27 (a), the PI controller is required for the tracking performance
of the loop. 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 along with the pulse counter functions as an integrator. Note also
that sin(6, — ¢) =~ 0, — ¢ if @ is close to #,. Then, the RDC makes a closed-loop
with the resolver, as shown in Fig. 10.27 (b). Note further that ¢ converges to 6,
due to the tracking ability of the PI controller.

Since the resolvers provide absolute angle, it is suitable in the PMSM control.
Another advantage is that resolvers are more robust mechanically than encoders,

since they do not use a fragile piece such as a glass disk.
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Figure 10.27: RDC block diagram: (a) functional blocks and (b) simplified equiva-
lent block diagram.

10.3.3 Current Sensors

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 direction. 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 sensors are most widely used for current measurements, since
they provide natural isolation between the measured line and the sensing circuit.

Fig. 10.28 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, g, is proportional to
I. Here, resistor, 7y, is inserted to measure i4,. That is, I is detected by measuring
Vgy = Tsulsy. 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).
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(@) (b)

Figure 10.28: Hall-effect current sensors: (a) voltage type and (b) current type.
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Problems

10.1

10.2

10.3

10.4

10.5

10.6

Calculate vy4(5]/Vqs(1) and Vgs7]/Vqsp) for six-step inverter operation.

Suppose that the DC link voltage is V3. = 300V and that the switching fre-
quency is 8kHz. Calculate T and T3 in the symmetric PWM to synthesis a
voltage vector, 100£30°V.

Determine the sector where the voltage vector (v, vy) = (—=100V, =77V) be-
longs according to the sector-finding algorithm.

It is desired to synthesize 10V and 100V using an inverter whose DC link is
300V. Assume that the PWM frequency is 8kHz and that current polarity is
positive. If the dead-time is 2us, calculate the relative voltage errors, AV / \%
for both cases.

Consider a 1000 pulse/rev encoder. Calculate the maximum speed error
(ANy/Ny) when the M-method is utilized with 100Hz sampling (75 = 20
ms) for Ny = 10 and 100 rpm.

Consider a 2 input, 1 output resolver shown in Fig. 10.29. Determine the
output function.

Rotary transformer

S Flux linkage

Rotating coil

W NN

E cos wyst

(e

<--- Stationary coil

Flfl" “ﬁlr,m af ”IIJ ||| llH f|'||lrr“ q‘.ql h

Figure 10.29: A 2-input, l-output resolver (Problem 10.6).



Chapter 11

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 components:
inertial force, longitudinal traction force, air drag, tire rolling resistance, and gravity
when the vehicle is moving up or down a hill.

11.1 Longitudinal Vehicle Dynamics

Fig. 11.1 shows the lateral force components for a vehicle moving on an inclined
road. Air drag, Fyero, rolling resistance, Fo;, and gravity constitute the road load.
Traction force, Fy, 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 .
mvavx = Fy — Faero — Frou — mygsina (111)

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.

F({.C’!’(}

Figure 11.1: Lateral force components of a vehicle.

295



296 AC Motor Control and Electric Vehicle Applications

11.1.1 Aerodynamic Drag Force

When a headwind blows at a speed of Vg to a moving vehicle, the aerodynamic
drag force exerted on a vehicle is calculated as

pCaAr
2

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 = 1.225kg/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, (11.1) reduces to

Faero = (V:c + Vwind)2 (112)

— = F,. 11.
My~ 5 —V:+ (11.3)
Let K} = \/% and Ky = 1/%. Then it follows from (11.3) that
dV,
de = —K}V?+ K2
Separating variables, we obtain
dv, dV,
—2K 1 Kodt.
Vo — KoK Vot Ko/K1
Thus, integrating over [0, t), it follows that
Ve — Ko/ K|
In —————— = —2K 1 Kot.
Ve + Ko/ K| e

Note however V, < K3/K;. Thus, we have
Vi + K2/K]_ = (VI + KQ/K1)6_2K1K2t.

Therefore, the velocity is given as [3]

K2 eKlKQt _ e*KlKQt K2
Va(t) = K, efikKet £ o—KiKat — || tanh (K1 Kat) . (11.4)

Since tanh is a monotonically increasing function, the maximum velocity is obtained
as

K> K, | 2R,
max V,(t) = tliglo E tanh (K7 Kot) = K1 DAy (11.5)
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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.

Exercise 11.1

Consider a vehicle with parameters: m, = 1000kg, Ar = 2.5m?, p = 1.225kg/m?’7
and Cy = 0.3. Assume that the traction force is equal to 2kN. Considering only
the aerodynamic resistance, calculate the maximum velocity. Repeat the calculation
when Ap = 1.5m?.

Solution

K, = \/pAFCd/(va) = 0.0214 and Ky = 1.414. The maximum velocity

is equal to 66.07m/s = 238km/h. When Ar = 1.5m?, the maximum velocity is
307km/h. -

11.1.2 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. 11.2
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 deforming
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. Typically,
the rolling resistance is modeled to be proportional to the normal force, F, on the
tire, i.e., the sum of rolling resistance is

Foon = frFy = frmygcosa, (11.6)

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 contribution of the speed dependent term is very small, so that it is neglected
[1]. If the weight distribution between the front and rear wheels is not even, the
rolling resistances should be calculated separately.

Exercise 11.2

Suppose that the weight distribution of front and rear wheels is 6:4, and the vehicle
mass is 1200kg. Find the rolling resistance force, when f, = 0.015. Assume that
the vehicle is running at the speed of 80km/h, while the traction power is equal to
P, = 30kW. Find the percentage of the rolling resistance out of the total traction
force.
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Figure 11.2: Rolling resistance and slip.

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) = 1350N.
Thus, the percentage of the rolling resistance is equal to (105.8470.6) /1350 x 100 =
13%. ]

11.1.3 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, ryw, and vehicle velocity, V,., where
ry is the wheel dynamic rolling radius and w,, is angular speed of wheel. The
normalized slip is defined as [2]

s, = Tww=Ve (11.7)

TwWyw

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 the
slip, but decays after a certain slip. Fig. 11.3 shows a typical longitudinal friction
coefficient versus slip and it is modeled with a nonlinear function, u(-), as

Fy = IU’(SLU)Fz(dr)a (118)

where F (4, is the normal force on the driven axle. However, it depends on the
road and tire conditions. On dry concrete or asphalt, the traction force increases
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6 F acceleration

Tire traction force (kN)

6~ deceleration
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-0.6 -04 -02 0 0.2 0.4 0.6 0.8
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Figure 11.3: Longitudinal traction force as a function of wheel slip.

until the slip reaches 20% [1]. Fig. 11.3 also indicates that slip always takes place
whenever the traction force is generated. In the linear region, the traction force is
modeled as

Fo = 1150821y g COS . (11.9)

where g is the longitudinal friction coefficient.

Exercise 11.3

Assume that a vehicle of m,, = 1200kg is on the horizontal plane. According to the
curve shown in Fig. 11.3, the traction force is equal to 4kN at s, = 0.1. Determine
Hs0-

Solution
4000

T 0.1x1200x98

Hs0 3.4.

11.1.4 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

Y%grade
100
Typical grade specifications are 7.2% for normal driving and 33% for vehicle launch

).

o = arctan

(11.10)
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Exercise 11.4
Assume that a vehicle of mass 2000kg 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 sin11.3° =
3841N. .

11.2 Acceleration Performance and Vehicle Power

Vehicle dynamics (11.1) is rewritten as [1]-[4]

; 1 A
v = —(F, — PCa FV_,E2 — frmygcosa — mygsina | . (11.11)
dt My 2

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 100km /h. Consider,
for example, a car having 10 seconds acceleration time for 0-100km/h. Then, an
average acceleration is 0.28¢g. Fig. 11.4 shows the inertial force components for
0.28¢ acceleration. Note that the inertial force takes the largest percentage (see
Fig. 11.4(a)). The next largest component is the gravity when the grade is 7.5%.
The aerodynamic force becomes noticeable when the vehicle speed exceeds 100km /h.

Exercise 11.5

Consider a vehicle with parameters: m, = 1500kg, Ar = 2m?, p = 1.225kg/m3,
Cy=0.3, and f,. = 0.01. Suppose that the maximum acceleration is 0.28g.

a) Calculate the lateral force components; ngAFVf, mvddlf, frmygcosa, and
myg sin a, 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. 11.4 shows the magnitudes of aerodynamic, gravity, tire rolling, and inertial
forces. ]

As indicated by (11.8), 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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Figure 11.4: Lateral force components versus speeds: (a) acceleration=0.28¢g and
grade=7.5% and (b) zero inertial force with grade=20% (Exercise 11.5).

Substituting (11.9) for F,, we obtain from (11.11) that

dVy 1 TyWw — Vi ,OCdAF 2 .
= — | pso—————mygcosa — ———V7 — frmygcosa — mygsina
dt My TwWuw 2
(11.12)
Exercise 11.6 [6]
Simplified longitudinal vehicle dynamics are:
Juw = Ty —rwky (11.13)
myVe = Fy— Fy (11.14)
Fy = myg x pegte = Ve (11.15)
TwWy

where J, is the wheel inertia, T}, is the wheel shaft torque, and Fj,; is the road load
representing the sum of the rolling resistance, gradient, and aerodynamic drag forces.
Draw a block diagram for the longitudinal dynamics based on (11.13)—(11.15) re-
garding F}; as an external disturbance.

11.2.1 Final Drive

Consider an EV drive-line model, shown in Fig. 11.5. Denote by g4, the whole gear
ratio from motor shaft to wheel axle. Also, we denote by 74, the drive-line efficiency,
i.e., the efficiency of the gear train between the motor and the axle.

Note that

Vo = rowe(l — $3) =y <WT> (1-s4), (11.16)
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Vi = ryww(l — s2) ‘
Fy = Tearar
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Ny = Ndr(1 — 52)

Figure 11.5: EV drive-line model.

where 1, is the effective radius of the driving wheels. Therefore, the vehicle traction
power is equal to

=T, — 1, (“") (1— s5)
9dr

= Tewrngr(1 — sz), (11.17)

where T, is the torque of the wheel axle. In the second equality of (11.17), the
loss in the drive-line is reflected by multiplying 74, i.e., the motor shaft torque is
reduced such that T,ng = g%;.

We also denote by 7y the whole efficiency from motor shaft power, P, to vehicle
traction power. Since P, = Tew,, it follows from (11.17) that

Py
Pe

Ny = Nar(1 — sz). (11.18)
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 Fwalf—“;w. The Sankey diagram for the
motor power is depicted in Fig. 11.6.

11.2.2 Speed Calculation with a 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. 11.7. Therefore, different values of the tractive effort should be used
for the maximum acceleration.

Utilizing (11.17) and (11.18), it follows that

F, = & = Tendrwr(l - Sx) _ Tenargar
TV, Twww (1l — $z) re

(11.19)
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Figure 11.6: Sankey diagram for the EV motor power.

Using the base speed, wp, of the traction motor as a pivot value, the maximum
tractive effort of EV is set as

Tegdrndr <
F;z; = { Tw » W =W

Pen
77}, Wr > Wp.

Then, the governing equations for the maximum acceleration are

dv, 1 [T, CqA
Gz 2 ZeYdrfdr frmyg — P d FV2 for constant torque region.
dt My Tw

(11.20)
dv, 1 [P CiA
- - ellf _ frmyg — pd FV2 for constant power region.
dt my \ Vi 2

(11.21)

Exercise 11.7
Consider an EV with the parameter listed in Table 11.1.

a) Assume that gg. = 4.1 and 7g, = 0.95. Calculate the maximum tractive effort.
Draw the tractive effort versus speed for 50kW constant power.

b) Assume that the vehicle mass with a load is 1500kg. Compute road loads accord-

ing to
pCqAp
2

when the grades are 0, 10, 20, 30, and 35%. Draw the load lines versus speed.

F = V2 + frmyg cosa + myg sin o

www.EngineeringEBooksPdf.com
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Constant torque
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Motor tractive effort

Speed
Figure 11.7: An EV motor tractive effort.

Table 11.1: Example EV parameters

Vehicle Motor
Curb weight 1313kg || Max. torque | 400Nm
Drag Coeff., Cy 0.3 || Base speed 1200rpm
Frontal area, Ap 1.746m? || Max. speed | 6400rpm
Rolling resistance, f, 0.009 || Max. power 50kW
Dynamic tire radius, 7y, 0.29m

Solution

Togarnar 400 x 4.1 x 0.95

= 5372N.
Tw 0.29

F, =

The vehicle speed corresponding to the motor base speed (with zero slip) is

1200 1 3600
2 — 2 —— = 32km/h.
6o 2 qq X 029 x g = 2km/
Calculation results are shown in Fig. 11.8. ]

Exercise 11.8

Consider an EV with parameters: m, = 1598kg, Ar = 2m?, p = 1.225kg/m37
Cq = 0.3, fr = 0.015, ryy, = 0.284m, gg, = 9, Ngr = 0.9, ny = 0.8, and o = 0. The
motor has the constant maximum motor torque of 270 Nm under a base speed. As-
sume that the vehicle speed corresponding to the motor base speed is V,; = 30 km/h.

a) Calculate the time elapsed before the vehicle speed reaches 30km/h. Neglect the
aerodynamic force, since it is small in a low speed range.
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Figure 11.8: Motor tractive force and sum of lateral road loads of an EV listed in
Table 11.1. (Exercise 11.7).

b) Calculate the maximum motor power at the time vehicle speed reaches V, =
30km/h.

c¢) Compute the acceleration performance utilizing Rounge—Kutta 4th method based
on (11.20) and (11.21).

120 T T T T T
10} 1
T 1
9 |
80 |
70|
60 |
50 |
iy
30 pmmmmns
20t :
10 } i

Speed (km/h)

1 1 1 1

6 8 10 12
Time (sec.)

S&
g
~

Figure 11.9: Acceleration performance (Exercise 11.8).
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Solution.
a) Neglecting the aerodynamic force, we have

dVy 1 (270 x9x09

- 0.284

— — 2
% 1503 0.015 x 1598 x 9.8> 4.67m/s”.

Therefore, the elapsed time for V,, = 30km/h is equal to
30 x 1000 1

= 1.78s.
3600 . 4.67 i
b) The motor power is equal to
NdrYar Va 9 x 0.95 30000
P =T,———= =270 = 80.2kW.
T e 708 3600 x 0.284

c) Fig. 11.9 shows a simulation result based on (11.20) and (11.21) according to
the maximum torque and constant power curves shown in Fig. 11.7. Note that
0-100km/h acceleration time is 10.7 s. The simulation result shows that the accel-
eration time up to 30km/h is 1.8 s, which is quite close to the approximate solution
(1.78 s) obtained in a). [

Exercise 11.9

Consider an EV with m, = 1500kg and f, = 0.015. Assume that the drive-line
efficiency is ny = 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 36km/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° = 1319.5N.

Thus,
1 36000 1
P. = F,V, x — = 13195 = 16091W.
e T Hate 73600 " 0.82

11.3 Driving Cycle

A driving cycle is a standardized driving pattern developed to test the efficiency of
vehicle engines or drive trains. The pattern is a velocity-time table which represents
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urban stop and go driving or relatively smooth highway cycles. The US Environ-
mental Protection Agency (EPA) developed the Federal Test Procedure (FTP75)
to assess the performance of vehicles, such as fuel consumption and polluting emis-
sions. 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 high percent-
age of stop time and acceleration/deceleration, and the maximum speed is less than
30km/h. A hybrid power-train may demonstrate a noticeable gain in fuel economy
with the UDDS.

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
cycle representing a high-speed traffic flow. The average speed is 77.2 km/h, but the
maximum acceleration is 3.8m/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 trunk road.
Fig. 11.10 shows the speed plots of EPA UDDS, US06 Hwy, and NEDC, whose
average speeds are 34, 77.2, and 32.2 km/h.
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Figure 11.10: (a) EPA urban dynamometer driving schedule (UDDS), (b) highway
driving cycle (US06 Hwy), and (c) NEDC.
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Problems

11.1 Consider a vehicle with parameters: m,, = 1200kg, Ap = 1.5m?, p = 1.225kg/m?,
and Cy = 0.35. Assume that the traction force is equal to 4kN.

a) Calculate the acceleration time for 0 — 100km/h considering only the
aerodynamic drag and inertial force.

b) Calculate the theoretical speed limit.

c¢) Calculate the acceleration time again for 0 — 100km/h when the wind
blows at 10m/s in the opposite direction.
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11.2 Obtain the solution of the following in an explicit form:

t t
K
s(t) = / Vo (r)dr = / 2 tanh (K, Ko7)dr.
0 o K1

Calculate the distance traveled during 0 — 100km/h acceleration under the
conditions of Problem 11.1.

11.3 Consider an EV listed in Table 11.1. Assume s, = 0.1 and g4 = 4.1. Utilizing
Ve = %(1 — Sz ), determine the maximum vehicle speed when the motor runs
at 6400rpm.

11.4 Consider a driving pattern shown in Fig. 11.11.

a) Calculate the rolling resistance, gravity, and inertial force using the
data listed in Table 11.1 when the vehicle mass with a load is 1350kg
and the grade is 10%.

b) Draw the corresponding power plot.

c¢) Calculate the motor torque and speed for 7 < ¢ < 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 74, = 0.95.

w
N

Velocity (km/h)

Time (sec)
Figure 11.11: A driving pattern (Problem 11.4).
11.5 Consider an EV with parameters: the vehicle mass is m, = 1500kg, the max-

imum motor torque is T, = 250Nm, the drive-line gear ratio is gg4. = 4.1, the
drive-line efficiency is 14 = 0.95, and the wheel radius is r,, = 0.29m

a) Calculate the maximum grade of an EV at launching. Neglect the roll
force.



11.6

11.7

b) Calculate the base speed of the motor when the rated power is equal
to 55kW and the rated torque 250Nm.

¢) Assuming s, = 0.1, calculate the vehicle speed when the motor oper-
ates at the base speed.
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Consider an electric bus with parameters: m, = 4500kg, r, = 0.35m, and

fr=0.01.

a) Assuming the slip, s, = 0.15, calculate wheel shaft speed when the
bus runs at 60km/h.

b) The motor speed needs to be 7500rpm when the bus runs at 60km/h
with the slip 0.15. Determine the gear ratio.

¢) The required thrust is F;, = 4000N at V,; = 60km/h. Determine the
motor power assuming that the drive-line efficiency with slip is 0.8.

d) When the base speed is 3600rpm, determine the rated torque.

e) Calculate the roll force according to F,o,; = frmg. Suppose that
the motor starting torque is 330Nm. Determine the maximum grade at
launching.

Consider EV parameters listed in Table 11.1 and refer to the motor tractive
effort shown in Fig. 11.8. Calculate the vehicle 0 —100 km/h acceleration time

with the following instructions:

For (0, 32)km/h range, the maximum torque is applied. Neglect the
aerodynamic drag in calculating the road load.
For (32, 100)km/h, let nf = 14,(1 — s;) = 0.8.

Obtain the solution by solving (11.20) and (11.21) with the Rounge—Kutta

method.
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Chapter 12

Hybrid Electric Vehicles

Hybrid electric vehicles (HEVs), as the name stands for, have two kinds 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 common ICEs have the optimum fuel efficiency in the middle speed
and high torque range. But, the efficiency is low in the low-speed/low-torque region.
Therefore, the ICEs have relatively inferior performances in urban driving where
there are many stop-go situations. On the other hand, electric motors produce high
torque naturally in the low-speed region and have a fairly high-efficiency in overall
operating region. If the vehicle is propelled by a motor in a low-speed region, the
overall fuel economy will be improved significantly. Furthermore, 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 retrieved into the battery when the vehicle is decelerating. But, ICEs provide
sustainable power over long driving periods and have the advantage of short refueling
times.

12.1 HEYV Basics

Typical driving patterns include start, acceleration/incline, cruise, decline, and de-
celeration/stop, as shown in Fig. 12.1. 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%.
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Regenerative Braking: Regenerative braking is an important feature of the hy-

brid systems. Electric motors can retrieve the vehicle’s kinetic energy in the
form of electrical energy, while applying a deceleration torque to the wheel.
That is, the regenerative braking saves the energy that would normally dissi-
pate as waste heat. In the LA-4 driving mode, about 25% of the total efficiency
improvement gained by hybridization is attributed to regenerative braking [15]
out of the total efficiency improvement gained by hybridization. But the re-
generation capacity is limited mainly by the battery power rating, i.e., it is
limited by the maximum acceptable charge rate of the battery. For example,
the maximum power of the Prius II battery is 21kW, whereas the required
braking power is larger than 50kW. In order to improve the fuel economy
through regeneration, the battery power rating 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-train
at low speeds, and shift to the ICE at high speeds. In the series power-train
architecture, the ICE, being devoted to electric power generation, is decoupled
from the wheel power demand. The ICE operates at an optimal operating
point, or stops. In the parallel power architecture, the motor assists the ICE
while managing surges and deficits of power to the wheels. Of course, surplus
engine power is saved in the battery, and used later at the time of high-power
demand. Separating the ICE operation from the direct wheel power demand
is termed “power split.” Efficiency enhancement of HEVs is mostly attributed
to this power split.

