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Institute of Electrical Control Engineering
National Chiao Tung University

Abstract

As the environmental crises become more significant, electric vehicles have
drawn more attentions and have been rapidly developed in recent years. Even though
permenant magnetic motors (PM) are usually preferred due to their inherent
characteritics of high torque-and power density, induction motors (IM) behave better
on the aspects of cost, reliability, and with a wider operational speed range.
Particularly, IMs dominate PMs with higher overload capability on applications of
low-powered electric vehicle. However, control techniques of IMs are still
chanllenging to meet high-torque and high-efficiency vehicle performance. Therefore,
this study Is dedicated to developing a DSP-based precise servo control with
maximizing torque and efficiency for the IM implemented on electric vehicles, and
the developed automatic control strategy is successfully implemented on the
TMS320F28335 DSP microcontroller.

The indirect vector control is commonly exploited for high performance servo
control of the IM. To achieve control of the flux and torque, precise synchronous
angle estimation based on the rotor time constant is crucial for stator current
decoupling, and thus control performance is highly dependent on the accuracy of
parameters. Due to the fact that conventional identification approaches are suffered
from difficulty of implementation, an acceleration-based identification process which
can be directly performed on the vehicle with satisfactory accuracy is developed in
this thesis. In addition, the maximum torque per amperage (MTPA) operation is
considerably important to provide desirable acceleration of the vehicle. It has been
already recognized that by dividing the stator current equally into the flux-producing
component and the torque-producing component, the MTPA can be thus obtained.



Nevertheless, such arrangement causes severe flux saturation and the desirable
operation is usually lost. In this Thesis, a standard experimental process is developed
to find proper setting of the flux-producing current so that the maximum acceleration
can be fulfilled.

Despite of the maximum acceleration performance of the electric vehicle
obtained by the MTPA operation, its operating efficiency is still comparatively low. In
general, the efficiency can be improved by adjusting the flux-producing current. A
novel switching control strategy where the defined slip factor can be automatically
adjusted according to driving conditions .is developed for achieving both the
maximum acceleration and the highest efficiency, and experimental results show that
it is more suitable to traction control of the electric vehicle because of its smooth
operating performance. It has been also verified that all the acceleration, efficiency
coefficient, and final vehicle speed can be improved by 67%, 273.6%, and 111.8%,
respectively, when the system is fed by the maximum stator current compared with
those of the conventional control approach by applying equal d-g current command.

Keywords: electric vehicle, induction motor, maximum torque per amperage,
efficiency, rotor time constant identification, slip factor.
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Chapter 1

Introduction

1.1 Motivation and Purposes

As the environmental quality is severely deteriorated by air pollution emitted
from urban transportation as well as crude oil of the earth will be soon exhausted,
electric vehicles have become major solutions for these crises and have been rapidly
developed in recent years [1]-[2]. Among all components, the propulsion systems
including electric machines and drives, are keys to electric vehicle design [3, 8].

It has been widely investigated in literatures [4]-[7] to indicate that the most
commonly used types of -machines are direct current motors (DCMSs), permenant
magnetic motors (PMs), and induction motors (IMs). Comparisons of their
performance are listed in Table 1-1 [5]. Desite of fast response and control simplicity,
DCMs have drawbacks such as low efficiency, low reliability, and frequent requests
of maintenance due to the presence of machanical commutators and brushes, and thus
their applications for electric vehicle are limited. Thanks to the recent development of
electronics and control technologies, it is increasingly practical to introduce PMs and
IMs to replace DCMs in traction applications. In fact, they are more attractive and
desirable with high reliability and maintenance-free operations, which are prime
considerations for electric propulsion sysytems.

Table 1-1 Performance comparison of different motors [5]
DCMs | IMs | PMs
Power density Q0 | O | &P

Efficiency © ®© | oD
Costs ® & O
Reliability © ®© | O
Technical maturity | @ ® | O

Db : Excellent
: Good
Neutral
: Bad
©©O : Unsatisfactory

© 0O &



The merits of the PMs are mainly in the inherent characteristics of high torque
and power density. However, they are suffered from a limited speed operation range,
lower overload capacity, and higher cost. Magnet corrosion and demagnetization are
also potential problems for these motors. On the other hand, IMs are robust and
capable of a wide speed range operation with reasonable cost in spite of
comparatively low efficiency. As far as the current circumstances of electric machine
selections for electric vehicles are concerned, PMs are chiefly preferred for their high
torque and power density while IMs are mostly applied to high-power traction
application as shown in Fig. 1-1 [22]-[23]. Yet, as the production of rare-earth metals
uesd for manufacturing of permenant magnets becomes less in the future, the
importance of IMs will increase in traction applications [24]-[25]. Therefore, a
0.75-kW IM s selected to propel an experimental electric vehicle in this Thesis, and
the design of the traction control implemented on the DSP microcontroller to drive the
electric machine and vehicle will be studied.