ﬁﬁﬁﬁ%@

start accel. / incline cruise decline decel. / stop
engine engine engine motor motor
+motor +motor (regeneration)

Figure 12.1: A driving cycle.

12.1.

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)
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4) Electric-only drive (up to step step 4 : “full” hybrid)
5) Extended battery-electric range (up to step 5 : “plug-in” hybrid)

i) Micro Hybrid: Micro hybrid systems have only the idle off function. A con-
ventional ICE vehicle can be converted into a micro hybrid car by replacing
the starting motor and alternator by an integrated alternator starter (IAS).
Fuel efficiency gain is about 5 — 15%. Toyota “Crown” is an example of micro
hybrid vehicle.

ii) Mild Hybrid: An electric motor is incorporated in the power-train, but the
ICE plays a dominant role. Mild hybrid systems offer major HEV functions
such as idle off, regenerative braking, and power assisting. However, the engine
power split is imperfect and fuel efficiency gain is about 50%—60%. Honda
“Civic Hybrid” is a typical mild hybrid vehicle.

iii) Full Hybrid: Full hybrids have the power split feature, i.e., the electrical
power-train enables the vehicle to operate its engine more time at its most
efficient operating point. Further, the electrical power rating is large so that
the vehicle can be driven solely by the electric motor, though the range and
speed are limited. In a low-speed region, the electric motor drives the vehicle,
but at a high speed the engine cuts in. Efficiency gain is about 50%—100%.
Toyota “Prius” and Ford “Escape” are the full hybrid vehicles.

iv) Plug-In Hybrid: In the plug-in hybrid electric vehicles (PHEVS), the battery
capacity is enlarged, so that the vehicles can run for a significant range fully
by electric mode. Since the vehicle battery can be charged from the power
grid, a PHEV does not use a drop of gasoline if it is used for commuting on
the daily basis. 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 storage capacity for 10 miles of driving are denoted as PHEV10. The
PHEYV 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. Chevrolet “Volt,” which is planned for roll out in 2011, is a
PHEV.

Fig. 12.2 shows various types of EVs ranked according to the power-train electri-
fication. The conventional ICE vehicle is located on the left end, while the battery
electric vehicle (BEV) is on the right end. HEVs and PHEVs lie in between, but
PHEVs have greater reliance on the electric power. Plug-in hybrid vehicles (PHEV)
carry bigger batteries than HEVs. The battery size of a PHEV determines the
commuting range in the all electric mode.

In some PHEVSs, the ICE behaves as a charging power source when the battery
is depleted below a predetermined level. Hence, the ICE with such a generator
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0%  Micro HEV Full HEV PHEV 20 PHEV 60 100%
Electric * * * * Electric
| | | | N BN T

Tra(I:iltEJnal Mild HEV PHEV 10 PHEV 40  Battery Electric
C 4 A Vehicle (BEV) A

Motor
Motor
Engine

(a) (b) (c)
Figure 12.2: Degrees of electrification: (a) HEV (b) PHEV (c¢) BEV.

is often called a range extender. Further PHEVs carry on-board chargers so that
household electricity can be utilized for battery charging. Since the on-board charger
is designed to take all the necessary precautions against overcharging, overheating,
short circuiting, fire, etc., a user just needs to plug the cord into a receptacle to
charge the battery. The use of grid power reduces fuel consumption and greenhouse
gas emission. Characteristics of hybrid systems are summarized in Table 12.1.

Table 12.1: Hybrid systems characteristics.

Micro | Mild Full Plug-in

Hybrid | Hybrid Hybrid Hybrid
Elec. power ISG Motor Motor-Gen. | Motor-Gen.
Motor power 5kW 16kW 60kW 100~120kW
Engine power split | no no yes yes
Batt. voltage 42V 200-300V | 200-300V >300V
Batt. capacity 1kWh 1kWh 4~16kWh
Fuel eff. gain 5~15% | 50~60% | 50~100% 50~100%
AER no no < 1lkm 16~64 km
Gas emission yes yes yes no/yes
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12.1.2 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: If the
measured power at the crankshaft is denoted by P, and the fuel (mass) flow rate
denoted by 7y, then the BSFC is defined as

g

BSFC = —-. 12.1
" (12,1

o
The BSFC map shows the group of contours indicating equi-fuel consumption rate

(Nm)
T Max. torque line

(Max. throttle angle)

125 —
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Figure 12.3: Brake specific fuel map of an engine and a basic operating line.

per shaft power production. Fig. 12.3 shows an example BSFC map, in which the
units of BSFC is given by gram/kWh. Hence, the smaller number represents the
higher efficiency. Note that the highest efficiency (2800rpm, 100Nm) is obtained
at a middle point of the speed range and near to the maximum torque line. But,
the efficiency is almost halved in the low-torque region (under 20Nm). The optimal
operating line represents the trajectory of the most efficient operating points when
the power and speed increase. To achieve the maximum efficiency, it is better to
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narrow down the ICE operation area near to (2800rpm, 100Nm), or to stop the
operation. A (dual) hybrid power-train enables the ICE to operate at its maximum
efficiency, while allowing wheels to roll at independent speeds. The maximum torque
is obtained when the throttle angle is fully open (90°). The top dotted line represents
the engine maximum torque.

b) Motor and Generator:

The motor and generator are the same devices functionally. But depending on the
power flow, they act in either motoring or generating modes. They are named
according to the major usage. As for the motor and the generator, permanent
magnet synchronous machines are normally utilized for high-efficiency. The motor
power rating is normally bigger than that of the generator, since the motor has to
take care of peak power demands while the generator responds to more or less the
average power. The maximum speeds of the Prius III motor and generator are above
10,000 rpm.

c) Power Control Unit:

The power-control unit refers to an electronic circuit system that includes two in-
verters for motor and generator, DC-DC converter for battery voltage boosting, and
an electronic control unit (ECU). One inverter controls the motor shaft torque, and
the other inverter controls the generator current, so that proper battery charging or
discharging takes place. The DC-DC converter boosts up the battery voltage to the
required DC link level. The ECU handles sensor signals and command signals from
a higher level ECU.

d) Battery:

The battery is the most typical energy storage system for EVs, and should be eval-
uated according to energy density, power density, life time, safety, and cost. Nickel-
metal hydrid batteries or lithium-ion batteries are utilized for HEVs.

e) Power Split Device:

The power split device is required in the series/parallel hybridization. With the plan-
etary gear, the engine power is split into a direct mechanical path and an electrical
path.

12.2 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:
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Optimal engine operation: Restricting the engine operation to the optimal
area brings not only fuel savings, but also emission reduction. As shown in
Fig. 12.3, there are low efficiency regions in the engine fuel map. In the low
efficiency regions, it is better to turn off the engine and run the vehicle only by
motor. Engine turn-off regions are marked by the shaded areas in Fig. 12.3.

Safe battery operation: The battery should be protected from overcharging
and excessive dissipation. Overcharging may lead to battery explosion, and
excessive charge depletion shortens the battery life time. During battery op-
eration, the current should be limited so that the maximum power rating is
not exceeded.

According to the power flow, HEVs are divided into three categories: parallel
hybrids, series hybrids, and series/parallel hybrids, as shown in Fig. 12.4 [5], [1].
Dotted lines indicate electrical power flow, whereas solid lines show mechanical power
flow. The series HEV topology is described in Fig. 12.4 (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 operate at its optimal condition. But a disadvantage
lies in the cascaded structure: Suppose that efficiencies of generator, converter,
inverter, and motor are 0.95, 0.97, 0.97, and 0.92, respectively. Then, the compound
efficiency is equal to their product, 0.82, which is much lower compared with that of
the direct mechanical path. Furthermore since each power conversion unit has the
full power rating, the mass and volume are large, and the cost is correspondingly
high. Thus, this configuration was not used in passenger cars, but has been adopted
in some electric locomotive propulsion systems or in electric propulsion ships. Since
the series power-train is simple and enables the engine to operate optimally, it is
recently deployed in PHEVs.

In the parallel configuration, shown in Fig. 12.4 (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, behav-
ing as a generator, retrieves excess engine power when the engine operates in 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 so that the engine power
can be delivered via two paths, as shown in Fig. 12.4 (¢). Various power flow control
modes are feasible, and the configuration varieties are coordinated for engine optimal
operations.

12.3 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
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Figure 12.4: HEV power-train topologies. (solid line : mechanical power, dotted
line : electric power ) : (a) series, (b) parallel, (c) series/parallel.

gear consists of sun gear, planetary gear, and ring gear, as shown in Fig. 12.5. The
sun gear is located in the center, the ring gear is positioned in the outer shell, and
the planetary carrier is made by clustering the pinions in the middle. Based on the
schematic shown in Fig. 12.5 (a), it follows that

R.w, — Rew. = Rewe— Rgws, (12.2)

where R,, R,, and R, are the radii of sun gear, carrier, and ring gear, and wj, we,
and w, are the speeds of sun gear, carrier, and ring gear, respectively. Let the gear
ratio be defined by R,/Rs = kj. Then, dividing the right-hand side by the left-hand
side of (12.2), it follows that

Ryw, — Bethsy), 2wk — (kp + 1w

= =1. 12.3
ch — Rowg (kp + 1)we — 2wy ( )

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, (12.3) reduces to the more general
form [5]:

ws + kpwyr — (kp + 1w = 0. (12.4)
Note that there is one constraint equation, (12.4) among three independent variables,

ws, We, and wy. Therefore, the planetary gear has two degree of freedom, i.e., it
accommodates two independent shaft speeds. This illustrates the inherent speed
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summing nature of the planetary gear and the reason it is used in power split.
Equation (12.4) of planetary gear is rearranged such that

eﬁ‘ o

CJ % Sun gear/,_'JEI
= Carrier
@) \ Ring gear/ () ©)

Figure 12.5: Planctary gear: (a) front view, (b) side view, (c¢) symbol.

N

1 kp

_ . . 12.
R L i (125)

We

Geometrically, (12.5) appears to be a straight line as shown in Fig. 12.6, and it is
called a lever diagram. The planetary gear of the Prius II has the following individual
gears:

sun gear : number of teeth, Ny = 30,
ring gear : number of teeth, N, = 78.

Therefore, k, = R,/Rs = N,/Ng = 78/30 = 2.6.

Generator Engine Motor rpm
rpm rpm (vehicle speed)

Wg We = \
1 )‘\'p

ws + wr
kp+1 " kp+1 } W
Z g —
Sun gear kp Carrier 1 Ring gear

Figure 12.6: Lever diagram for the planetary gear system.
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The torque balance and power balance conditions in the steady-state are

T. = T, +T, (12.6)
Twe = Trwy+ Tsws, (12.7)

where T, T,., and Ty are the shaft torques of carrier, ring, and sun gears, respectively.
Since (12.6) and (12.7) are the steady-state equations, inertial forces of gears are
omitted. Further, the gear efficiency is assumed to be unity. Substituting (12.6)
into (12.7), we obtain [6]-[8]

T, = (1+k)To (12.8)
T, - (1+1> 7. (12.9)
kp

Exercise 12.1

Consider a planetary gear system, shown in Fig. 12.6. Assume k, = 2.6, w, =
2500rpm, and ws; = 3600rpm.

a) Calculate the speed of ring gear.

b) Assume that the engine produces 60kW and that the generator applies 7T0Nm
load torque to the engine. Calculate the engine power directed to the ring gear.

Solution
a)

1 s

Wy = (1 + > We — Ys _ 1.385 x 2500 — 0.385 x 3600 = 2078rpm

kp kyp

b)
P, = @ X 2w x 70 = 26,389W.
60

Thus, 60 — 26.389 = 33.611(kW). n

12.3.1 e-CVT of Toyota Hybrid System

Continuously variable transmissions (CVTs) are devised for continuous changes in
the shaft’s speed ratio, and are commonly constructed with the V-belt, conical
shaped pulleys, and a hydraulic actuator. A CVT allows the driving shaft to main-
tain a constant speed while the speed of output shaft changes. This improves fuel
economy by enabling the engine to run at its most efficient speeds for a range of
vehicle speeds. However, the CVTs are friction based devices, resulting in power
loss and faults associated with aging.

A planetary gear is used as a power split device in the series/parallel HEVs.
Fig. 12.7 shows a schematic diagram of the e-CVT of Toyota Hybrid System (THS)



Hybrid Electric Vehicles

Table 12.2: Specifications of Prius II and III [15], [16].

y | PriusII | PriusII
Engine Power 73kW 57kW
Torque 142Nm 115Nm
Type IPM IPM
Motor Max. power 60kW 50kW
Max. torque 207Nm 400Nm
Max. speed | 13500rpm | 6400rpm
Type IPM IPM
Generator | Max. power 22kW
Max. speed 11000rpm
Type NiMH NiMH
Power 21kW 21kW
Battery Voltage 201.6V 201.6V
Weight 45kg
Capacity 1.3 1.3kWh
System voltage 650Vmax | 500Vmax
Motor gear ratio 2.636
Differential gear ratio 3.267 4.113
Battery |emmmmmm;  seeceecssceennny
HER v
Inverter 1 Inverter 2
7y Wheel
cF i | |meH |
ICE {E% M/G1 %K)
= Gen.

in Prius II [15].

Figure 12.7: Schematic drawing of the THS employing a planetary gear as the input
power split device (dotted line : electrical power-train).
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In the Prius III, the maximum motor speed was increased to

13500rpm, reducing the mass by about 35% [16]. Major power-train specifications
are listed in Table 12.2. Since the power split device is positioned at the input
(upstream) side, it is classified as input split. The engine crank shaft is connected
to the carrier, The M/G1, labeled “generator,” is connected to the sun gear. On the
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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 directly 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.
A THS schematic diagram is shown in Fig. 12.7. 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. 12.8. Two inverters 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 500V or 650V. 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 M/G coils and to minimize M/G volumes.

The engine is controlled to operate along the optimal operation line (OOL) by
controlling the generator speed and motor torque. That is, power flow to wheels is
controlled seamlessly while the engine operates in the vicinity of the optimal operat-
ing line [9]. This improves the overall vehicle fuel economy. No launch device, such
as a torque converter in an automatic transmission, or a clutch in a manual trans-
mission, is necessary. The engine can remain directly connected to the transmission
for all speeds.

12.4 Power Split with Speeder and Torquer

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., TYw! = Py,.

ii) Choose ws so that wy = (kp + 1)w} — kpw.

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, ws. In other words,
we is determined by wg according to the linear equation, (12.4). For this purpose,
the generator (M/G1) is controlled in the speed control mode; thereby it is called
the speeder [3].

Once engine torque, Ty, is fixed, the torques of sun and ring gear shafts are de-
termined according to (12.8) and (12.9). That is, the engine power is split according
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Figure 12.8: THS schematic diagram and power circuit.
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Tews kpTew,
T, = . 12.10
i L | (12.10)
—— —
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Note that the electrical path consists of sun gear-generator-inverter l-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. 12.9. 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
Pejee Ws

= . 12.11
Priech kpwr ( )

Therefore, as w, increase, the electrical path proportion increases. As mentioned in
the above, the power transfer efficiency of the electrical path is low compared with
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that of the mechanical path.

v Wheel

O

| Inverter 1 | | Inverter 2 | PR

@ [ \\\\\\\\\\\J

Figure 12.9: Power split consisting of electrical and mechanical paths.

The question is why it is necessary to split the power and sum the splits at the
drive-line instead of delivering the whole via the mechanical path. A benefit of the
power split is illustrated with 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 -30 rad/sec by a speed control action, while the
throttle angle is controlled to yield constant power, 15.6kW: A: w, = 280rad/sec,
B: ws = 28rad/sec, and C: ws = —30rad/sec. The corresponding engine speeds and
torque are

A: (we, T:) = (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 ws, as shown in Fig. 12.10 (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. 12.10 (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 makes it possible to move engine operation points near
to the OOL while satisfying the wheel power requirements. Specifically, the speeder
determines engine speed for a given wheel speed so that the engine operates at its
optimal condition. As a result, the engine speed is decoupled from the wheel speed.
The power split enhances the system efficiency by letting the engine operate along
the OOL, though there is a minor loss along the electrical power flow.

This section is summarized with the following remarks:

1. Since the generator operates commonly in the speed control mode; it is called
“speeder.” The generator speed is determined to bound the engine operation
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Figure 12.10: 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.

within an optimal operation range. Recall that the engine is efficient when it
is highly loaded, i.e., when the operation point is near to the maximum torque
line. Thus, the generator, in general, applies an additional load to the engine
so that the operation point is near to the OOL when the vehicle road load
is light. The generated electric power is transmitted to the motor. But the
excess power is used to charge the battery for later use: power-boosting and
EV mode operation.

2. Since the motor operates commonly in the torque control mode, it is called
“torquer.” The motor supplies supplementary torque to the drive shaft utiliz-
ing the electric power transmitted from the generator. If the generator power
is insufficient during sudden acceleration, the battery power is also utilized.

12.5 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 stopped. 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].
Various operation modes include:

i) Vehicle launch / EV mode operation
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Figure 12.11: Lever diagrams.

ii) Engine cranking

iii) Normal Cruise with battery charging

iv) Power boosting for acceleration

v) Regenerative braking during deceleration

The corresponding lever diagrams are shown in Fig. 12.11. 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. Note the the engine is kept at
a standstill during the EV mode operation. In normal mode operation, the engine
power is split and transported to the wheels via mechanical and electrical paths.
For sudden acceleration, the battery power is utilized to increase the motor power.

Both M/G1 and M/G2 serve as either a motor or a generator, depending 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 launch and a low-speed operation, the vehicle is propelled 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)
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speed is zero. It is feasible since the generator is controlled in a speed control mode.
Fig. 12.12 shows an example of the battery EV mode.

Exercise 12.2

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 r,, = 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
4500rpm.

b) Assume that the engine cuts in when generator speed reaches 4500rpm. Determine
vehicle speed at the time of engine cut-in. Neglect the wheel slip.

Solution
a)
4500 1
Wy = %: = W X 21 X % = 181.2rad/sec.
b)
we 1812

X Ty = o X 0.29 = 12.8m/sec = 46km/h.

Note that the engine cuts in from 45km/h by gradual acceleration in Prius II.

Exercise 12.3

(Continued from Exercise 12.2) Suppose that the vehicle runs in an EV mode at
40km/h against a 600N 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
ny = 0.82 including the wheel slip.

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 = —6667W. Reflecting the
final drive efficiency, motor power is 6667/0.82 = 8130W. Angular speed of wheel is

Ve 40000 y 1
ro(1—5.) 3600 ~ 0.29 x 0.9

Wy = = 42.6rad/sec.

Motor speed is 42.6 x 4.1 = 174.7 rad/sec (1668rpm). Motor torque is equal to
8130/174.7 = 46.5Nm.

b) Battery power is equal to Py, = 8130/(0.92 x 0.97) = 9110(W). The result is
depicted in Fig. 12.12. n
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Figure 12.12: 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 12.3).

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. 12.13 shows a normal driving mode.

Exercise 12.4

Assume that the vehicle runs at a constant speed, 64.8km/h, bearing a road load,
F,; = 666.7N. Assume that the M/G and inverter efficiencies are 0.92 and 0.97,
respectively, and that the efficiency of the final drive is 7y = 0.82 including the
wheel slip.

a) Calculate the required power at the drive-line, Py,.

b) The effective tire rolling radius is r, = 0.29m 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 (2101rpm).
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d) Suppose that the engine output torque is regulated at 67.5Nm. 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 = —12001W. Since the
efficiency of the final drive is ny = 0.82, the power at the drive-line should be
Py, = 12001/0.82 = 14636W.

b)

Ve B 64800

(1 — 52) 7%~ 3600 x 0.29 x 0.9

c) Using (12.5), the generator speed is ws = 3.6 x 220 — 2.6 x 282.8 = 56.7 rad/sec.
d) According to (12.8), generator torque is equal to 67.5/3.6 = 18.75Nm.
Generator power is Py = 56.7 x 18.75 = 1063W. Therefore, power of the ring gear
shaft is P, = P, — Ps = 220 x 67.5 — 1063 = 13787W.

e) Amount of power that should be assisted by the motor is

Py, — P, = 14636 — 13787 = 849W.

f) Since there are two M/Gs and two inverters, the efficiency of the electrical path
is (0.97 x 0.92)2 = 0.796.

g) Therefore, the motor power is P, = Py X 17,17, = 1063 X 0.796 = 847TW. =

Wy = x 4.1 = 282.8rad/sec.

Note from e) and g) that the drive-line lacks 849W, whereas the motor power
received from the electric path is 847W. 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. 12.13.

Fig. 12.14 shows power flow, lever diagram, and operating points of engine,
generator, and motor at the normal load of Exercise 12.4. Note that the motor
(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).

The corresponding Sankey diagram is shown in Fig. 12.14: 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.
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Figure 12.13: Normal driving mode: (a) power flow, (b) lever diagram, (c) engine
fuel map, (d) motor torque-speed, and (e) generator torque-speed (Exercise 12.4).
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Figure 12.14: Sankey diagram for a normal driving mode (Exercise 12.4).

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 12.5
Assume that the vehicle runs at a constant speed, 80km/h bearing a road load of
F,; = 1400N. The engine speed and torque are regulated at (Tep, w.) = (97Nm,
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314.2rad/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 ny = 0.82 including the
wheel slip.

a) The effective tire rolling radius is 7, = 0.29m 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 dia-
gram of k, = 2.6.

c¢) 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, Ppy;.
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Figure 12.15: Power-boost mode: (a) power flow, (b) lever diagram, (c) engine fuel
map, (d) motor torque-speed, and (e) generator torque-speed (Exercise 12.5).

Solution
a) The motor speed is

i oo 80000
- 9dr = 3600 x 0.29 x 0.85

x 4.1 = 369.6rad/sec.

b) Since the engine speed is 314.2rad/sec, it follows from the level diagram that
ws = 3.6we — 2.6w, = 3.6 x 314.2 — 2.6 x 369.6 = 170.2 rad/sec (1625 rpm).
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c) The engine power is P., = 97 x 314.2 = 30477(W). According to (12.8), the
generator torque is equal to 97/3.6 = 26.9Nm. Thus, the generator power is Py =
170.2 x 26.9 = 4578W. Therefore, P. = P,.,, — Ps = 30477 — 4578 = 25899W.

d) At constant speeds, F, = Fy;. The vehicle power is P, = —80000/3600 x 1400 =
—31111W. Considering the final drive efficiency, the power at the drive-line is Py, =
31111/0.82 = 37940W. Thus, the required motor power is P, = Py, — P, = 37940 —
25899 = 12041W.

A portion of motor power transmitted from the generator is Ps X 171.2“1,77,2”9 = 4578 x
(0.92 x 0.97)% = 3646W.

Additional motor power that should come from the battery is 12041-3646=8395W.

. . . _ 8395
Thus, the battery (discharging) power is Pyt = gg55097 = 9407TW. [
| M/G, inv. losses
Fpar = 940TW :-1944 W
578W o,
Ps = 4 e

P ‘ Py

= Py, = 37940W -y ,

=30477TW [ e f = -3

L= 25899”:

FD loss : -6829 W

Figure 12.16: Sankey diagram for power-boost mode (Exercise 12.5).

The corresponding Sankey diagram is shown in Fig. 12.16: 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, Py, exceeds the engine
power, Pe,.

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.

Exercise 12.6

Assume that the vehicle operates regenerative braking with engine shut off while
the speed is regulated at 66.42km /h. The effective tire rolling radius is r,, = 0.29 m
and the gear ratio of the drive train is g4, = 4.1.

a) Assuming that the wheel slip is s, = —0.1. Calculate the motor speed, w,.
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Figure 12.17: Regenerative braking (Exercise 12.6).

b) Assume that the drive-line efficiency is ny = 0.82. Determine the motor power,
P,., and the battery recharging power, Pp,:, when the road load of —542 N.

Solution
a)
Vo oo 66420
- 9dr = 3600 % 0.29 x 1.1

x 4.1 = 237.1rad/sec.

b) The wheel power is equal to P, = 66420/(3600) x (—542) = —10000(W). There-
fore, the drive-line power is equal to Pj. = —8200W. Also, Py = P. = —8200W.
Considering the motor efficiency, the battery recharging power is Py = —8200 x
0.92 x 0.97 = —7318(W). [

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. 12.18. Note
also that the lever diagram for stationary battery charging is the same as that of
engine cranking. But, the power flow is reversed.
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Figure 12.18: Engine cranking mode.

12.5.1 Prius Driving-Cycle Simulation

The simulation was performed with the Prius model using a drive simulation tool,
ADVISOR. The vehicle simulation parameters are:

Curb mass with cargo (m,) = 1398kg,
CD (Cy) = 0.3,

Frontal area (Ar) = 1.746m?

Rolling coefficient (f,) = 0.009.

Fig. 12.19 (b) the engine, motor, and generator operation points in the torque-speed
plane under simple driving cycles shown in Fig. 12.19 (a). Four driving cycles were
repeated to obtain dense operation points. It is shown that the motor produced
high torque during the acceleration period especially in a low-speed area. Then,
it applied negative torque in the deceleration period, recovering kinetic energy. It
should be noted that engine operation points are not spread far from the optimum
operating line.

The maximum motor speed is read 2400rpm from Fig. 12.19 (b). Assume that
the gear ratio between the wheel and motor shafts is 4.1 and that the effective
tire rolling radius is 0.29m. When we neglect the wheel slip, the peak velocity is
estimated such that

Ve = 2400 x 2% X i x 0.29 x % = 64km/h.
Note that the estimation is close to the peak speed (64km/h), shown in Fig. 12.19 (a).
Fig. 12.20 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. 12.21 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 12.19: Operating points loci of Prius II engine, motor, and generator for a
simple driving cycle.

12.6 Series Drive Train

The series drive train includes an ICE, a generator, batteries, and a motor. The
engine is devoted to generating electric power by spinning the generator, and only
the motor is responsible for satisfying varying power demands of stop-and-go driving.
The generated electricity charges the battery, can power the motor directly, or both.
Thus, the engine crank shaft is separated from the wheel axle, i.e., engine operation
is decoupled from the widely varying power demands of wheels. Therefore, the
engine can operate at the optimum efficiency. Specifically, the engine is controlled
to either perform an optimal operation, or stop. The engine operates when the
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Figure 12.20: Engine operating points for a highway driving cycle (US06 HWY).
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Figure 12.21: The SOC level change of Prius II during UDDS driving cycles: (a)
EPA UDDS, (b) SOC.

battery SOC is lower than a predetermined level, or higher power is required from
the power bus than the battery can supply. Furthermore, the drive train is simplest
among different hybrid architectures since it does not require the use of a clutch, a
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multi-speeds transmission, or a power split device. The series power-train topology

is shown in Fig. 12.22.
yay
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DC/DC
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Generator AC->DC DC->AC Motor

Figure 12.22: Series power-train topology.

One disadvantage of the series connection is that the drive train efficiency is
low, since it includes multiple power conversion steps. 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%. Furthermore, since the power units in the series path have the full power rating,
the serial hybrid systems are known to be heavy, expensive, and bulky. Normally,
the series drive trains have been used for heavy vehicles, such as buses, trucks, or
locomotives. However, the engine size is typically smaller in series hybrid HEVs
because it only has to meet the average driving power demand.

A big advantage of the series HEV is that it can be easily converted into a PHEV,
if the battery capacity is increased and an on-board charger is attached. In such
PHEVs, the ICE acts as a range extender. The series drive train has already been

adopted as for a passenger vehicle. Chevrolet Volt is a typical example of series
HEV.

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 EV mode or 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. It will be discussed again
in the PHEV part of Chapter 13.
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12.6.1 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 (41kW) SI engine model was used. A 58kW PMSM motor model
was adopted as a propulsion motor, and a lead acid battery model consisting of 25
modules with 307V nominal voltage, 3.5kWh capacity, 30kW peak power, and 120kg
weight was used.

Fig. 12.23 (a) shows operation points of the motor in the torque-speed plane
when the vehicle underwent the UDDS driving cycle. In contrast, Fig. 12.23 (b)
shows the operation points when the vehicle underwent the US06 highway driving
schedule. Obviously, operation points of the urbane driving cycle clustered in a
low-speed area, whereas those of the highway driving are located in a high-speed
area. However, differently from ICEs, the efficiency levels of electric motors are fairly
even over the whole area. Looking at a typical EV motor efficiency map shown in
Fig. 12.24, the motor efficiency ranges from 0.85 to 0.95 except some high-torque
low-speed area.
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Figure 12.23: (a) Motor operation points for the UDDS and (b) for the US06 Hwy.

Fig. 12.25 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 30kW.
However, the required peak power by motor is 40kW. Therefore, to make up the
deficiency in power, the engine starts to operate at ¢ = 190 sec. Fig. 12.25 (d)
shows the corresponding operating point, (3300rpm, 58Nm). Note that the engine
operates at a point of maximum efficiency (0.33 g/kWh). At this time, the engine
power (20kW) is more than sufficient, so that the excess power is used for battery
charging. Negative battery power shown in Fig. 12.25 (b) indicates the battery
charging.

Fig. 12.26 (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
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Figure 12.24: Typical EV motor torque-speed efficiency contours.

minutes). One can see from Fig. 12.26 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.

12.7 Parallel Drive Train

Fig. 12.27 shows the parallel hybrid power-train topology that is utilized in the
Hyundai Avante. Generally both the engine and electric motor are coupled to the
same drive shaft. Propulsion power to the wheels therefore may be supplied from
the engine, the electric motor, or both.

Conceptually, the parallel HEV is inherently an ICE vehicle with electric assis-
tance for lower emissions and fuel consumption. The electric motor can be used as
a generator to charge the battery by regenerative braking or absorbing power from
the engine when its output is greater than that required to drive the wheels. The
parallel architecture does not require a separate full-size generator. Furthermore,
the motor power rating is also fractional. For example, the Honda Insight has a
T0kW engine, but the motor power rating is only 15kW. In this regard, the size and
costs of the electric components of parallel HEVs are generally much less than those
of series HEVs.

But since the speed ratio between motor and engine is fixed, the roles of the
motor are limited. Honda hybrid cars (Insight, Civic, and Accord) utilize the parallel
hybrid architecture.

Also, ICE alone and motor alone operations are feasible. To separate the ICE
during the motor alone operation (all electric powering mode), another clutch is
provided at the ICE side. However, the ICE and motor motions are not decoupled
in general. The parallel assist strategy can be summarized as:

1) The motor alone propels the vehicle with the engine shut off in a low-
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Figure 12.25: 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, 41kW).

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 batteries during regenerative braking.

4) When the battery SOC is low, the engine will provide excess torque
to charge the battery.
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Figure 12.26: SOC swing and engine operation in a series HEV: (a) the UDDS
driving cycle, (b) SOC change, and (c) engine shaft torque.

Fig. 12.28 shows a view of the parallel power-train of Hyundai Avante Hybrid.
Fig. 12.29 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 1.6~2kW. 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
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Figure 12.28: Parallel power-train of Hyundai Avante Hybrid.

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. 12.30 shows the “ADVISOR” [18] simulation results for UDDS and USO6Hwy
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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Problems

12.1 Consider a planetary gear. Derive

T. = (14kp)Ts,
1
T. = (1 + > T..
(& kp
using
1 kp
We = kp+1ws+ kp+1wm
T. = T, +Ts,
Twe. = Trw, 4+ Tsws.

12.2 Consider a planetary gear system, shown in Fig. 12.31. For the carrier, the
dynamics is represented by

Ten - (Jcarr + Jen)wc = dgyn + Tring-

Derive the rest of equations for the sun and ring.
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Figure 12.31: A planetary gear system (Problem 12.2).

12.3

12.4

12.5

Consider the engine torque-speed chart shown in Fig. 12.10. The motor speed
is fixed at 280 rad/sec.

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 80km/h against load road of 270 N. The gear ratio of the
drive-line is gg- = 4.1 and the effective tire rolling radius is 7, = 0.29. The en-
gine speed and torque are regulated at (7%, wen) = (84Nm, 150rad/sec) while
the generator torque is 24Nm. 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 15kW 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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Chapter 13

Battery EVs and PHEVs

Future vehicles will be powered by cleaner and more efficient energy conversion sys-
tems. Since the oil price has been shown to fluctuate dramatically in recent years,
there are many incentives to switch to a new alternative fuel. Further, considering
the depletion rate of the world’s oil resources, it is difficult to predict the available
oil quantities as a fuel for vehicles beyond 50 years. Another motivation for ad-
vanced vehicular technologies is environmental concerns. Recently, CO2 has been
drawing special attention since it is known that cumulative COs9 increase causes the
greenhouse effects leading to global warming. To achieve stabilization of greenhouse
gas (GHG) concentrations in the atmosphere, the Kyoto Protocol was established in
June 1992 and entered into force on 16 February 2005. Under Kyoto, industrialized
countries agreed to reduce their collective greenhouse gas emissions by 5.2% com-
pared to the year 1990. Transportation is responsible for around 20% of the total
COg emissions. European automobile manufacturers’ association (ACEA) set the
COg4 regulation target that would reduce average car emissions down to 130 grammes
COz/km by 2012. With emissions regulations tightening, car manufacturers have
begun to develop vehicles with alternative power sources.

13.1 Electric Vehicles Batteries

Zero emission vehicles (ZEV) are inevitable for car manufacturers to satisfy the
ACEA 2020 commission target level of 95gCO2/km. Battery electric vehicles (BEV)
and hydrogen vehicles are regarded as feasible ZEV solutions. But hydrogen vehicles
require infrastructures for creating, distributing, and storing hydrogen, which is
costly. Thus, most players conclude that hydrogen power-trains will not be available
in a foreseeable future, i.e., before 2020 [15].

The key concern for BEVs is the availability of a battery that can provide an
acceptable driving range with cost targets competitive with gasoline cars. Properties
of high-power batteries and supercapacitors are summarized in Table 13.1.
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Table 13.1: High power battery and ultracapcitor characteristics

Parameter VRLA NiMH Li Ton Ultracap
Nominal cell voltage (V) 2 1.2 3.6 1.8
Battery electrolyte Acid | Alkaline Organic Organic
Specific energy (Wh/kg) 25 40 60-180 5
Specific power (W /kg,10sec) 400 1300 1500 >3000
Energy efficiency Good | Moderate Good | Very good
Thermal mng. requirements | Moderate High | Moderate Light

13.1.1 Battery Basics

Rechargeable batteries, in general, consist of negative electrode, positive electrode,
electrolyte, and separator. During discharge, oxidation takes place at the negative
electrode, yielding metallic ions and electrons. The ions dissolve into the electrolyte
and migrate to the positive electrode, while the separated electrons are transferred to
the positive electrode via an external circuit. At the positive electrode, the migrated
metal ions combine with the transported electrons. The separator prevents the ohmic
contact between cathode and anode material, but allows selective penetration for
ions. The discharging procedure is illustrated in Fig. 13.1. The nominal voltage of
a galvanic cell is fixed by the electrochemical characteristics of the active chemicals
used in the cell.
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Figure 13.1: Battery schematic drawing.

The no-loss (open circuit) cell voltage is determined by the Nernst potential.
Fig. 13.2 shows a typical bipolar curve of a cell. The actual cell voltage appearing
at the terminals depends on the load current. The voltage drop from the no-loss
cell voltage is counted as the loss. In the low current region, the activation loss is
dominant. The activation loss is an intrinsic electrochemical property of electrode,
and its magnitude is predicted by Tafle’s empirical equation.
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Figure 13.2: Polarization curve.

The ohmic loss due to the internal impedance increases linearly as the current
density increases. The internal impedance is mainly affected by the physical charac-
teristics of the electrolyte. Finally, the concentration loss prevails in the high current
region.

13.1.2 Lithium-Ion Batteries

Since the commercial release of the Li-ion battery in 1991, lithium-ion battery tech-
nology has progressed significantly in safety, power, and energy densities. A typical
lithium-ion battery structure is shown in Fig. 13.3. Most commonly, the anode is
made from carbon (graphite) containing lithium-ions. This replaces metallic lithium
anode, which causes severe safety issues. Layered oxide materials with porous struc-
ture are used as cathode material. Common lithium-ion battery electrolytes are
derived solutions of LiPFg salt in a solvent blend of ethylene carbonate and other
various carbonates such as dimethyl carbonate [5]. Metal current collectors (cop-
per at anode and aluminum at cathode) press the electrode materials providing low
resistance conductive paths.
Electro chemistry of lithium-ion cell is

LiCoOs = Lij_yCoOg + xLi™ + xe™ (13.1)
xLiT +xe” +6C = LicCe, (13.2)
where (13.1) is the cathode reaction, and (13.2) is the anode reaction. Note that

the left-hand side direction indicates discharging operation. Therefore, the overall
reaction is

LiCoOy +6C = Lij_xCo0g + Li,Cg. (13.3)

During discharge, lithium-ions are dissociated from the anode and migrate across
the electrolyte and are inserted into the crystal structure of the cathode. At the same
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Figure 13.3: Li-ion battery.

time the compensating electrons travel in the external circuit and are accepted by
the cathode to balance the reaction. The process is completely reversible [2].

Lots of efforts were made to reduce or substitute the use of expensive cobalt in
the cathode fabrication. Four different cathode chemistries are being considered by
the industry: Li(Ni, Co)Oq, Li(Ni, Co, Mn)O3, LiMnyOy4, and LiFePO,4. The layered
nickel cobalt oxide, Li(Ni, Co)Og9, has the highest energy density, but is not safe.
The manganese spinel, LiMnoQy, is relatively safe and has a high-power density,
but the energy density is low. The iron phosphate, LiFePO,, is completely stable
since it shows no exothermal behavior in charged state [6]. Further, the lithium iron
phosphate battery has longer life time and high peak power rating compared with
other lithium-ion batteries. But the conductivity is low, thereby the energy density
is the lowest.

A123Systems claimed that their proprietary nanostructure increased the surface
area of electrodes 100 times, thereby the energy and power densities of their battery
were improved significantly [4]. The properties of some cathode materials are shown
in Table 13.2.

13.1.3 High-Energy versus High-Power Batteries

Battery designs can be optimized for high-capacity or high-power rating. For exam-
ple, in BEV applications, the driving range per charge is most important, so that
high-capacity batteries are required for BEVs. HEVs, on the other hand, require
high-power ratings. The battery requirements are summarized in Table 13.3. As
the battery dependence increases (HEV—PHEV—BEV), the vehicle requires higher
energy density and larger depth of discharge.
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Table 13.2: Properties of cathode materials for lithium-ion battery

Layered Oxide
used in most lithium batteries
high-performance, high stability

LiCoO2 high price due to Co active material
limited safety
high capacity

LiNiO9 advantageous in price

bad safety
Spinel Structured Oxide

highly safe

LiMnyOy4 | low cost active material

Mn dissolution, unstable structure

short life time especially in high temperature

ithium Metal Phosphate with Ovline Structure
very low cost
superior safety
long life time due to stable structure
low energy density due to low discharge voltage (3.4V)
low power capacity due to low conductivity

=

LiFePOy4

In the cell construction, the design trade-offs are involved. Fig. 13.4 shows a
schematic view comparing high-power density with high energy density batteries.
Note that high energy batteries utilize thick electrodes, whereas high-power batteries
utilize thin electrodes. Thus, high-power batteries, retaining larger surface area
under the same volume, react fast at high-power demands. But, they have lower
energy density since current collectors and separators take relatively larger volume
proportion.

(b)

Figure 13.4: Battery structures: (a) energy (intensified) battery and (b) power
(intensified) battery.

The specific energy (SE) and specific power (SP) of batteries are depicted in
Fig. 13.5. The bottom labels denote product names of Saft batteries
(www.saftbatteries.com). It shows that the energy density is traded with the power
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Table 13.3: Battery requirements for passenger vehicles.

’ Mild HEV Full HEV PHEV BEV
Key performance High power | High power | Mid-power | High energy
and energy

Life time 15 years 15 years > 8 years > 8 years
Pack voltage 42-144V > 144V > 200V > 330V
Power 5-10 kW 25-75 kW | 25-100 kW | 50-100 kW
Battery capacity <1 kWh 1-2 kWh 4-15 kWh | 40-100 kWh
SOC window 5% 5-20% 20-60% 20-80%
Chemistry NiMH, Li-ion Li-ion Li-ion Li-ion

density. For example, LiFePOy4 batteries can be designed to have either SE=180Wh /kg,
SP=174W /kg or SE=54Wh kg, SP=4375W /kg.
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Figure 13.5: SP and SE of batteries. (E): energy intensified and (P): power inten-

sified.