Efficiency

+ Power

2

100 kwW

Fig. 1-1 Current circumstances of electric machine selections for electric vehicles [22]

The field-oriented control or vector control scheme, which can obtain high
dynamic performance servo control of 1Ms, has become an industrial standard for
electric vehicle traction control [9]. It employs coordinate trasformation according to
the position of the rotor flux linkage in order to realize independent dynamic control
of the flux and torque of the machine. Based on the approach accessing the flux angle
or the synchronous angle, vector control can be classified as the direct method and the
indirect method [10]-[11]. In the former one, Hall sensors or flux sensing coils should
be applied for the measurement. However, installing sensors around the air-gap is not
preferred owing to the noise, armature reaction, space limitation, etc. A more
reasonable way to identify the flux angle is via electical equations with voltage and
current measurements. Nevertheless, it is still not reliable since the integration
involved in the computation is difficult to implement with the fact that DC offsets are



inevitably present in voltage and current signals, especially at low rotational speed of
the machine.

The indirect method, on the other hand, obtains the flux angle by exploiting the
slip frequency calculated from the IM dynamic model and the motor shaft speed
measured from encoders or resolvers. Such a method has become dominant in
commercialized IM drive systems because performance of the instantaneous torque
control is reliable from the start-up to the maximum speed of the machine. However,
it is still challenging with pure indirect vector control to fulfill main requirements of
traction performance such as large output torque and high operating efficiency for IM
control [4, 15].

Hence, it is strongly motivated in this study to design and implement a
DSP-based precise servo control of an IM which can maximize torque and efficiency
and obtain smooth driving operation for an electric vehicle, as illustrated in Fig. 1-2.
With such work, we expect that IIMs become much more competitive in low-power
traction applications.

Control strategy design: Implementation
(1) Maximum acceleration -
(2) Maximum efficiency 4
(3) Driving smoothness .
DSP core:

TMS320F28335

Control

Electric vehicle realization Induction Motor with 0.75kW Induction Motor Drive

Fig. 1-2 llustration of research in this Thesis



1.2 Problem Statements

1. The key parameter of the IM involved in the implementation of servo control
scheme is unknown
In order to obtain dynamic control of the flux and torque in the indirect
vector control method, the rotor time constant is taken for the calculation of the
slip frequency, on which the synchronous angle estimation is based. Thus, the
decoupling of the stator current into flux and torque components is dependent on
the rotor time constant [26]-[28]. Unfortunately, this parameter may not be
accurately provided by the machine manufacturer. Without knowledge of the
rotor time constant, the indirect vector control 1s unable to be implemented so
that dynamic servo control of IM cannot be obtained.

2. Significant rolling resistance of the vehicle causes unsatisfactory acceleration

Total weight of the system ‘that includes the driver and the vehicle is
approximately 145 kg, and it leads to the 0.75-kW IM overloaded during the
start-up period. If it is not properly operated, the generated torque will not be
sufficient to provide satisfactory acceleration. Particularly, when the vehicle is
driven on an inclined road, it may fail to complete uphill climbing and thus get
trapped on the way or even slide backwards. To overcome this problem, the
maximum torque per amperage (MTPA) control is to be introduced.

3. Operating efficiency and vehicle speed are limited with the MTPA operation
Although the torque can be maximally developed with the MTPA operation,
it poses limitation on both operating efficiency and final speed of the vehicle due
to strong excitation of the rotor flux linkage. When driven along a given route
and distance, the vehicle with MTPA operation will consume more energy and
take a longer time to complete the driving test.

4.  Switching between operations results in uncomfortable driving experience
A control strategy by which operations can be adjusted according to driving
requirements is encouraged to obtain both the MTPA and high efficiency
operations. It can be achieved by altering operating flux of IM. However, it may
cause unsteady driving operations with abrupt changes of the vehicle speed. Such
phenomenon is undesirable for the real vehicle driving.