13.1.4 Discharge Characteristics

The discharge characteristics depend on temperature, discharge rate (current), and
the age of the cell. Fig. 13.6 (a) and (b) show typical discharge curves for differ-
ent currents and temperatures. After initial quick voltage drop, the voltage level
maintains a fairly constant level. But, as the charge empties out, the voltage drops
drastically. End of discharge voltage (EDV) is defined as the minimal voltage ac-
ceptable for a battery, and battery capacity, QQmq. is defined as the total charge
when the battery voltage drops to EDV.
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Figure 13.6: Battery discharge characteristics under (a) different discharging rates
(currents) and (b) different temperatures.

Dependence on Current Magnitude

Fig. 13.6 (a) shows the voltage drop as the cell discharge proceeds. However, the
drop curves are different depending on the discharge rate. Discharge rate is defined
to be 1C if a fully charged battery depletes the total capacity in an hour. For
example, 1C rate of a 2000mAh battery is equal to 2000mA. According to a simple
calculation, it should take five hours if a battery depletes in 0.2C rate. However, the
effective capacity is increased more if discharge takes place over a long period with
a low C rate (0.2C). Conversely, if discharge current is high, the effective capacity
falls off dramatically. It is mainly due to the internal resistance since the battery
operation is accompanied by the Joule loss, I?R.

Dependence on Temperature

Fig. 13.6 (b) shows the cell voltage variation with temperatures. The lithium-ion bat-
tery performance declines steeply as the operating temperature dips below —10°C.
At a low extreme temperature, the electrolyte may freeze. Thus, EV cold starting is
a problem in a very cold region. The reasons for poor performance are: Electrolytes
tend to be highly viscous and the reaction rate drops at low temperatures. But
once battery operation starts, the Joule losses, I?R heats up the battery cell. It is
called battery self heating. As the temperature increases, the resistance of the elec-
trolyte decreases and the reaction rate increases. These synergic effects accelerate
the exothermic electrode reaction, which, in turn, escalates the temperature.

At high temperatures, the electrode reaction rate and ion mobility are high.
But unwanted self-discharge rate also high with temperature. Furthermore, the
active chemicals expand causing the cell structural changes at high temperatures.
More seriously, the anion, PFy, of electrolyte is unstable above 60°C. It leads to a
rapid degradation of the electrode material. The operation temperature window of
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lithium-ion batteries is 0~ 20°C [11].

Overcharging Problem

The level of current flowing into the battery during charging is controlled by the
electrical battery charging system and may well exceed the natural redox reaction
capacity of the battery cell electrodes. The imposition of excess current results
in electrolysis of the aqueous electrolyte away from the electrodes. This electrolysis
frees gaseous oxygen which reduces the effective electrode surface area. It also causes
a pressure buildup that may result in leakage of oxygen gas and aqueous electrolyte
solution [13]. Further, the overcharging causes a temperature hike and may lead to
an explosion.

13.1.5 State of Charge

The state of charge (SOC) is defined as the available capacity expressed as a per-
centage of some reference. The SOC is written as

t .
SoC(t) = Qm“‘”é UIOL N (13.4)

The SOC measurement is particularly important in EV applications, since it indi-
cates how farther the vehicle can go. One SOC estimation method is to use the
voltage level of the battery cell. But this method is useful when the voltage ver-
sus SOC has a certain steepness. Unfortunately, this method cannot be applied for
lithium-ion batteries, since they have fairly flat discharge curves. Other method is
to take the integral of current over time according to (13.4). This method, known
as Coulomb counting, provides higher accuracy than most other SOC measurements
since it measures the charge flow directly [2].

13.1.6 Peukert’s Equation

The Peukert’s equation gives a relation between the discharge current and the cut
off time:
Ck = tcutln7 (135)

where C}, is a constant representing the theoretical capacity of the battery, n is also
an intrinsic constant of the battery called the Peukert’s number, I is the discharging
current, and ., is the cut off time (time of discharge) expressed in hours. The
Peukert’s equation is an empirical formula showing the battery performance under
constant discharge currents. Note that n ~ 1.3 — 1.4 for lead acid batteries and
n ~ 0.95 for lithium batteries [4]. The higher n, the more capacity is lost during
high current discharge. T'wo constants log Cj, and n satisfy a linear relationship:

logyo Ok = logyq teut +nlogyg 1. (13.6)
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Thus, it is used for determining n and C} from experimental data.

Exercise 13.1

When a fully charged battery dissipated energy at a constant rate, I = 80A, the cut
off time was 2h. The same experiment was done but with a different load current,
I = 20A. At this time the cut off time was 9h. Find n and Cj.

Solution
log1pCx = logyo(2) + nlogy(80
log1pCx = logyy(9) + nlogyg 20.
Thus, n = 1.085, log;y Cx = 2.365, and C} = 232Ah. ]

13.1.7 Ragone Plot

Ragone plot shows the energy storage capacity of an energy storage device for con-
stant active power request. Fig. 13.7 shows a Ragone plot for various types of bat-
teries and supercapacitors, in which the vertical axis represents the specific power
(W/kg) and the horizontal axis the specific energy (Wh/kg) in the log scale. Two
extreme points, A and B, may be explained with water storage tanks with different
orifices. The former has a large orifice, but the tank size is small. On the other
hand, the latter can store a large volume of water. But since the orifice is small, a
large amount of water cannot be filled or drained in a short time. Capacitors are
typical high-power and low energy density devices.

For BEV applications, the specific energy is obviously important for a large
driving range. However, the specific power is particularly important in HEVs since
the required vehicle power is peaky. Hence, a parallel use of battery and supercap is
sometimes recommended. Based on the Ragone plot shown in Fig. 13.7, the lithium-
ion batteries are superior to the others both in the energy and power densities.

13.1.8 Automotive Applications

A typical small electric car will use 90~160Wh per kilo meter on the average. Thus,
to drive 160km at a rate of 125Wh/km, a 20kWh battery will be required. As
of now, the battery cost is about 1,000 US$/kWh including cooling and manage-
ment systems on a small scale order. Then, the total battery package cost would
be 20,000US$ for 20kWh capacity. This cost barrier is a major impediment that
retards the EV spread on the market. On the other hand, in an automotive appli-
cation, the batteries are under harsh environments. Other than vibration and wide
temperature range, the discharging/charging current pattern is wild and peaky: The
current demands are very high during hard acceleration or hill climbing, whereas
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Figure 13.7: Ragone plot of batteries.

almost no current is necessary during coasting. Conversely, to accommodate a high
acceptance of regenerating power, the battery charging current rate should be high
correspondingly.
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Figure 13.8: Charging and discharging power versus SOC.

Fig. 13.8 shows the charging and discharging rates versus SOC. The acceptance
capability of charging power drops drastically above 80%, so that it takes a very long
time to charge beyond 80%. Further, special care has to be taken not to overcharge
a cell in a high SOC range.

Note also that the discharging power decreases steadily as the SOC level reduces,
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and it drops drastically below 10% SOC. The lithium-ion batteries should not be
discharged below 2.5V cell voltage, under which the cathode breaks down and the
copper current collector is dissolved into the electrolyte [2]. Thus, if a battery is
depleted to below a minimum point, then the life time shortens drastically.

The SOC swing range of HEVs is managed to be very shallow in order to satisfy
the required specifications regarding the battery life time. But deep charge-discharge
cycles are inevitable in the BEVs. The BEVs’ SOC ranges from 20% to 90%. In the
case of PHEVSs, the SOC range is 30 to 90%.

13.2 BEV and PHEV

For all these progresses, battery package costs are still too high (US$1,000/kWh),
and energy density is still too low (80~100Wh/kg) for vehicle applications. There-
fore, the battery takes a dominant portion in the cost of the electric power-train. For
example, the battery takes about 47% in the cost of electric power-train of HEVs.
In the BEVs, the battery proportion is larger than triple times the rest in the com-
ponents cost breakdown. The PHEVs are functionally the same as BEVs when the
daily driving pattern is restricted to a commuting range and the battery is recharged
overnight. Therefore, availability of a robust battery at a competitive price remains
a big challenge for the market spread of PHEVs and BEVs. Even in the year 2020,
no BEV is expected to have the same driving range as ICE cars. Thereby, the BEV
use will be limited to city or near-city driving [15].

Characteristics of HEV, PHEV, and BEV are summarized in Table 13.4. A main
differences is that HEVs utilize power (intensified) batteries, whereas PHEVs and
BEVs energy (intensified) batteries.

Table 13.4: Characteristics of HEV, PHEV and HEV.

| | HEV | PHEV | BEV |
Battery capacity small large very large
(1kWh) (~16kWh) (16~20kWh)
All electric range very small sizable distance | entire range
(16~64km) (160~200km)
power battery energy battery | energy battery
Power /energy battery | 500 2000W /kg) | (150Wh /ke) (150Wh /kg)
On-board charger no yes yes

According to the USA VMT study results [14], 60% of American drivers’ daily
driving range is less than 60 miles. Considering the EV milage of 90~160Wh /km, a
typical energy estimate used daily by a BEV is about 15kWh. Regarding the utility
rate as 11 cents per kWh, the EV’s electricity cost would be less than two dollars a
day. Since the electric energy cost is much lower than the corresponding gas cost,
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the vehicle operation cost reduces as the AER expands. But due to the battery, the
up-front cost of a BEV is a burden to customers and it increases as the AER grows.

13.3 BEVs

Fig. 13.9 shows a schematic block diagram of a BEV. The power-train consists of a
pack of a battery, an inverter, a battery charger, and a propulsion motor. Also, it
contains a DC to DC converter to provide power to a 14-volt DC bus for powering
conventional electric loads such as lights, wipers, power windows, and fans.

I Torque
DC/DC Control
Converter

Inverter

Battery
Management
System

Main
Battery

Y S Charger
Figure 13.9: BEV block diagram.

To economize the cable size, a trend is to increase the battery voltage. In the
passenger EVs, the continuous current rating is normally less than 200A to reduce
the size and cost of cable, sockets, and terminals [4]. For example, a 200A cable
should be used to deliver 60kW power if the battery voltage is 300V.

BEVs have a 3kW on-board charger for home charging. Since the BEV battery
capacity is 16 ~ 20kWh and the maximum power rating of household electricity is
about 3kW, it takes 6 ~ 7 hours to fully charge a BEV battery at home. BEVs
can be recharged from the grid overnight when the overall electric demand is at its
lowest. Further, BEVs have an extra receptacle for a fast charge (16 ~ 32kW) at
a charging station. Since there is no engine and transmission, the structure of the
power-train is simple compared with HEVs.

Further, the battery’s internal resistance increases as the charging-discharging
cycle repeats. Normal battery life time is 1000~2000 cycles in the case of deep dis-
charge. Therefore, if they are utilized on a once-a-day charge-discharge cycle, most
current batteries would be replaced within five years. This expensive replacement
offsets the advantages of using low-cost energy source (electricity). Therefore, the
battery life and cost are the key issues in accelerating the market penetration of the
commercial BEVs.
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13.3.1 Battery Capacity and Driving Range

For a BEV to be acceptable in the market, the driving range needs to be 300 km
per charge with a battery life of 10 years. Adding more battery packs is not the
way of extending the EV driving range, since increasing battery weights adds more
vehicle load. This is illustrated with a simple example: Consider a BEV with the
following parameters:  curb mass without a battery : 980kg, drag coefficient (Cy)
: 0.308, rolling resistance (f,) : 0.009, frontal area (Ap) : 2.22m?, accessory electric
load (P.;) : 7T00W.

We calculate the driving range with different battery capacities (weights) with
the assumption that the vehicle runs at a constant speed, V;=60km/h. The driving
range is calculated according to

E
dy = me?b,
C4 A
P = <mvgfr—|—'0 ; FVzQ—l—mvgsinoe) Ve + Py,

where Ej, is the usable battery capacity. Computed results are plotted in Fig. 13.10,
where the battery capacity is scaled linearly with the battery modules (200kg,
16kWh). It is obvious that the travel distance is not proportional to the battery
capacity, since the battery weight, correspondingly the rolling resistance and gravity,
increases.

600 150
7

Driving range (km)

.
0 ol L L L
0 200 400 600 800 (kg) 0 200 400 600 800 (kg)
16 32 48 64 (kwh) 16 32 48 64 (kwh)

Battery weight (capacity) Battery weight (capacity)

(a) (b)

Figure 13.10: Driving range for different number of battery units: (a) zero grade
and (b) 7.5% grade.

In midsize cars, it is not easy to accommodate a battery whose weight is higher
than 200kg. Additionally, cost and space are other discouraging factors for the
battery capacity increase. Hence, a fundamental solution for the driving range
extension is to increase the battery energy density. Fig. 13.11 shows an expectation
on the energy density growth of Li-ion battery and the corresponding range extension
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This says that the battery energy density will be doubled by 2020, and the

battery capacity will be tripled so that driving range will be extended to 300 km.
However, the battery weights remain around 200 kg. According to the California
Air Resources Board, the target specifications of EV batteries are:

20071
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Life time : 10years,

Total mileage: 240,000km,

Number of charging/discharging: 5000 cycles,
Target price: US$300/kWh.
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Figure 13.11: Expectation on the energy density growth of Li-ion battery and the
range extension: (a) EV range, (b) battery capacity, (c¢) energy density, and (d)
battery weight.

13.3.2 BEVs on the Market

There were many EV development programs. EV1 was developed by GM under
the collaboration with Hughes and produced in 1997 with lead-acid battery. The
second model was released with nickel metal hydride battery in 1999. But the EV1
program was terminated in 2003. Among many reasons for the short termination
of EV1, poor driving range, long charging times, and a complex infrastructure of
chargers were the main technical problems.
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Mitsubishi announced an EV named “MiEV” which will be commercially avail-
able in world market in 2010 [10]. By plug-in charge at home, it takes 7 hours. But
at a charging station, it takes 30 minutes for 80% charging. Toyota plans to launch
an urban commuter BEV by 2012. Toyota’s FT-EV is targeted to an urban dweller,
driving up to 50 miles between home, work and other forms of public transportation.
Tesla Roadster is a sports car-type BEV. It utilizes an induction motor, which has
a better efficiency in the high-speed region. Specifications of MiEV and Roadster
are summarized in Table 13.5.

Table 13.5: Major specifications of Mitsubishi’s MiEV and Tesla Roadster

Maker Mitsubishi Motors Tesla Motors
(MIiEV) (Roadster)
Vehicle dimension 3395 x1475x 1600 mm | 3946 x 1851 x 1126 mm
Curb weight 1080 kg 1238 kg
No. of passengers 4 persons 2 persons
Max. speed 130 km/hr 200 km/hr
Max. driving range/charge | 160 km 350 km
Motor type PMAC Induction
Max. power 47 kW 185 kW
Max. torque 180 Nm 375 Nm
Driving rear wheels rear wheels
Battery type Li-TIon Li-Ton
Battery voltage (peak) 330 V 370V
Battery capacity 16 kWh 53 kWh
Battery weight 157 kg 450 kg
Charging time (at station) | 0.5 hrs 3.5 hrs

13.4 Plug-In Hybrid Electric Vehicles

The operation mode of PHEVs and BEVs is characterized by a deep cycling between
full charge and intense depletion. The depth of depletion ranges 70~80%. Therefore,
the batteries should be robust against deep discharge and tolerable to a high number
of charge/discharge cycles.

Fig. 13.12 shows the fuel consumption versus travel distance. The PHEV depletes
the battery energy first. Once the SOC decreases down to the predetermined level,
then the power source is switched to the ICE. The benefit of PHEV is apparent when
the driving range is short. With a PHEV 40 a driver is not supposed to use a drop
of fuel if the daily mileage is less than 40 miles. Many studies show that the use of
PHEVs will reduce the fuel consumption significantly, contributing to reducing the
petroleum import and the GHG emission.
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Figure 13.12: Fuel consumptions over travel distance [12].

13.4.1 PHEYV Operation Modes

Two typical operation modes are continuous discharge (charge-depleting) mode and

high-power cycling (charge sustaining) mode.

Charge-depleting (CD) mode: In this mode, the vehicle is driven
exclusively by an electric motor with the combustion engine off. The
state-of-charge (SOC) may fluctuate but, on the average, decreases until
the SOC lowers down to a predetermined level. From that time, the ICE
turns on. The maximum CD mode range is AER.

Charge-sustaining (CS) mode: The ICE and the electrical motor
cooperate in a most efficient manner. The SOC is confined in a prede-
termined band while the vehicle operates. This is the common operating
mode of commercial HEVs. Once the SOC level drops down to a lower
bound, it is switched into the CS mode automatically. The power plots
for the CD and CS mode operations are shown in Fig. 13.14.

Blended mode: This is basically a CD mode; thus the SOC decreases,
on the average, while the vehicle operates. However, the engine turns
on when the required power is larger than the battery power capability.
That is, the engine is engaged to cover up the peak power demand that
exceeds the battery power capability, as shown in Fig. 13.13. A vehicle
design on the basis of the blended mode operation requires a less battery



Battery EVs and PHEVs

367

(power) capacity. Thus, it reduces the proportion of battery cost.

Power
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____I.__

time

Figure 13.13: Peak power is covered by engine in blended mode operation [18].

Fig. 13.14 is a simulation result of a power plot for the CD and CS mode oper-
ations [16]. On the other hand, Fig. 13.15 shows a power plot for the blended and
CS mode operations [16]. It needs to be checked that the engine cuts in operation
frequently in the blended mode. Komatsu et al.[17] claimed that the blended mode
design was beneficial on the basis of driving cycle simulations [17].
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Figure 13.14: Power plots for the CD and CS mode operations [16].

13.4.2 A Commercial PHEV, Volt

Volt is a first serious PHEV that a major car manufacturer (Chevrolet, GM) will
produce. Volts will be available in the market in 2011. Wheels are connected to a
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Figure 13.15: Power plots for the blended and CS mode operations [16].

120kW motor, while the ICE is devoted to driving a generator to charge the battery.
Hence it has a serial hybrid structure. The ICE is a 53kW, three-cylinder gasoline
(1400cc) engine. Since the engine operates after the battery is depleted, the engine is
called “range extender.” The AER of Volt is 64km (40 miles), but with the gasoline
its driving range can be extended to 480km. Since the batteries are packed under
the T-shape frame, the vehicle’s center of mass is lowered, thereby the cornering
work is expected to be excellent. A photo of Volt is shown in Fig. 13.16, and major
parameters are listed in Table 13.6.

Table 13.6: Major specifications of Chevrolet’s Volt

Battery capacity 16kWh
Battery weight 180kg

EV Driving range 64km

Cell structure 80 x 4V cells
Battery volume 100L

Battery life time 10 years (or 4000 charge/discharge)
Engine size 1.4-liter

No. of cylinders 3

Engine power 53-kW
Motor power (max.) | 120 kW
Motor torque (max.) | 320 Nm
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Figure 13.16: Photo of Volt
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Problems

13.1 Suppose that a 18650 battery has 1.66Ah capacity and its weight is 46 gram.
When the nominal voltage is 3.8V, calculate the specific energy density.

13.2 Consider battery discharging curves shown in Fig. 13.17.
a) Determine the capacity in Wh for 1C rate discharge.

b) Suppose that the battery weight is 0.9 kg. Determine the specific
energy.

¢) The dotted curve shows the discharge characteristics at 48C rate.
Determine specific power.

d) Determine the capacity in Wh for 48C rate. Explain why it is low
compared with the nominal capacity.

S 33

o .

& k. j .

R ——

S "

3 48C
22 25

Capacity (Ah)

Figure 13.17: Battery discharge curves (Problem 13.2).
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13.3 Battery capacity was measured while draining current at constant rates. The
experimental results are

Exp. 1: teys = 10h for I = 15A,
Exp. 2 : teue = 1h for I = 100A.

Utilizing the above data, predict cut off time, t.,+ when I = 200A.

13.4 Cathode materials and the properties are listed below: Make relevant pairs
from left and right columns.

a) LiCoOq 1) Good cycle life time, thermally and chemically stable
b) LiNiO, 2) Low cost, high-power density, unstable at high temp.
c¢) LiMnoOy 3) Expensive, high capacity

d) LiFePOy 4) High capacity, low cost, unsafe

13.5 Calculate the driving ranges for different numbers of battery modules, (120kg,
16kWh) when the road grade is 7.5%. Use the same vehicle parameters used
for Fig. 13.10.

13.6 Explain

a) Why do the Li-ion batteries show poor performance below —20°7?
b) Why is high temperature operation not desirable?

¢) Why is overcharging not good for the battery life time and dangerous?
d) Why is silicon not used as an anode material though it has a potential

of very high energy density?

13.7 Discuss the main benefits of the blended mode operation.
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Chapter 14

EV Motor Design Issues

The operation ranges of ICEs are limited compared with electric motors. To cover
wide speed range, the use of clutch and transmission gear box is necessary. Further,
ICEs do not produce starting torque; thereby a slip mechanism should be used for
vehicle starting. Note, however, that electric motors inherently have large starting
torque, and can cover a wide speed range without a gear shift. Simplicity in the
drive train is an attractive feature of EVs. Fig. 14.1 shows the torque-speed curves
of a typical ICE for various gear shifts, along with that of an EV motor.

Induction motors, being very rugged and inexpensive, are considered as propul-
sion motors for EVs. But the overall efficiency is low compared with PMSMs. The
difference is pronounced more in the low-speed area. The low efficiency enforces EV
to increase the battery capacity to meet a driving range requirement. Therefore,
motor cost saving may result in battery cost increase, which is undesirable. Thus,
the recent trend is not to use induction motors for passenger vehicles.

Torque |
EV Motor
\\‘\/
nd . N\
2nd (2:1) W
3rd 1:1 -
4th (0.8:1 — LI
5th (0.7:1)
i —
Vehicle Speed 80km/hr 160km/hr
EV Motor rpm 6000rpm 12000rpm

Figure 14.1: Torque-speed curves of an internal combustion engine with gear shifts
along with an electric motor torque-speed curve (dotted line).
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14.1 Types of Synchronous Motors

Fig. 14.2 shows cross-sectional views of typical 4-pole synchronous motors. PMs are
marked by dark areas. The first four utilize PMs, but the last two do not use any
PM: Fig. 14.2 (a) shows a typical SPMSM. Fig. 14.2 (b) shows an inset type PMSM,
where the PMs are set in the grooves. Note in this case that Lq < L4. Fig. 14.2 (c)
shows a typical IPMSM, in which the saliency ratio. { = L,/Lg, is maximized with
the use of bridges and flux barriers. Fig. 14.2 (d) shows a flux-concentrating (or flux-
squeezing) arrangement, which enables the air gap field density to be higher than
the remnant field density of the PM. If the torque is generated purely by reluctance,
then it is called reluctance motor. Fig. 14.2 (e) shows a switched reluctance motor,
whereas Fig. 14.2 (f) shows a synchronous reluctance motor, in which the rotor is
constructed by stacking laminated steel sheets in the radial direction.

(e)

Figure 14.2: Cross-sectional views of 6 synchronous motors (a) surface mounted
PMSM, (b) inset PMSM, (c) interior PMSM, (d) flux-concentrating PMSM,
(e) switched reluctance motor, and (f) synchronous reluctance motor.

14.1.1 SPMSM

PMs are normally bonded on the surface of the rotor back iron by some epoxy
glues. In some applications, stainless steel band or glass fiber band is used to fix the
PMs, since glue bonding is not strong enough to endure high centrifugal force. If a
stainless steel band is used for fixing the PMs, then eddy current loss takes place by
the field harmonics. Therefore, care should be taken not to heat up the PMs by the
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loss of stainless steel band.

Since the permeability of PM materials is close to that of air (u, = 1.05 for Nd-
Fe-B and Ferrite), PMs look like air in the view of magnetic reluctance. Therefore,
the reluctance is uniform along any radial directions in SPMSMs (see Section 6.2).
In other words, SPMSMs do not have rotor saliency.

Effective
air gap

27'15

(@) (b)

Figure 14.3: (a) Schematic view of SPMSM and (b) fundamental component of air
gap field.
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Figure 14.4: Harmonics of air gap field versus PM coverage («.): Air gap field
harmonics versus PM coverage ae [1].
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PM Coverage Ratio

To make air gap field sinusoidal, the PM coverage over the rotor surface should be
considered. The pole coverage ratio is defined as the ratio of PM arc length, 75, to
pole pitch, 7, i.e., ac = Tar/7p. Then, o = 1 implies that the whole rotor surface
is covered completely by PMs. Fig. 14.3 (a) and (b) shows a PM coverage and
the corresponding air gap field density, respectively. Similarly to (2.4), harmonic
coeflicients of the air gap field density are obtained as

Brn(m) = %% sin(naeg), n=1,35--. (14.1)
Based on (14.1), computed results of the fundamental, 5 and 7*"-order harmonics
versus . are shown in Fig. 14.4. For a. = 0.85, 5t and 7*"-order harmonics
reduce significantly, whereas the fundamental component is decreased only by 3% [1].
Hence, 85% PM coverage is good for reducing the harmonic contents of the air gap
field.

Inset PMSM

In some SPMSMs, PMs are inserted on the grooves of the rotor surface, as shown
in Fig. 14.5. Those types of motors are called inset PMSM. It was reported that
the reluctance torque gained by an inset configuration amounted to 38% of the peak
magnet torque [2]. The hook shown in Fig. 14.5 plays a role not only as a PM holder,
but also as a shield to demagnetizing field.

hook Plv' Salient pole

S

Rotor back iron

Figure 14.5: A hook design of an inset motor.

14.1.2 IPMSM

Since PMs are inserted in the cavities of the rotor core, no fixation device is necessary
in IPMSMs. Since PMs are surrounded by soft silicon steel (4000~5000u0), PMs
are partially protected from the stator harmonic fields.

The foremost advantage of IPMSM is the capability of utilizing reluctance torque.
As was discussed in Section 6.2, the d—axis reluctance is greater than the g—axis reluc-
tance, i.e., Lqg < Lg. This inductance asymmetry leads to generating the reluctance
torque.
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Figure 14.6: Bridge and flux barrier of IPMSM.

The PM flux is valid for torque production when it makes a flux linking with
the stator windings. Specifically, the PM flux needs to cross the air gap and encircle
the stator windings through the back iron of stator core. But a certain amount of
flux does not make such a flux linking: Some flux makes a closed path inside the
rotor, called the flux shorting [3]. This leakage flux just wastes the PM potential.
To minimize the flux shorting, flux barrier and bridge need to be used. The flux
barriers are formed by air holes that penalize flux passing. The bridge is nothing
but a narrow ridge of thickness 1~2 mm that holds the rotor structure. The tensile
strength of the bridges should be large enough to endure the centrifugal force of rotor
segments in the outer layer. Therefore, there should be design compromise between
minimizing the shorting flux and increasing the mechanical rigidity. Fig. 14.6 shows
a cross-sectional view of an IPMSM having typical flux barriers and bridges.

14.1.3 Flux-Concentrating PMSM

Flux-concentrating configuration is shown in Fig. 14.7. PMs are set in the radial
direction. But, they are magnetized in the circumferential direction and the same
poles face each other. Further, flux path around the rotor shaft is blocked by non-
ferromagnetic material such as stainless steel. As a consequence, the fields are
squeezed toward the rotor surface. By this method, air gap field density can be
made higher than the remnant field density of the PM.

Fig. 14.8 shows an example design of 8-pole ferrite flux-concentrating PMSM.
Note from Fig. 14.8 (a) that most flux lines pass through the air gap. Fig. 14.8 (b)
shows the air gap field density: Note that the maximum field density is about 0.67T,
which is much higher than the ferrite remnant field density (0.39T).
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Figure 14.8: A design example of 8-pole ferrite flux-concentrating PMSM: (a) flux
lines and (b) air gap field density.

14.1.4 Reluctance Motors

Variable reluctance motors utilize purely the reluctance torque. Since expensive
PMs are unnecessary, reluctance motors were favored as a candidate for EV traction
motors. There are two kinds of reluctance motors, as shown in Fig. 14.2 (e) and (f):
The former is the switched reluctance motor, the latter is the synchronous reluctance
motor. In the switched reluctance motors, typical stator and rotor pole numbers are
6-4 or 12-8. Only one-pole pair is aligned at each phase current excitation in the
6-4 switched reluctance motor. If phase currents are switched sequentially, the rotor
keeps rotating.
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With the synchronous reluctance motor, the torque is governed by

T, = gg(Ld — Lg)igiy - (14.2)
In order to make the torque density comparable with that of an induction motor, the
inductance variation should be sufficiently large. For example, Ly : Ly = 8 : 1 [4].
Further, the air gap has to be less than 0.3mm in order to have comparable power
density. But, it requires precise machining for brackets and precise rotor assembly.
This increases manufacturing cost, which offsets the cost advantage gained from PM
elimination. The manufacturing costs of the axially laminated rotors are particularly
high, since they require different sizes of lamination sheets. Reluctance motors are

not widely used for EV propulsion.

14.2 Distributed and Concentrated Windings

Coil span is counted by the number of teeth encircled by a phase winding. If the
coil span is larger than one, that winding is called distributed winding. However, if
the coil span is equal to one, then the phase coil surrounds a single tooth, i.e., a coil
coming out of a slot goes into an adjacent slot. This winding is called concentrated
winding. Obviously, the length of coil is minimized with the concentrated winding.
The number of slots per pole per phase is denoted by

Q
= 14.3
1= =P (14.3)
where m is the number of phases and @ is the number of slots. Using the value of
q, one can easily determine whether the winding is distributed or concentrated:

If ¢ > 1, then the winding is distributed.
If ¢ < 1, then the winding is concentrated.

Feasible slot/pole combinations for distributed and concentrated windings are listed
in Table 14.1 [1], [5], [6], [7].

14.2.1 Distributed Winding

If ¢ = 1 and the air gap field density is rectangular, then the resultant MMF will
be also rectangular. However, if multiple slots are used per phase per pole (¢ > 1),
then the MMF will have multiple steps, approaching a sinusoidal wave. For example,
consider double-layer windings for ¢ = 2. Fig. 14.9 (a) shows MMF of the full pitch
winding. On the other hand, Fig. 14.9 (b) shows MMF of a fractional pitch winding
(W/t, = 5/6). Obviously, fractional pitch windings yield less MMF harmonics than
the full pitch winding. Fig. 14.10 shows Toyota Camry motor and generator that
have distributed windings.
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Table 14.1: Slot/pole combinations for three-phase motors.

Distributed Windings

Number of slots | 6 | 9| 12| 15| 18 | 21 | 24 | 36 | 48
2 2 2 2 2 2 2 2 2
Pole Numbers 41 4| 4] 4| 4| 4| 4| 4
10| 6| 8| 8| 6| 8
8 10| 8|10

Concentrated Winding
Number of slots | 6 | 9| 12| 15| 18 | 21 | 24 | 36 | 48
4| 6| 8 12 20 | 30 | 38
8| 8110 14 22 | 32 | 40
Pole Numbers 12| 14 16 26 | 38 | 44
16 20 42 | 52

MMF ( each coil)

MMF ( each coil)

k— W——

l

MMF (sum)

(a)

Figure 14.9: MMFs of double layer windings (¢ = 2): (a) full pitch (W/7, = 1) and

(b) W/m, = 5/6 [1].

14.2.2 Concentrated Winding

Note that concentrated windings have fractional slot numbers. Among many slot/pole
combinations listed in Table 14.1, practically reasonable combinations are

For example, (Q, P) = (8, 6), (12, 10), and (24, 22) are frequently used, since they
offer performance advantages in terms of a higher torque capability and reduced

torque ripple [12], [8], [15].

MMF (sum)

Q=P=+2.
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\_I_I_ 6 T |6
(a) (b)

Figure 14.11: Winding and MMF patterns for 6-slot and 3-slot motors (2-pole,
3-phase): (a) distributed winding (¢ = 1) and (b) concentric winding (¢ = 1/2).
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For the purpose of illustration, consider two 2-pole three-phase motors having
6-slots and 3-slots. In the former case, ¢ = 1 and thus the winding is distributed.
However, since ¢ = 1/2 in the latter case, the winding is concentrated. Note from
Fig. 14.11 that the end turn of the concentrated winding is short and does not
intersect with other phase windings. Therefore, the concentrated winding has a
shorter pitch, and does not make a flux linking among the phase windings, i.e., the
mutual inductance is equal to zero.

The resultant MMFs for (i, 4y, ic) = (I, —11, —3I) are also shown in Fig. 14.11.
It should be noted that MMF of the distributed winding is symmetric over pole pe-
riods, but that of the concentred winding is not symmetric. Due to this asymmetry,
the concentrated winding generates even MMF harmonics along with odd harmonics
(see Problem 14.1):

v = 1,-2,4,-5,7,—8,10,--- for concentrated winding,
v = 1,-5,7,—11,13,--- for distributed winding.
1 2 3 4 5 6 7 8 9 10 11 12
? L= ~ _
a b c la b c
(a)
MMF _
sub-harmonic fundamental
-7’_1\?'\/ /' s\\ I \\ /" \\\ /’ \s -
\\\\ ‘/& < ~ ’ \N _ ¥ ‘\ "/ N < 'x
(b)
fundamental

Magnitude

™ a L L L
8 9 10 11 12 13 14 15 16 17 18

Harmonic nubmers
(c)
Figure 14.12: 10-pole, 12-slot motor : (a) fractional pitch (concentrated) winding,
(b) MMF for (iq, 4y, ic) = (I, =21, —3I), and (c) spectrum of the MMF.

Aside from even harmonics, fractional-slot windings also produce MMF sub-
harmonics [8]. As an example, consider 10-pole, 12-slot, three-phase motor shown
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in Fig. 14.12 [12]. A winding pattern and the corresponding MMF are shown in
Fig. 14.12 when (iq, i, ic) = (I, —%I, —%I) [1]. To show graphically how 10-pole
is made with 12 teeth, the fundamental component is denoted by dotted lines. The
result of square MMF harmonic analysis is shown in Fig. 14.12 (c). Note that v =5
is the fundamental component for the 10-pole motor. It should be noted that it has
a big subharmonic at v = 1.

Fig. 14.13 shows a 10-pole, 12-slot motor with an exterior rotor and its back
EMF. Note that the back EMF patterns look like perfect sinusoids, i.e., harmonic
contents are quite low in the back EMF wave. This is a common phenomenon found
in fractional slot winding motors. The reason is that each pole segment experiences
different harmonics, and that the harmonics cancel each other within a phase winding
since the pole segment windings are connected in series.

. - . Rotor core
Ferrite PMs -

(a) (b)

Figure 14.13: 10-pole, 12-slot motor with an exterior rotor: (a) sectional view and
(b) back EMFs.

14.2.3 Segmented Motor

In the segmented motor, the stator consists of a multiple number of segmented
pieces. Each piece is separately wound, and the wound pieces are assembled together
to form a stator core. A schematic diagram of a segmented motor is shown in
Fig. 14.14 (a). Since the coils are wound separately before assembly, coil winding
is very simple compared with the conventional insertion method. Fig. 14.14 (b)
shows an assembled stator of an EV motor. The segmented motors are suitable for
automation and thereby for mass production.

Another advantage of the segmented motors is that the copper usage is reduced
significantly along with the concentrated winding. In most distributed winding
motors, the coil end turn lengths are as long as the coil segments in the stator slot,
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i.e., a half of copper is used for the end turns.

But a major disadvantage is that the concentrated winding motors have rela-
tively large MMF harmonics [8]. The stator winding MMF harmonics heat up the
rotor PMs by inducing eddy current, which often leads to the PM demagnetization.
Another problem is that the segments generate higher audible noise. Hence, the
pole segments should be pressed firmly by stator outer ring. Fig. 14.15 shows two
types of rotors: (a) surface mounted PM rotor and (b) V-shaped interior PM rotor.

Stator outer ring

(a) (b)

Figure 14.14: (a) Segments assembly with concentrated winding and (b) an assem-
bled stator (Hyundai Motor Company).

Figure 14.15: Rotors of HEV motor: (a) surface mounted and (b) embedded (V-
shape) (Hyundai Motor Company).
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14.3 PM Eddy Current Loss and Demagnetization

The B-H curve of a good grade hard magnet material appears as a tilted straight
line with a slope in the second quadrant. The normal curve in the second quadrant
is called demagnetization curve. Fig. 14.16 shows a demagnetization curve with
different magnet circuits. Since hard PMs have relative recoil permeability, firec, in
the range of 1.0—1.1, slope of the demagnetization curve is 45° when the horizontal
axis is plotted along with puoH [13]. The remnant field density, B,, indicates the
field density when an infinitely permeable C-type yoke provides a closed flux path
without an air gap.

If a yoke has an open air gap, air gap field density, By, is determined from
Ampere’s law such that B, = Hm%, where ¢ is the air gap height, and H,, and
{p, are field intensity and length of the PM, respectively. Geometrically, B, is
determined as intersection point, M between the recoil line and the load line. Note
that the recoil line is considered to be the same as the demagnetization curve in
the linear analysis. The load line is a line with a slope of Pc, called permeance
coefficient. The permeance coefficient is normally calculated as the ratio of PM
length to air gap height, i.e., Pc = £,,/g (see Problem 14.2).

L} <
L By
Open circuit |, .7
. Ly,
operating point Y By
Q
Normalload A\~ "\ By
Demagnetization |
cunve ™y <+ Load line
P
il EQ NI c
S N
—
BT —
¢ Coercive Offeet
force by current

Figure 14.16: B-H characteristic of a hard permanent magnet material.

If current flows in the coil wound around a C-type yoke in the direction that
opposes to the PM field, the load line shifts in parallel to the left side. Correspond-
ingly, the air gap field density reduces with the operation point moving down to Q.
From Ampere’s law, we obtain H, 0, — %g = NI, where N is the winding number
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and [ is current magnitude. Therefore,

By="m,0, - N1 =B, - EONT. (14.5)
g g g

When the reversal current is removed gradually, the field density returns to M.

Change of operating points along the recoil line is reversible, i.e., if the demagne-

tization current is removed, then the original state is recovered without a loss of

magnetism.

14.3.1 PM Demagnetization

Neodymium Iron Boron (NdFeB) magnets have a high maximum energy product,
(BH)max: The remnant field density is high (1.23T), and the coercive force is also
high (—1000kA/m) at a room temperature (25°). NdFeB magnets, having a price
merit when the energy density is considered, are widely used in commercial products
including EV motors.

Fig. 14.17 shows the demagnetization curves of a NdFeB magnet. But at higher
temperatures, the demagnetization curve shrinks towards the origin. Further, the
knee point moves up into the second quadrant [13], [1].

B(T)

1.2

L 1.

Load line
with stator current

b B.ﬁ'

T Irreversible

demagnetization
0.5

Knee [~ Irreversible

point depressed

recoil line
H (kA/m) |

4

|

| |
21000 \:500 0

Figure 14.17: NdFeB magnet demagnetization at an elevated temperature.

Consider a specific scenario, where a load line meets the demagnetization curve
of 150°C at P, which is below the knee point, K. If the reversal current is released,
the operation point follows another depressed recoil line. Therefore, the field density
is reduced and the loss is irreversible. That is, a high load current at an elevated
temperature may cause a perpetual damage to the PMs. Therefore, motors should
be designed such that the operation point does not move after a knee point under
various operation environments. Motor heat sources are stator coil Joule loss, iron
core loss, mechanical friction loss, etc. But, an important endangering element is
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the eddy current loss in the PMs induced by field harmonics. Protective measures
to avoid the PM demagnetization include:

1) Increase the PM thickness (height) so that the load line slope, Pe, is
sufficiently high.

2) Balance between the heat loading and the cooling capacity: Select a
proper value of A,,J for a given cooling system, so that the PM tem-
perature does not exceed a predesignated temperature, where A, is the
current loading and J is the coil current density.

3) Reduce the harmonic field components that would cause eddy current
loss on the PMs.

14.3.2 PM Eddy Current Loss due to Harmonic Fields

Although the resistivity of a NdFeB magnet is about 90 times higher than that of
copper, a sizable amount of eddy current can be induced in NdFeB magnets by high
frequency harmonic fields. Since ferrite magnets have very high resistance, they do
not experience eddy current loss. Sources for the field harmonics are [9]-[11]:

a) MMF harmonics

Since the fundamental component of stator winding MMF rotates syn-
chronously with the rotor, it is seen as a DC field to PMs. But, the
stator space harmonic fields rotates asynchronously with the rotor. Re-
call from Section 2.1.3 that 5** and 7" space harmonics rotate at the
rates of —we/5 and w,/7, respectively. Therefore, they are regraded as
AC fields rotating at 1.2w, and —0.86w, to the PMs.

b) Slot harmonics

The stator slot openings make a sequence of dents in the air-gap field
density, i.e., a narrow and deep field drop is made at each slot openings
(see Fig. 14.8 (b) or Fig. 14.22 (b)). These abrupt field changes induce
eddy currents on the PMs. The slotting effect intensifies when the slot
openings are large in comparison with air gap height.

¢) Current harmonics

The PWM inverters cause current harmonics. An extreme example is the
six-step operation shown in Section 10.1. Among the current harmonics,
the 5" and 7** harmonics are substantial. As shown in (2.25) and (2.26),
the 5" harmonics make a negative sequence, whereas the 7** harmonics
generate a positive sequence (see Exercise 2.2.1). To PMs, both of them
are seen as 6" harmonics that travel six times faster than the electrical
frequency. For example, in the Prius II, a 430Hz AC source is fed to the
8-pole motor when it runs at the maximum speed, 6500 rpm. At this
time, the 6! harmonics is 2580Hz, which is high enough to induce eddy
current on the PMs.
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The space harmonic effects are pronounced more in the concentrated (fractional
slot) winding motors, since they carry even harmonics and subharmonics addition-
ally. In the perspective of reducing the PM heat loading, distributed windings are
better than concentrated windings. In SPMSMs, the PMs are exposed to the air gap,
thus they are under direct influence of high-order harmonic fields. Therefore, the
PMs of SPMSMs are more vulnerable to demagnetization than those of IPMSMs.

As an effort to decrease the eddy current, PMs are segmented into several pieces
and coated with low conductive or non-conductive materials, as shown in Fig. 14.18.
Note that the PMs are segmented along the circumferential direction and that the
circumferential lamination is slightly better than the axial lamination. Also, the
inverter should be controlled so that the current harmonics are low. In some high-
speed application, output filters are utilized to reduce the current harmonics.

Laminated PMs
—~

Rotor —

Shaft —

Figure 14.18: PM segmentation along the circumferential direction.

14.3.3 Teeth Saturation and PM Demagnetization

If current flows through the stator winding, the air gap field is generated and super-
imposed on the PM rotor field (see Problem 14.2). Consider two-pole periods shown
in Fig. 14.19. Assume that the MMF of the stator winding is perfect sinusoidal.
The PM fields make DC offsets: one upward and the other downward. It should be
noted that the field density is high in the leading edge and low in the tailing edge.
Specifically, the field density at the leading edge is so high that the rotor core and
the stator teeth in that area are saturated. On the other hand, the reverse field
generated by the stator MMF acts against the PM field, so that the resulting field
density at the tailing edge is attenuated significantly.

If the current loading is strong, a partial demagnetization would take place in
the tailing edge especially when the magnet is hot. Fig. 14.20 is a FEM simulation
result showing the effects of stator current. The white area indicates high-field
density region, and the dark area low-field density region. Note that the PM field
is almost nullified by the stator current in the air gap of the tailing edge.
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Figure 14.19: Stator current effect (armature reaction) on the leading and tailing
edges of PM.
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Figure 14.20: FEM results showing the effects of stator current on PMs.

14.4 EV Design Example

The design procedure for a proto-type EV is illustrated in this section. The minimum
battery voltage is assumed to be 270V, and the inverter DC link is connected directly
without a booster converter. Motor continuous power rating is selected to be 30kW.
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Therefore, the maximum phase voltage (rms) is equal to

Va:270><gx£xL:110V.
3 2 V2
It is the maximum voltage that could be obtained by the space vector PWM in the
linear region. The rated speed is chosen as 3600rpm. At the rated operation point,
the power factor is assumed to be cos ¢ = 0.87. Assuming that the efficiency is equal
to n = 0.92, the rated current is obtained as

P 30000
© 3Vuncosd 3 x 110 x 0.92 x 0.87

I, = 113.6A. (14.6)

The number of pole pair is selected as 3, i.e., P = 6. A 36-slot stator is chosen.
Thus, the number of slots per pole per phase is equal to ¢ = 36/(3 x 6) = 2. Full
pitch winding is assumed, i.e., the pitch factor is equal to k, = 1. Since ¢ = 2, the
distribution factor is equal to [16]

sin(2 x 32)

2/ _
2 = 0.96.

251n7

kq =

Therefore, the winding factor is given as k,, = kq x k, = 0.96.

Table 14.2: Specifications for a prototype EV motor.

No. of poles 6 Battery voltage 270V
Base speed 3600rpm Rated power 30 kW
Rated current 114 A(rms) Max. current 154 A(rms)
Peak torque 165 Nm Rated torque 82 Nm
Back EMF constant | ¢, = 0.122V /rad

Rotor diameter 142.2 mm Air gap height 0.8 mm
Stack length 135 mm Stator outer diameter | 228 mm
No of slots 36 Coolant water
Permanent magnet | NdFe (N40SH) Magnet height 3.3 mm
L, 1.65 mH Saliency ratio, 7L =266
Lg 0.62 mH No. of PM pieces 18

With the synchronous speed ns = w,./(27), air gap power, (7.6) becomes
2
Pyap = mEyly = 7kwnsD3lsthAm. (14.7)

The shaft power is set as Pgpqp = %Pgapn cos ¢, where € = E¢/V, [14]. The peak
air gap field is set to be B,, = 0.8T, ¢ = 1, and the electric loading is selected as
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Ay, = 60000A/m. Then, it follows that

6Pshaft
%kansBmAmn cos ¢
30000

= =2.75x 107°. (14.8
T2 % 0.96 x 3990 % 0.8 x 60000 x 0.92 x 0.87 (145

Dzlst =

We choose the rotor diameter and the stack length as D,, = 0.142m and I, = 0.135m,
respectively. Then D2 x Iy = 2.72 x 1073, which is close to (14.8).
Note that the pole pitch is equal to 7, = 7D, /P = 0.0744m and that

2 2
Op = =Byl = — x 0.8 x 0.0744 x 0.135 = 5.1 x 1073 Wh. (14.9)

Recall from (7.4) that the rms value of the induced voltage is Ey = V21 foNoky ® I3
where N, the total number of turns per phase. Thus,

Ef 110
V27 ok ®p 444 x 3900 5 3 % 0.96 x 5.1 x 103

=28.1. (14.10)

It should be a multiple of 6; therefore N, = 24 was chosen. The full pitch winding
is selected for convenience of coil winding and insertion. The motor specifications
are summarized in Table 14.2.

1
10ms

Figure 14.21: Experimental back EMF waveform at 350rpm.

Fig. 14.21 shows an experimental waveform of the back EMF at 350rpm. It is a
line-to-line voltage. From the plot, the back EMF constant is read 1, = 0.123V /rad
(peak). Fig. 14.22 shows flux lines and the air gap field without stator current. Note
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Figure 14.22: (a) Flux lines and (b) air gap field density without stator current.

from Fig. 14.22 (a) that the rotor has double layer cavities. Double layer cavities
yield larger saliency than single layer cavities [3]. Fig. 14.22 (b) shows the absolute
values of field density. The peak value of the fundamental component is 0.8T.

Fig. 14.23 shows FEM simulation results of torque, current, and power versus
speed. Note that the starting torque is 168 Nm with a boosted current 154 A(rms).
But above 3000rpm, the current magnitude is kept at 102 A(rms). The shaft power
continues to increase until 10000rpm.
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Figure 14.23: Torque, power, current, and current angle versus speed.

Fig. 14.24 shows voltage angle, current angles, and the power factor while the
motor speeds up with the maximum power. Note that the current and power angles
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approaches to each other as the speed increases. The unity power factor is obtained
at 6500rpm. This is because Ly is larger than the PM flux, v, = 0.123V /rad, i.e.,
LgI = 0.00062 x 102 x /2 = 0.089 < t,.

120
Power factor x 100

100 /}.7 . = \
80

A

60 ./' X vl
Current angle Voltage angle

40
20
0

2000 3000 4000 5000 6000 7000 8000 9000 10000
Speed (rpm)

Figure 14.24: Current and voltage angles and power factor along the maximum
power operation.

Fig. 14.25 shows the torque components and the sum. Note that the reluctance
torque components are larger than the magnetic torque throughout the whole field-
weakening range. It is the advantage of IPMSMs that the reluctance torque is gained
along with the field-weakening. Fig. 14.26 shows photos of rotor, stator, and their
assembly.
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Figure 14.25: Torque components: magnetic torque plus reluctance torque.
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(c) (d)

Figure 14.26: Photos of a sample motor: (a) rotor after PM insertion, (b) rotor
with shaft, (c) stator core, and (d) their assembly.

w.EngineeringEBooksPdf.com




Bibliography

1]

2]

[10]

A. Binder and K. Reichert, Permanent Magnet Synchronous Machine Design,
Motor Design Symposium, Pohang, May 2008.

H. Satoh, S. Akutsu, T. Miyamura, and H. Shinoki, Development of traction
motor for fuel cell vehicle, SAE World Congress, Detroit, Michigan No. 2004-
01-0567, Mar. 8 — 11, 2004.

N. Matsui, Y. Taketa, S. Morimoto, Y. Honda, “Design and Control of
IPMSM,” Ohmsha Ltd. (in Japanese), 2001.

J. M. Miller, Proportion Systems for Hybrid Vehicle, IEE Power and Energy
Series 4, IEE, London, 2004.

A. J. Mitcham, G. Antonopoulos, and J. J. A. Cullen, Favourable slot and pole
number combinations for fault-tolerant PM machines, IFE Proc.-FElectr. Power
Appl., Vol. 151, No. 5, September 2004.

J. Cros and P. Viarouge, Synthesis of high performance PM motors with concen-
trated windings, IEEE Trans. on Energy, Conv., Vol. 17, No. 2, pp. 248 — 253,
June 2002.

D. Hanselman, Brushelss Permanent Magnet Motor Design, 2nd. Ed., The
Writers’ Collective, Cranston, 2003.

N. Bianchi, S. Bolognani, M. D. Pre, and G. Grezzani, Design Considerations
for Fractional-Slot Winding Configurations of Synchronous Machines, I[FEE
Trans. on Ind. Appl., Vol. 42, No. 4, pp. 997 — 1006, July 2006.

M. Nakano, H. Kometani, M. Kawamura, A study on eddy-current losses in
rotors of surface permanent-magnet synchronous machines, IEEE Trans. on
Magnetics, Vol. 42, No. 2, pp. 429 — 435, Mar. 2006.

D. Ishak, Z.Q. Zhu, D. Howe, Eddy current loss in the rotor magnets of
permanent-magnets brushless machines having a fractional number of slots per
pole, IEEE Trans. on Magnetics, Vol. 41, No. 9, pp. 2462 — 2469, Sep. 2005.

397



398

[11] N. Bianchi, S. Bolognani, and F. Luise, Potentials and limits of high-speed PM
motors, IEEE Trans. on Ind. Appl., Vol. 40, No. 6, Nov., 2004.

[12] D. Ishak, Z. Q. Zhu, and David Howe, Permanent-magnet brushless machines
with unequal tooth widths and similar slot and pole numbers, IEEE Trans. on
Ind, Appl., Vol. 41, No. 2, pp. 584 — 590, Mar. 2005.

[13] J.R. Hendershot Jr. and T.J.E Miller, Design of Brushless Pemanent-Magnet
Motors, Magna Physics Publishing and Clarendon Press, Oxford, 1994.

[14] J. F. Gieras and M. Wing, Permanent Magnet Motor Technonology, Design
Applications, 2nd. Ed., Marcel, Dekker, Inc., New York, 2002.

[15] P. Salminen, Fractional Slot Permanent Magnet Synchronous Motors for Low
Speed Applications, Ph. D. Thesis, Lappeenranta University of Technology,
Lappeenranta, Finland, 2004.

[16] A. E. Fitzgerlad, C. Kingsley, Jr., and S. D. Umans, FElectric Machinery, 5th
Ed., McGraw Hill, New York, 2003.

Problems

14.1 Consider the MMF of a concentrated winding shown in Fig. 14.27 when

(Tay T, Gc) = (—%, 1, —%) Show that it has nonzero 2"%-order harmonics.
MMF
N
2
™ E
-7 ) 0 3 T

Figure 14.27: MMEF of a concentrated winding (Problem 14.1).

14.2 Consider a C-type magnet circuit with a PM in the center, shown in Fig. 14.28.
Let B,, denote the field density, H,, the magnetizing force, S,, the cross-
sectional area, and /,, the height of the PM. Further, let S, be the air gap
area, g the air gap height, and B, the air gap field density.

a) Noting that the permeability of the core is much larger than those of
air and the PM, derive an equation for B, from Ampere’s law.

b) The permeance coefficient is defined as P, = uoBI?m‘ Using approxima-
tion, Sy, ~ Sy, derive a simple expression for the permeance coefficient.
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Figure 14.28: A C-type magnet circuit (Problem 14.2).

14.3 Consider Fig. 14.29. The stator current is modeled as a current sheet, A,,, on
the stator side, and the PM magnet field directs upward. Let g and h,,, be air
gap and PM height, respectively.

a) Determine the rotor moving direction.

b) Applying the Ampere’s law along a contour indicated by a solid loop,
determine the air gap field intensity, Hy, as a function of x caused by
the current sheet.

Current sheet A-m\

e RORRRRRIVRIR]
TSm0 T oolo s

jm

o :
- T
2 0 2

Figure 14.29: Air gap field profile under current sheet (Problem 14.3).

14.4 Consider the magnet circuit shown in Fig. 14.30. The PM (NdFeB) is assumed
to be N40SH (B, = 1.2T, H. = —950kA/m). The PM cross-sectional area is
S,n = 10cm?, and its height is 10mm. The air gap area is S,, = 10cm? and
the air gap height is 1mm.

a) Calculate the air gap field density when Ni = 0.

b) Calculate the air gap field density when Ni = 3000A turn.
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H =00
N
Sm = 10cm? Sg = ].OCI‘Y'I2
by = 10mm - g=1lmm
S
YaVaVaVi

Ni

Figure 14.30: Air gap field density under current loading (Problem 14.4).
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Solutions

Chapter 1

1.1
a) Since i, = 0A, the torque constant is equal to

220V 60rpm

K = K, —
b *~ 1000rpm " on rad/sec

= 2.1V - sec/rad.

b) At 950rpm,

220 -950/60 - 27 x 2.1 — 1
fa = 03

Therefore, T, = K;i, = 70.56 Nm. The efficiency is equal to
~70.56 x 950/60 - 27

= 33.6A

100 = .
20 %336 100 = 9%
1.2
a) Since 11, = T, = Kiiq, iq = 8/0.4 = 20A. Thus,
120 — 0. 2
Wy = W = 275rad/sec.

b) Since Tr, = T, = Kyia, iq = 8/0.3 = 26.7A. Therefore,

120 — 0.5 x 26.7
N 0.3

= 355.5rad/sec.

W
Note that the speed is increased with field reduction.

1.3
a) From (w, = 1000 and 2¢w, = (rq + K})/La,

K, =2-1000 - 12/1000 — 0.5 = 23.5.

401
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K; can be obtained through simulation.

b)
we = 1000rad/sec.
)
Wee = Ew2:385rad/sec.
1
wy = T~ wgc = 77rad/sec.

K, = Jws.=2385
c¢) The (open) loop gain is

Wsc

Wse 1 385 7 1
= — 1 _— _—— ) = — _—
Gls) = 221+ 39 (- +

Gain

0dB

The magnitude of the loop gain is equal to 1 at ws. = 385rad/sec. Thus, the phase
margin is ZG(5385) — (—180°) = 57.65°.

1.4
Fig. 1.17 (b) is rearranged as

K, Ky
P
@

w T Ts 7o ¥ Kok wip

Then (1.17) follows straightforwardly.

1.5

Open loop transfer function is H(s) = K, 1+lrc,s ﬁ = T:S/ZS It is necessary to find
w that satisfies | — T,w? + jw| = % The solution is w = @% = 0.786%.
Therefore,

1 1
phase margin = tan~! +180° = tan~* + 180° = 51.8°.
—ToW —0.786



Solutions 403

Damping coefficient, ¢ = 0.5, follows form the closed loop transfer

1 1/72

g

722 f 1os+ 1 2+ 1/res+ 172

1.6
Note that y = G (—Qd(y - Qrér) + er> + Gd. Therefore,

1+GQq G
A(S) — 1+GQd GQT 1+GQq
1+GQq Qr —GQq

1+GQq 11GQ,
1.7
a) With the artificial delay, the transfer function is calculated as
fL(s) _—e s
Tr(s) - I1+as

B —e77d8 o —l+mys
o T 24as—e a5 14 (a+7g)s

c) With the artificial delay, the pole shifts from s = —1/(a+74) to s = —1/a. That
is, the phase margin increases with the artificial delay.

Chapter 2
2.1
The function is the odd function and the period is 27,.
2 (™ NI 2 NI ™ 2 NI
by = — —sin (nﬂe> df = ——— cos (nWH) = ——(1 — cos(nm))
™ Jo 2 Tp nmw 2 ™ /o nmw 2
2.2
Three-phase currents are balanced, i.e., ig + i + i = 0 and i, = —vg,/Z = cos(wt).
Thus,
. 2 _ 2
iq = cos(wt — 577) and ip = cos(wt + §7r)

Since Vg = Zig + Vsn, Vpn = Zip + Usn, Van and vy, are calculated as

Van = V3Z sin(wt — g) and Vb, = —V/3Z sin(wt + g)
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2.3
(a) See Fig. (a).

I
fundamental I
™ 2m -
foraaeant? L _[J[O 3 3
()] (b)
(b) Refer to Fig. (b).
I [ I 2]
ap = — MMF sin(nf)df = = < cos n@]ﬂ — cos n@\gﬂ)
T Jo T\ n n 3
I nmw 2nm
- (1 T 9 kil
p— < + cos 3 cos 3 >
I [ 2
by = — MMF cos(nf)df = (2 sin % gin mr)
T Jo ™ 3 3

Thus, as = %% and by = —QLL Therefore, \/a2 + b2

7'('

Similarly, a4 = 47T% and by = ﬁ?’T Therefore, \/a4 + b2 4 -

2.4
2 1 1
vy = g(va—§vb—§vc) Vg
JETA L P Y S R
Vv, = —(—=U— V)= —F7Up—
q 3 2 b 2 (& 3 b (&
Vg
1 V3 +
. Eoi= 1 V3
(wl-,..vb, EENGE R )
1 3 A
(1 ——,— ) 1.0 y
: (-1,0) / s, (1,0)
Gh-D | G — —.
-31.-H| 3% N fo v
(-1.3,3) | (-1.0) T
(L -1a) | 5% VAR
1 /3 A1 (E _._,'E]
(—51—.??) J 20 72
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2.5

1 . . 1 .
Ze Jjowt e Jwt Ze 76wt
) )

1 . s 1 .
_7637wt.€ Jwt _ _7e]6wt

7

5" order harmonic : if

th . . ose

7" order harmonic : i; =
Common factor : Both of them appear as 6**-order harmonics.

Difference : The 5"-order harmonic rotates in the clockwise direction.
The Tt"-order harmonic rotates in the counterclockwise direction.

2.6
For a unitary matrix,U, UUT = UU™! = I. Thus,

det(UUT) = det(U) - det(UT) = det(U) - det(U) = 1

2.7

2.8

2 4
iq = I cos(wt), iy = I cos(wt — g), i = I cos(wt — g),

4 2
iqg = I cos(wt + g), ie = I cos(wt + %)

SNI

MMFepm = MMF, + MMF,+ MMF.+ MMF; + MMF, =

405

cos(f — wt)
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2.9
s 1 _1 _1 f
2 2 a
) I S S A
d 2 2 b
f3 0 ST W )
=0 vz vz V2l Us
[ e cos(f) —sin(f) 0 p
51 = |sin(@) cos(@) O H
| fo ] 0 0 1] Lf§
] 5 cos(d) cos(0 — ) cos(f — 4{) fa
¢l = = |sin(d) sin(f— Z) sin(0—25) | | fi
e 3| L 1 L
LJ 0 2 2 V2 fc
Chapter 3
3.1
we — Lw,
P, = 15+1=16kW, s=—2"=0.0288
We
P,
Py = — =16.476k
9 T 6.476kW
Copper loss = P,y — Py, = 476W
3.2
P,; = 40kVA x 0.9 — 4kW = 32kW
P, = Pu-(1—-5s)=32x0.97 = 31.04kW
P, 104
7, = Dn 2300 30 5nm.
Wy 271'%
3.3
a)
Sm = i
" V2 +w2(Lis + Liy)?
0.996

— ~ 0.338
V/1.62 + (27 - 60)2(2 - 3.28 x 103)2
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b)
Sm
= — =~0.135
T 25
2
wp = Fwe(l —s) ~ 163 rad/s
I = Vs
" \/(Ts + %)2 + wg(Lls + Ll?“)2

= 127 ~ 13.64A

VJ(16+ 899012 4 (27 60)2(2 - 3.28 x 10-3)2

1— s)r (1—0.135) x 0.996
T, = 1/2(7’" =3-13.642
€ S — 3 1364 X e 163

= 21.85Nm

c) Note that the voltage over the magnetizing inductor is \/ (%)2 + (weLy, )21,
Thus,

I, = \/(%)2 + (WeLlr)Q

I’ ~ 4.31A
WeLim r

d) Note that I, = I + I,,, = 17.95A and T,w, /(1 — s) = 3 - V5I; cos ¢. Thus,

T /(1 —5s)  21.85x 163/0.865

cos ¢ = = = 0.6.
3. V.l, 3 x 28 x 17.95
3.4
. P 3r, Ve 112.3N
_ £ ~ . m
e,rated 2 Swe (Ts + %)2 + wg(Lls + Llr)2
P3r, Ve
T £ 3 s ~ 49Nm
e,start 2w, (rs 4 TT)Q + wg(Lls + Llr)Q
3.5 V3
v 440/V3
a) Iy = Geln = FPExIBix108 —HAA
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60r

1“{5
50}
40t
30
Omin = 22.7°
20 ‘L
e : :
(jl.0——, 0) = (j56.7, 0)
10F f| Is=21.9A 020
Rated current /
0 L L N | . ,
1= 4.4 20 40 60 80 100 120

b) o =153 _1=0.0404. I, = Io/\/o = 4.4/0.201 = 21.9A.

1502
c)
1—0
—1 o
pr = 22.7
¢ = cos <1 + 0’)
3.6
1 [7 1% sin 2
Urms \/77/& sin® wet d(wet) Ton T™T—a+ 5
3.7

The slip at 220V is s = (377 — 27150 5) /377 = 0.0277. Then at 250V, the slip is
equal to

220\ 2
—0.0277 x (=) =0.0215.
° % <250>

The speed is equal to w, = % (1 — ) we = & x 0.9723 x 377 = 183.3rad/s.

3.8

a) Apparent power is equal to Py, = V3-Vir-Is =/3-220-2 = 762VA. Since the
reactive power is P,,, x sina = 50W, it follows that sin(a) = 0.0656. Therefore,
a = sin~1(0.0656) = 3.76°.

b) Assume s ~ 0 and I, ~ 0 at no load condition.

1%
rotjwels =70 = 63.523.76 = 63.36 + j4.16.
S
Thus, Ly = 4.16/(27 x 60) = 11mH.

¢) rs = 63.365.
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3.9

409

a) The apparent power is Py, = V3 -Vip - Iy =+/3-90-7=1091.2W. Real power

is Pypp cos ¢ = 800W. Thus, cos ¢ = 0.733, i.e., ¢ = 42.85°.
b)
Ve 90 1
— = —= X = (cos¢ + jsin¢g) = 5.442 + j5.048.

c) rp =5.442 — rg = 3.342Q).
d) (Lys + Ly,) % 377 = 5.048. Thus, Lys = Ly, = 6.7mH.

Chapter 4

4.1
Since X (t) = AX(t), it follows that sX(s) = AX(s) — z(0).

Thus, X(s) = (s — A)" ' z(0), ie., z(t) = £7* {(SI - A)fl}:c(O). On the other

hand, the solution is x(t) = eAx(0). Therefore, eAt = £71 {(SI = A)_l}.

4.2
e — [.e L€ — . Lme L?n-e
ds = Lslas T Lmtay = s’ds+f dr = T lds
r T
. 1 . L .,
st - ol < ds — Lf d7‘>
S r
4.3
; 1
PAis = Vst we/\ZS — Tsigy = Vgs + we/\ZS —Ts—F— < s~ T )
oLg
T's TsLm
= G WG, S g
oL, ds T Weles T O T Adr F Vs
pAgs - USS B we)\zs o Tsi(els = USS + we)‘zs - TSL <A23 - Lm)\27">
oL L,
— e Ts \e TsLm e e
T ULS >‘qs * ULSLT )‘qr * Yas
. 1 Lm
]7)\6 :wl)\e—rze :wl)\e _T<e_e>
dr sl \gr rldr sl Agr rgLr o LS %
TTLm e Ty e e
- - + wg A
ULSLT ds O'LT dr sl \gr
Py = ki = ey = oy~ e (X - 7
oL, L,

7+ Lim Ty
- A — wg)\G, — — €
oLgL, 95  “%0dr g Car
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4.4
Ufls = rsi?ls + LspiZs + mein
. 1 . . . .
piy, = - (mezfls + ermzf]s + iy, + errzZT)
T
T l-0 Lyr wyL v
-5 S s ] mir .s r—m s ds
7 = - lgs T ———Wrigs + lg + lgr +
Plas oLg % o ¢ oL L, " oL 7 oL
Vgs = Tslps + Lspigs + Linpiy,
. 1 . . . ‘
Pig, = I (wrLinis + pLmig, — wpLyig, + 10,
T
S
pis. = —1_70-60 s _ T's i ermZS + Lrr i Vgs
as o T oL, oL, T oLL, 7 oL
0 = pLmig + wrLiigs + rrig, + pLeig, + wpLyig,
1 = L Gty pliy) + U
Plgs = Tslgs TP mldr) +
L Ls
pis, = —Lm e _@rbmye | e Wre  Im .
dr oL.Ls % oL, * oL " o9 oLL;®
0 = —wrLmigs + pLmigs — wrLyig, + rrig, + pLyig,
1 vy
5= —— (rg s ) 4 las
Plgs = L, (Tszqs +mequ) + L,
pis, = wWrbmps o Lm e @ T s L
o oL, % " oL.Ly "% ¢ " oL. 7" oL.Ls *
4.5
a) In the rotor field orientation, Ay = 0.
0 = i —wdg = i, =0
= g ldr T Wedar = lap =
Agr = Lmigs + Lyig, = Limigs + Lyig, =0
b) From the results of a), ig, = —LLT igs-
2
e -€ -€ -€ m e -€
Ags = Lsigs + Limig, = Lsigs + L—Tzqs = 0 Lgig
Using i, = 0,
2

e __ € € € __ ~€ m e
ds — LS’LdS + Lm'Ld,,. == LSZdS == JLSZdS + L st
T
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c¢) Using b),
qus = Tsqus =+ jWeAdqs
L2
Tsldgs + jwe <(TL + L —ig ngsiZs)
2
= (7’5 + jweaLs) qus + jwefmizs
r

Using ig, = 0,
Tr . Tr . . .
0= ;qur + jweNagr = ;zgr + jwe LG,

d) See Fig. 4.5 (a).

4.6
. e & —LgiS . ¢ —Lsit, .
i) Substituting 5, = %Lii% and ig, = %Liﬁ into (4.58), then the result follows.

i)

3

P e - e .
T. = 5 §Lm (nglgr*lzslgr)
P 3 L ) .
= 5511 (LstgsLeige — Lsigs Leig,)
ST
P 3 L ) . . .
= S S (N — L) Ny — i) = N — Do) (N — Lini))
SsHr
P 3 L e .
- 5 : §LT£ ((}\e 6 - 35 27”) L2 (quldr Zglszgr) +Lm< ds qs )\e Z?ls)
S
+L ()\e idr )‘dr qT))
P 3 Ly > e re 4T, 4T, 4T,
D) 2LL(()\ ~ Ay = gp Lm 4 3p L+ 55 Lm)
P 3 Ly, 2
— . Ae e __ e e m .T
2 2LL( ds q’”)+LsLT ¢
Therefore, the result follows.
Chapter 5
5.1
7460
a) V3 - Virlscos ¢ -n = T460W. Thus, I, = Tiamoxosicoss = 2T-1A.

b) ig, = /12 —i4,* = V27.12 — 102 = 25.2A.
c) i¢, = LLA —24.5A and \§, = L,i5, = 0.38Wh.
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30

i, = 25.2A 3
i5gs = 27.1A

20

i%, =104

ds

We ' Ly
e) To =3 Lm . )¢ i¢ =423Nm
5.2

b)
<€ . O 10\ s o 1AOe . ~ . .
1dqs - lglqs - (6] —é’ )léqs - (6] - 1)1§lqs ~ (1 +]A96 - 1)12(13'

)
If 7 < Ty, then Afe < 0. Thus, Aig, = e % |Af]ig,s, which implies a reduction in
g-axis current. That is, negative angle error enforces torque reduction. As a result,
the field-oriented control disallows successive torque increase.

If 7 > 7y, then Afe > 0. Thus, Aig,, = ez |Af]ig,s, which implies an increase
in g-axis current. That is, positive angle error assists torque production. As a result,
the field-oriented control disallows successive torque decrease.

5.3

Note that i§, = 7 (A, — Lsi§,) follows from \g, = Lgi§, + Lini§,.

r

L

. . L .
( fls - lefls) + Lmzcels = — ( 33 - O—Lszfls)

e _ e e
dr LTZdT + Lmst - T
m
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5.4
a) Note that g, = L%()\zs + o7y Lsigsws). Substituting g, into (5.28), it follows
that

2 (1 B J))‘gs 1

sl ™

02 LTty st (o7)2
b) The discriminant should satisfy:

(1—0)A5,\? 1 o (20Lgi,\?
D= (D) _y — a2 >0
< 02 LT, 08 (o7)? ds l1—o -

qs

Therefore, the stator current should satisfy

A6, 1 2
-e 2 < ds 1 .
Yas = <2LS<U )

c) Substituting ig, = 35 % into the result of b), it follows that
ds

T, 3P (1
< ——1].
)\382 — 8L \ o

5.5
Since (weJLsifIS)z + (weLsiG,)* = V24, We have
. V;ﬂa,as2 - (WeLSIS)2
ity = = 21.928A
y \/ AL (P~ 1)
i = /L% —ig,? = T7.8T7T36A
3 _L?
T. = PT™igig, =3132Nm
5.6

Derivation of (5.47):

L
. m J fe
Ax = (A(w,)—GC)Ax+ Aw, { UL:%S ] dar

p(t) = —(A(t)—GC)" P(t) - P(1) (A(t) - GC) + Q(1)
V = AxXTP(t)Ax + 217sz
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Aw,Aw,

V = AxIP(t)Ax + AXTP(t)Ax + AxTP(t)Ax +
gl

- AXTP((A—GC)A)H—Aw [Ufﬁs‘]]ﬁe )
- T J dqr

Lim'] ~ T
+((A — GC) Ax + Aw, [ "Lif?]s } qu> P(t)Ax

1 .
—|—AacT< ~(A-GO)TP-P(A-GC) + Q) Az — ;Awr@

LmJ

1 .
= AxTQAx 4 2Aw, AxTP [ ”LT%S ] dgr — —Awr@y
Y

Derivation of (5.49):

. Lm_ 37
G = 29AxT P{ ULf]s ]qur

L,
g olL,Lg
) . — 0 AE
— e e oLrLs dr
2v[ Aig, Aig, 0 0 ] 0 . [ASJ
1 0
L e & e
= 2y L I. (Azds)\T—Aqu dr)
= (AN, — g,
Chapter 6
6.1
We have
oW DL
T, = 2S4BT i ME, . MMEF, - sind.
o0 2g
6.2

Since L;s = 0 and 4, = i, = 0, it follows that
Aas = (Lims — L cos20,) - igs.

The maximum and minimum values of A, are 0.106Wb and 0.065Wb, respectively.
Therefore, L,y = 219640065 — 9 14mH and Ly = 219-0.065 —  5mH. Hence,

2x40 2x40
3

L = 5(Lms = Ls) = 2.46mH
3

2
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6.3
a) Note that the back EMF is equal to
Sin wet
Welhm | sin(wet — %’r)
sin(wet + 2F)

Since the number of poles is 4,
220

m = ——1 oo = 0-175 Wb.
4 21 X % X %
b)
Ve = \/(wewm + weLqi§)? + (weL&i¢)? = /(220 — 9.95)2 + (108.33)2
= 236.36 V.
P 108
-9.95¢‘ A
220
c)
3P, . e
Te = T(’(/Jmlq — (Lq — Ld)'leq)
3x6

= S (0175 %375~ (23 - 1.2) x 1073 x (—6.6) x 37.5) = 30.8Nm.

d) Voltage angle = tan~!(5598:33_) = 27.29°,

Current angle = tan_1(367"65) =9.98°,

Power factor = cos(27.29° — 9.98°) = 0.955.

6.4
(a) Lg= Lq, (b) Lg < Lq, (C) Ly < Lq, (d) Lg < Lq.

Chapter 7
7.1
T, = 30000 _ — 114.6Nm. Since T, = kyBmAmVol, it follows that

€ 7 3000/60x 27

B 114.6(Nm)
"~ 0.96 x 0.8(T) x 55000(A/m) x 7/4 x 0.112(m?)

lst = 0.285m.
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7.2

N
30[ m]

25

20 Total Torque

-

Magnetic Torque

Reluctance Torque

7.3
Let L(i5,i) = 22 (mil + La(1 — £)i%ic) + pa(&iS* +i5* + i%iy). Then,

oL 3P . . .
e = — (Lq(1 —5)12)4—#1(2224—”) =0
01§ 4
oL 3P _ . . .
e —La(iy + (1 = §)ig) + 2m&ig = 0.

ig 4

3P (1_¢)ie
Then substituting p; = %ﬁfﬁﬁq into giLe = 0, we obtain
d q

26ig*(1 - ¢)

= 0.
205 + iy

i+ (1= &)ig—

Utilizing g—ﬁ = 51’22 +15(ig +iy) = 0, we obtain a second-order equation for 7§:

A(1 = €)ig% + (2 4+ 3(1 — §))igiy + 5 = 0.
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Then, the solutions are

7.4

(o

Vo

L dn

—(24+31-8)+/91—-62—4(1—-¢) +4

8(1-¢)

—ig(ig + iy)

§

3P . e
S (Wi~ (Lg ~ La)igis)

fd

=2.03, if= %m = 31.08A.

d

—20A, ¢ = 10.45A.
7.42Nm.

q

0.0062
0.00305

\/ W + Laiay)? + (Lyigy)? = 0.21Wh,

2600 6
Wy = &0 X 2m X 3 x 0.21 =171.53V.

wadIb 816.8 x 0.00305 x 40

Vi 171.53

wyLql,  816.8 x 0.0062 x 40
v, 171.53

Ym _ 00948 _ 0.451.

Uy 0.21

—wn€Lanign = —1.18wnign

wn Lanign + Wntbn = 0.581wpig, + 0.451wy,

0.45Tigy — 0.6ignign

=2.03

= 0.581

=1.181

Xif

417
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7.5
a)
0.0035
= o017
I, = 500A
vy = \/Wm + Lgiap)? + (Lgig)? = 0.137Wh.
2600 8
Vo = wpttp = 50 X 2T X 3 x 0.137 = 149V.
wpLgly, 1089 x 0.0001 x 500
Ly, = = = 0.365
d Vi 149
Y 0.052
n = — =——=20.38.
v Uy 0.137
Vin = —wn&Llanign = —1.278wyign
Van = wnLanidn + wnPn = 0.365wyiq, + 0.38wy,
T, = 0.38ig, —0.913ig4nign
b)
388 314
2 2 2 2
= (1278 x =— 38 — 0. i P
Vin + Van ( 78><500) + (0.38 0365><500)
¢)
1 L 66.67
wcn = = = .
Yp — Lg,  0.38 —0.365
we = 66.67 x 2600 = 173, 342rpm.
Chapter 8
8.1

(a) The flux through the loop area 4xy is equal to ®,, = —4ayB(t). Then, the EMF
around the loop is

_ dP,, AL ,dB

i W/N' at

(b) The resistance of the loop is

w41
oDdx oD W/Ndzx"

Ty =
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(¢) The dissipated power in each incremental loop is equal to

AL QdB) _4oLD . (dB)

dP,, = —
v <W/N dt ) rn  W/N dt

(d) The power loss in each sheet is then found by integrating dPy,:

b _/ /QN 4oLD 4. (dB\* _ LoDW® (dB\*
sheet = Fay = W/N dt )~ 16N3 \ dt

(e) The total eddy current loss of the stack is equal to

w26 LDW?3

N2 f?B2, cos*(2m ft).

Pst:NXPsheet—

(f) The average value of cos?(27ft) is equal to % Therefore, the average eddy
current loss is equal to

m2c LDW3
Py =———f*B},.
ed sz !

8.2
Substituting i2 + %2 = I

max

1 Vinaz \’ 1 Vinaz \
2 2712 mazx e2 mazx 2
=t (e (5) ) et () )

Note from (5.36) that

into (5.34), it follows that

4
Vmax >
_ 40_2222162
s’qs
<wp8 LS I

Replacing i < and zqs, it follows that

wgs (4(Lsalmaw)4) - wf)s (4(L50Vmaxlma:c>2(‘72 + )) + V?fmx(a2 + 1)2 =0

Using the quadratic formula, the solution is obtained.

8.3
Note that T;,0 = Kyigigs. Substituting ifl and ig by the solutions obtained in
(8.2), the result follows.
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Chapter 9

9.1
Note that

Therefore
X = 0~ In)|
- (s D) (el
— < (x| o) | ) (G114 imircos () + iniasintu (o)
9.2

The solution is omitted.

9.3
Let m(t) = f(f e(As—KCO)(=T)b_(7)p(7)d7. Then, an equivalent expression for mi(t)
is

m(t) = (A, — KC)m(t) + b, ()p(1).

Thus,
Et) = —BER(H) ~ BBPE) + (A —KC)m(t) + by(D)p(1)
= (A= KO)(m(t) ~BO5D) B
— (A, - KO)e(t) - ([ A KO, (r)ar ) ).
9.4
Ve, = 00 (1 4 pL)T — w,Lyd] eI OO 4 IO

JBe-0.) |Ts +pLy  —wely cos(@e —0,) —sin(@. —6.)] [ig
weLq rs + pLd (56 - 66) COS(@E — 06) ge
0

Pt ) 0]
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J(@e—6.) [ Ts —weLq} |:COS(9€ —0,) —sin(f, — 06)} F;]
. ) ge
q

welLg Ts
+eJ(§e_ge) [pLd 0 } [cos(ae _

0 pLd
sin(f, — 6.)
+ Beo [cos(@e - 96)]
B re  —welg f; sin(, — 0.)
o L}eLq Ts } [z;] + Bex [cos(@e —6,)

_ 3@e—0) |~ sin&?e —0.) — cos@e —6e) %2

+ (@ — we) La { cos(fe —0.) —sin(0. — )| |1,
3(@.—0.) cos@e —0.) — sim@e —0e) pzz

+ Lae [sin(@e —0.) cos(fe —06.) piz

- s, ) e )

we Lg T iq cos(f. — 6.)

N 0 —(@e — we)Lq] [ig N pLq 0 ] [ig
(@We — we) Ly 0 iy 0  pLqg| |ig

~ [rs+pLa —welLy ] [ig sin(0. — 6.) _ _{Z
N { weLg  rs+pLg EZ + Bea cos(fe — 6.) + (We —we)La | =% .

9.5

e, |PLa 0 | _jag.ze
e |: 0 qu:| e ldq

cosAf, sinAb.| |pLg 0 cos AG, —sinAf, ifl
—sinAf, cosAb.| | 0 pLy| [sinAf.  cos Ab, EZ

_ AL, | o8 Ab, sinAb.| |[—Lgsin A, —LgcosAb, i;
o °|-sinAf, cosAb.| | LycosAf, —L,sinAb, | |iy

q
[ cos A, sin AHG} [Ld cos Af, —Lgsin Aﬁe} [pii]

—sinAf, cosAfe| | Lgsin Af. L, cos Ab, pgg

_Aw [(Lq — Lg)sin Af. cos Af, —(Lgcos® Af, + L, sin? AHe)] F
¢ i

¥
Lycos? Af. + Lgsin? A0, (Lq — Lg) sin Af, cos Af, Z}

Lgcos? AO, + Lysin? A0, (L, — Lg)sin Af, cos Ab, ] [pig
(Ly — Lq) sin AB, cos A, L, cos® Af, + Lgsin® Af, pEZ
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_ LaLd sin 200, —Latla y Laola o590, | [ig
= We—we) | 1L +Lg § Lg—Lyg L,—Lg - =e
—5=t + =5 cos 2AA0, ——15=%sin 2A0, lq
n # - % cos 2A0, @ sin 2A40, [pifl]
Lq;Ld sin 2A0, % + @ cos 2A0, piZ
— @ —w,)| Lasin 2A0.  —Lay + Lgf cos 2A0, Ed
¢ “’ | Lay + Lag cos 226, — Ly sin 2A0, i
n Loy — Lgg cos 2A0, Lgs sin 2A0, pzz
Ly sin2A0, Loy + Lgy cos 2A0, piz
9.6
(a)
det(Z(s)) = (rs+ Las)(rs+ Lgs) — Lis2
= rl+ry(La+Lg)s+ (Lalg — L2)s”
(- LaLp — L2 = LygLq, Lo+ Lg = Lq+ Lg)
= 124 rg(Lg+ Ly)s + LaLys®
= (Las+rs)(Lgs+rs).
Thus,
Z-1(s) — 1 [rs +Lgs —Lys ] '
(Lgs +rs)(Lgs +71s) | —Lys 15+ Las
(b)
Aig(s)| 1 rs+ Lgs  —Lys %
Aig(s) (Las +7s)(Lgs +1s) | —Lys  rs+ Las| | O
_ Vo [’; + L,B] .
(Las +7s)(Lgs +15) | —Ly
—%(1 + cos 2A0,) —%(1 —cos2A0.) V.
Aid(s) = £ + 2 + i?
Lgs+rg Lys+rs rsS
A7 Vé’f;d sin2A60, — Vé’iq sin 2A0,
a(s) = Lgs+ s + Lgs+rs
AigT,) = & {1 _1 (e /2015 1 (02T
T 2
e (e /L0 — =3/ os Me]
2 )
: Vo [, ~re/L)Ty _ o~(rs/La)Ty | g
Aig(T,) = 5 [e —e } sin 2A0..
S
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Chapter 10

10.1

Vas[s]/Vas[1) = 1/5 and vag(7)/Vasp) = 1/7-
10.2

v5 =100 cos(%) =50 x v/3V and vy = 100sin(g) = 50V. According to (10.14),

V3

E _1;] [52@ _ Eg] (ss). (14.11)

Ty] V3 x125(us)
| 300V

To =125 — 72 = 53 us.

10.3
[(-p;;'. v3) = (~100, _rr)]
N
N
N
[ Sector 4 }
10.4
AV 25 % 300
— = BT 048
|4 10
AV 2 % 300
— = BT 0.048.
\% 100 0.048

Therefore, the relative voltage error is large when the output voltage is small.

10.5

For Ny = 10, 3.33 pulses are in 20ms. But, the fractional part (0.33 pulse) is not
counted. Hence, AN¢/N¢ = 0.33/3.33 = 0.099.

Similarly, 33.33 pulses are in 20 ms for Ny = 100. AN;/Ny = 0.33/33.33 = 0.0099.
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10.6
When F sin(w,st) and E cos(w;st) are applied to the resolver, the output is calculated
as

E cos(wyst) cos 8, + E sin(wyst) sin 6, = E cos(wyst — 0)

Chapter 11

11.1
a) We need to use V;(t) = % tanh (K7 Kst).

Note that K = |/ 1:2220.0x035 — (0,01637 and K, = /{993 = 1.826.

Thus, we have

100000
tanh(0.0299¢) = 0. = (.249.
anh(0.0299t) = 0.00896 x 2600 0.249
Therefore t = &.5s.
b)) max V, = %2 = 111.5m/s = 400.8km/h.
C
v, — v - - x 1 Fx
m o m o (Ve +10)° +
(Ve +10) — Ko /K| 110 — Ky /K|
1 —1 = 2K, Kyt.
(Ve +10) + Ko /K| 10 + Ka /K| 152
K.
Vi(t) + 10 = FQ tanh (K Kot + 0.09) .
1
Thus,

100000
3600

tanh(0.0299¢ + 0.09) = 0.00896 x < + 10) = 0.338.

Therefore ¢t = 8.76s.

11.2
t th 1
s(t) = Va(T)dr = — tanh(K1 Ko7)dT = —; In[cosh(K1 Kst)]
0 o I K;
s(8.5) = 117.5m.

11.3

8400 % 27 x 0.29
4.1

V, = x 0.9 = 42.66m/s = 154km/h

11.4
a) a =tan"1(0.1) = 5.71°
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The tire rolling resistance:

F,on = frmygcosa = 0.009 x 1350 x 9.8 x cos5.71° = 118.5N.

The gravity:
mygsina = 1350 x 9.8 x sin5.71° = 1316.5N.

The inertial force:

dv,
mvd—tx = 1350 x (32000/3600) x (1/7) =1714.3N for 0<t¢ < T,
dv,
mvd—: = 1350 x (—32000/3600) x (1/5) = —2400N for 15 <t < 20.
Time | Rolling Gravity | Inertial Sum Power
resistance force
[0, 7) 118.5 | 1316.5 | 1714.3 | 3149.3 3149.3 x 1.27t
[7, 15) 118.5 | 1316.5 0 1435 1435 x 8.89
[15, 20) 118.5 | 1316.5 -2400 -965 | —965 x (8.89 — 1.788t)
b)
y
27.9}-
S
=
)
S
o 128

S

0 7 15ﬁ Time (sec)
< 7 J

¢) The motor speed is equal to
8.89 60
— x4.1x — =1334 .
029%09 " a2r P
The motor torque is equal to

F, .
_ Fare 1435 x 0.29 107N,
GdrNdr 4.1 x 0.95

Te

11.5
a) Note that F, = endrgdr/rw = 250 x 0.95 x 4.1/0.29 = 3358N. Since F, =

mygsin a at launching,

3358
. o —
= — | =13.2 = e = ] = 23.5%
Q. = S1n ( <0 > 3 grad tan o x 100 3.5%
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b) The motor base speed is

P 55000
wy = ?: = om0 = 220rad/sec = 2100rpm.
c)
220
Vo= 2 (1= sp) = —= % 0.20 x (1 — 0.1) = 14m/s = 50.4km /h.
Gdr 4.1
11.6
a) Wheel shaft speed is
Ve 60000

Wy = = b6rad/sec.

ro(l —sg) 3600 x 0.35 x 0.85

b) The motor speed is 785 rad/sec. The gear ratio is gg4, = o = % = 14.
¢) The motor power is

1 60000 1
Pe = vaxi = 4000 — = 83333W.
s 73600 0.8

d) The rated torque at the base speed, w, = 376.8rad/s is

T — Fe _ 83333 221.2Nm
" w, 3768 ’ '

e) At the launching, F, = F,.o; + mygsina. Thus,

33014
— 4500 x 9.8 x 0.01
gin~ ! ( 0.35

= 16.9° de = tan(16.9°) x 100 = 17.4
4500 x 9.8 ) 6.9° = grade = tan(16.9°) x 100 = 17.4%

11.7 The solution is omitted.

Chapter 12
12.1
T, = T.—T,
Tewe = (Tp —Ts)wr + Tsws
T, — Z :ZTTS = — Ys _k“ T, = (ky + 1)T,
c r TpF1Ws + FppTWr — Wr

1 k
- T.= —2-T,.
ky+1°° kp+1°°

Tr = Tc_Ts:Tc

12.2
For the sun
Tsun - (ngl + Jsun)ws - Ts-
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For the ring
Tring - (ng2 + Jring)w'r = (Tw + Jvhwv>gdr - Te-

12.3
a) The speed of engine has to move at w. = 1750 x %—g = 183.2rad/sec. The corre-
sponding generator speed is

ws = (kp + Dwe — kpw, = 3.6 x 183.2 — 2.6 x 280 = —68.48rad/sec.

b) The generator torque is

Therefore, the generator power is

P, = Tow, = 22.78 x (—68.48) = —1560 W.
12.4

Ve 80000 1

r = garww = Jar 7 —~— = 4.1
Wr = G = Gar T 73600 0.9 % 0.29

= 349rad/sec.

b) Since the engine speed is 150 rad/sec, it follows from the level diagram that
ws = 3.6w, — 2.6w, = 3.6 x 150 — 2.6 x 349 = —367.4(rad/sec).

c¢) The engine power is Py, = Tep X wen, = 84 x 150 = 12600W. The generator torque
is Ts = 84/3.6 = 23.33Nm. Thus, the generator power is Py = —23.33 x 367.4 =
8571W. the rest P, = 12600 — 8571 = 4029W is transmitted through the mechani-
cal path. The vehicle power is equal to P, = (80000/3600) x 270 = 6000W. Since
the drive-line efficiency is ny = 0.82, power at the upstream of the drive-line is
6000/0.82 = 7317W. Therefore, P, = 7317 — 4029 = 3288(W) should be provided
from the electrical path (motor).

d) Considering the efficiencies of M/Gs and inverters, the electrical power transmit-
ted from the generator to the DC link is 8571 x 0.92 x 0.97 = 7649(W). However,
3288/(0.97x0.92) = 3684W should go to the motor. Therefore, the battery charging
power is equal to Py = 7649 — 3684 = 3965W.
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B =""5505
Battery ‘lullll-. :...:;6.8.4. .; Nine = 0.97
Inverter 1 | | Inverter 2 | Wheel Generator Engine Motor
= (Sun) (Carrier)  (Ring)
u F::m

FPs = 8571 E - 150 349
! P.= 32 N
C . Motory Fe 3288 >

hap !
GE Q Lc2) 8,2\>F-D> -367.4 /

:
!ﬂ
L1 I
L) LI

=

o

P = >
eq 5 tmg g = 0. Fun 26 1=
=12600 p, =4029 =o0.92g;=41 = 6000
E\\\\\\\\\\\j
(a) (b)
Engine torque Motor torque Generator torque
(Nm). PPPPTTLTEE bbbk (Nm) (Nm)
1001 " 230 4007 807
(1432, 841*‘
807 s 2 3007 407
10— "m0 — *(-3508,23)
1 270 2007 0
\VJ T U T T T t
a0 w0 000  -4000  -2000 L
) (rpm)
201 400 — 1007 (3332, 9.42) 407
500 g/kWh
—t + + * + + + -80
0 1000 2000 3000 4000 (rpm) 0 2000 4000 6000 (rpm)

(c) (d) (e)

12.5
The engine power is P.,, = Tepwen, = 60 x 3400 x %—g = 21352W. The electrical power
at the DC link side is 21352 x 0.97 x 0.92 = 19054W. The battery charging power

is Ppet = 19054 — 15000 = 4054W. Therefore, the charging current is

— Prar _ 4054 __
Tpat = W = S0 = 13A.

Chapter 13
13.1

1.66x3.8

66x3.8 — 137Wh/kg.
13.2

a) 3.3 x 25 = 82.5Wh.

b) &2 = 91.7Wh/kg.

c) Since the battery delivers 25Ah during 1 hour (at 1C rate), the current at 1 C rate
is 25A. Therefore, 48C rate means that the discharging current is 48 x 25 = 1200A.
Hence, the specific power at 48C rate is 1200 x 2.4 = 2880W.

d) 2.4x22 = 52.8Wh. The battery ohmic loss increases with current density, i.e., the
ion conductance rate decreases. Further, the concentration loss also takes place at
a very high discharging current. Refer to the polarization curve shown in Fig. 13.2.
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13.3
Using the Peukert’s equation, it follows that

lOglo Ck = Ioglo 10 + nloglo 15 = 1 + nloglo 15
log;o Cx = logg1l+ nlogy100 =2n

Therefore, n = 1.2137 and log,y Cx = 2.4275. Thus, C; = 267.6. Since 267.6 =
teut 20052137 ¢ = 0.43h.

13.4
a)'3)7 b)'4)¢ C)'Q)a d)'l)
13.5
200
175
150
€ .
< 125
(0]
(o))
c
© 100 .
o
£
2 75 7
a
l/
50 .
25
0 o " 1 " 1 " 1 "
0 100 200 300 400 500 600 700 800(kg)
16 32 48 64 (kwh)
Battery weight (capacity)
13.6

a) Electrolyte is highly viscous and may be freezed. The reaction rate is low at low
temperatures.

b) Self discharge rate is high. Cell structure changes. Electrolyte is unstable.

c) Excess charging current may results in electrolysis of the electrolyte, producing
gaseous oxygen. The pressure build up leads to leakage of gas and electrolyte.

d) Silicon takes up lithium with the volume increase (as many as four times). Thus,
during the charge, a great mechanical strain is exerted on the brittle material, so
that silicon anodes tend to crack only after a few cycles.
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Chapter 14
14.1

1 m

/ (MMF) cos 20 df = % # 0.

L — 27
14.2
a) By = poHypn 2.
b)

P — SmBm _ SgBy SyBy - Kﬂ
S ptoHp, S ptoHp, SmMOHg (9/tm) g

14.3
a) To the left.
b)

f H-ds=2H,(6+ hp) =242,
C

Then, the resulting field intensity by the current sheet is a function of z:

A
H, = .
g 5+hm$

14.4

a) The B,,, — o H,, curve is a straight line of 45° degree in the second quadrant. Note
that P. = ¢,,/g = 10. From the the intersection between P, and the demagnetization
curve, B, =1.2—-1.2/11 = 1.09T.

b) The load line is shifted to the left by —3000/0.011 = —273kA/m. The solution
is obtained from the intersection of the two curves: y = x + 1.2 and y = —10(x +
273/950). The solution is B, = 0.83T.
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37%-order harmonics
sinusoidal PWM, 276
space vector PWM, 281

acceleration, 300

ACEA, 351

aerodynamic drag, 296

air gap power, 61, 166

all electrical range (AER), 361
approximate model, 247

arm shorting, 270

back EMF constant, 3
bang-bang controller, 261
battery
discharge characteristics, 356
high energy, 354
high-power, 354
overcharge, 358
battery electric vehicle, 362
BEV, 351
BLDC, 133
blended mode, 366
brake specific fuel consumption, 317
breakdown torque, 65
brush, 1
BSFC, 317

Charge-depleting (CD) mode, 366
Charge-sustaining (CS) mode, 366
circle diagram, 71
coercive force, 388
commutator, 1
complementary sensitivity function, 24
constant power

™, 121

constant power speed

IM, 121

PMSM, 168
constant torque

M, 119

PMSM, 165
control

PMSM, 156
coordinate change, 42
critical speed, 189
current angle, 172
current control

DC motor, 9
current density, 167
current displacement, 73, 74
current limit

IM, 118

PMSM, 175
current pulse

d—axis, 236
current sampling, 283
current sensor, 291

dead-time, 284
dead-time compensation, 285
decoupling current controller
IM, 115
PMSM, 156
demagnetization
PM, 388
demagnetization curve, 387
distribution factor, 392
double cage rotor, 75
double ratio rule, 19
drive train

431
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series/parallel, 327 IM, 118, 119
driving cycle, 306 PMSM, 165
driving range, 363 final drive, 301
dynamics final value theorem, 12

DC motor, 7 flux linkage

IM, 96 1M, 86

IPMSM, 147 IPMSM, 147

SPMSM, 146 SPMSM, 146
dynamics flux saturation, 211

misaligned coordinates, 230, 231, 242 flux-concentration, 141
formulation via matrix, 46

e-CVT, 322 four-quadrant operation, 7
eddy current loss full hybrid, 315
core, 199
PM, 387 gain margin, 11
electric loading, 166, 393 grade, 299
Electric Vehicle, 351 gradient method, 241
electro chemistry greenhouse gas (GHG), 351
lithium-ion, 353
encoder, 287 Hall sensor, 137, 291
engine cranking, 335 harmonics
equivalent circuit 6-step PWM, 273
modified, 61 MMF, 378
IM, 59, 101 HEV, 313
IM loss, 202 high frequency injection, 257
PMSM, 153 high frequency model, 258
estimation hybrid electric vehicle, 313
angle, 235 hysteresis loss, 197
extended EMF, 243
speed, 235 _ICE’ 317
EV mode, 328 idle stop, 313
EV motor, 191 induced voltage, 166
design, 391 inductance
EV motor example, 191 IPMSM, 143
exciting frame, 46 SPMSM, 142
infinite speed criteria, 170
feedback linearization, 26 inset magnet motor, 140
field winding, 1 inset PMSM, 378
field-oriented control, 109 integral time constant, 14
direct, 109 internal combustion engine, 317
implementation, 115 internal model control, 23
indirect, 110 inverter, 269
field-weakening BLDC, 137

DC motor, 5 inverter loss, 220
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IP controller, 15
IPMSM, 140, 376, 378
iron loss, 197

knee point, 388
Kuhn—Tucker theorem, 184, 204

Lagrange equation

IM loss minimization, 204

MTPA, 175

PMSM loss minimization, 215
Lagrangian, 175
lamination, 199
LaSalle’s theorem, 126
leakage inductance

end turn, 70

slot, 70, 73

zigzag, 70
lever diagram, 321
line starting, 78
line-to-line voltage, 271
lithium-ion battery, 353
look-up table, 216
loss model

IM, 201

PMSM, 210
loss-minimizing control

IM, 200

PMSM, 214
Lyapunov function, 125

M/T methods, 288
machine sizing
PMSM, 165
magnet
neodymium-iron-boron, 388
magnet loadings, 167
mapping
into the rotating frame, 45
into the stationary frame, 43
matrix
inductance, 48
resistance, 48
maximum power, 186

maximum power-control, 176

maximum torque per ampere (MTPA),

174
maximum torque/flux control, 177
micro hybrid, 315
mild hybrid, 315
misaligned coordinates, 230
MMF
distributed windings., 33
sinusoidal, 37
traveling wave, 38
MMF harmonics, 33
MRAS, 122
Multi-pole PMSM dynamics, 152

negative sequence, 41, 258
NEMA classification, 76
normal driving (cruise), 330

observer

adaptive, 249

disturbance, 25, 243

M, 123

load torque, 25

nonlinear, 233
ordinary differential equation, 95
overmodulation

sinusoidal PWM, 276

space vector, 282

parallel drive train, 341
parameter update

IM, 125
parameter update law, 250
per unit model

PMSM, 187
permeance coefficient, 387
Peukert’s equation, 358
phase margin, 11
phase voltages, 272
PHEV operation modes, 366
PI controller, 12

in the synchronous frame, 126

PI controller with reference model, 17
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planetary gear, 317, 319 rotor volume, 167
torque balance, 321 Rounge—Kutta 4" method, 163
PLL, 235, 244, 251, 258, 261
plug-in hybrid, 315 saliency ratio, 175
plug-in hybrid electric vehicle (PHEV), sector-finding algorithm, 281
365 sensitivity function, 24
PM coverage ratio, 378 sensor, 286
PMSM, 133 sensorless control
flux-concentrating, 379 adaptive observer, 247
polarization curve, 352 extended EMF, 242
pole pitch, 378 high frequency signal injection, 257
position error estimation, 255, 260 M, 121
positive sequence, 41 IPMSM, 248
power assist, 313 Matsui, 240
power equation Ortega, 233
IM, 101 PMSM, 229
PMSM, 176 starting algorithm, 254
power factor, 71 series drive train, 337
power relation signal injection, 254
dg-abc, 50 pulsating voltage, 258
power split, 324 rotating voltage vector , 257
power-boosting, 332 similarity transformation, 49
power-control unit, 317 sinusoidal PWM, 274
power-speed curve, 189 six-step operation, 270
power-train, 318 skew symmetric, 93
PWM, 269 skin depth, 75
. skin effect, 74, 75
Q-axis current control, 174 slip, 60
R/D converter, 289 slip equation, 112
Ragone plot, 359 slot leakage inductance, 73
regenerative braking, 7, 313, 334 SOC, 351
reluctance space harmonics, 39
IPMSM, 140, 376 space vector PWM, 276
reluctance motor, 376, 380 speed control, 15
reluctance torque, 171, 172, 175, 378 DC motor, 8
resolver, 289 M, 78
rolling resistance, 297 speed observer, 235
rotating field, 33 speeder, 324
rotating frame, 42 SPMSM, 376
rotor copper loss, 61 stable region, 67
rotor field-oriented scheme, 110 starting algorithm, 254
rotor flux linkage, 168 starting torque, 168

rotor time constant, 99 state of charge (SOC), 351, 358
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stator field-oriented scheme, 117
stator inductance, 85
subharmonics

MMF, 384
supercapacitor, 351
switch loss, 270
switch utilizing factor (SUV), 283
synchronous frame, 46, 90

Tafle’s equation, 352
THS (Toyota Hybrid System), 327
torque constant, 3
torque equation
IM, 102
PMSM, 154
with current angle, 172
torque generation
BLDCM, 136
PMSM, 135
torque ripple
BLDC, 137
torque-speed curve
DC motor, 5
IM, 61
PMSM, 170
torquer, 324
traction force, 298, 300
two DOF' controller, 23

unity power factor control, 178
unstable region, 67

V/F converter, 290

variable voltage/fixed frequency control,

78

vehicle launch, 328
Volt, 367
voltage limit

IM, 118

PMSM, 169
voltage utilization, 275

wheel slip, 298

winding
concentrated, 381
distributed, 381

zero emission vehicle (ZEV), 351

zero vector, 276

variable voltage/variable frequency (VVVF)

control, 80

VCO, 235
vector control, 109
vector diagram

IM, 113

PMSM, 168, 191
vehicle dynamics

longitudinal, 295
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