1.3 Proposed Approaches

1.  An acceleration-based identification process directly performed on the vehicle is
developed to accurately obtain the rotor time constant
In general, the rotor time constant can be identified by a traditional
identification approach including the no-load and locked-rotor tests [12].
However, extra instruments are required for power measurement and rotor
locking in the process, and it is too difficult to realize them directly on the
vehicle. On the other hand, we develop an alternative approach based on the
acceleration information to obtain the rotor time constant in this study. The
proposed identification process benefits from reasonable accuracy and simplicity
of implementation on the vehicle.

2. Rated flux excitation is adopted for providing the MTPA operation

Basically, the MTPA operation indicates that the maximum torque can be
produced at a given-supplied stator phase current. It has been already recognized
that by dividing the stator current equally into the flux-producing component and
the torque-producing component, the MTPA operation can thus be obtained [13].
Yet, it is not suitable to the application in this study since severe flux saturation
occurs and the desirable MTPA operation is lost. Another common suggestion is
that the rotor flux linkage Is excited at its rated level [10, 14]. The determination
of the operating flux current corresponding to the rated rotor flux linkage is first
derived based on the IM dynamic model. Then, a standard experimental process
used for testing vehicle acceleration is established for the verification. Results
show that the MTPA operation can be obtained by the rated flux excitation.

3. The standard experimental process testing efficiency is employed to find the
highest efficieny (HE) operation
By regulating the rotor flux linkage at an appropriate level, the highest
operating efficiency of the IM can be obtained [16]-[17]. We utilize the
developed experimental process to test efficiency with different settings of the
flux current. It is verified from the experimental results that the HE operation can
be obtained by operating the IM at a smaller flux level.

4. A smooth switching strategy based on the proposed slip factor adjustment
(y-adjustment) is designed to achieve both the MTPA and the HE operation
As previously described, both operating efficiency and final speed of the



vehicle is limited with MTPA operation. Apparently, it is unfavorable to always
be regulated at this operation for traction applications of IM. Firstly, we propose
a novel control method by adjusting the defined slip factor vy, and both the MTPA
as well as the HE operation can thus be obtained. Then, a switching strategy with
which the MTPA operation is applied at a low speed for the maximum
acceleration while the HE operation is applied to the high speed for improved
operating efficiency and vehicle speed is designed based on the y-adjustment. It
has also been proved that the designed strategy can obtain smooth driving
operations, and thus it is more suitable to traction control of electric vehicles.

1.4 Organization of the Thesis

The thesis is arranged as follows. Chapter 1 describes main purposes and goals
of the research as well as. general review of technical development. Research
problems and their corresponding solutions are stated in this chapter as well; Chapter
2 examines relevant technical background, including modeling, analysis, and dynamic
control of an induction machine. Then, the experimental system applied in the
research is introduced; Chapter 3 presents the servo control of the induction machine
used for the traction application. Rotor time constant identification, maximum torque
per amperage control, and operating efficiency are involved in the investigation;
Chapter 4 demonstrates an automatic switching strategy fulfilling both requirements
of the maximum acceleration and the highest operating efficiency. Novel y-adjustment
control method developed for smooth driving performance is also described and
verified in this chapter. Finally, achievements and contributions of the thesis are
summarized in Chapter 5.



Chapter 2

Technical Background and System
Structure

Although operating principles of an induction machine are similar to those of a
transformer, its analysis and modeling become more complicated due to rotation of
the secondary winding, i.e. the rotor of the machine. This is primarily because the
inductances vary at different rotor position, and the electrical differential equations
are time-varying as long as the rotor rotates. Theory of the reference frame
transformation has been developed to transform the time-varing equations into the
time-invariant ones to simplify the mathematical analysis of an induction motor. Then,
high performance vector control was formulated for servo control of an induction
motor based on its dynamic-model. In this chapter, technical background with respect
to modeling, analysis, and dynamic control of an induction machine will be
introduced, followed by the system layout of the experimental electric vehicle driven
with a single induction motor.

2.1 Transformation of Reference Frame

The illustration of a three-phase a-b-c axis, a stationary refernce frame d-g axis
(superscripted as s), and a rotating reference frame d-q axis (superscripted as o) with
arbitraty speed, w, Is shown in Fig. 2-1.

q®  9° (Imaginary axis)
1

da)

? d® (Real axis)

Fig. 2-1 Relationship between reference frames



An arbitrary space vector in the three-phase system can be defined as

F bc =§(fas + beeJZ/3ﬂ + fcse_j2/3”) (2_1)

Refered to the stationary reference frame, it can expressed as

Fdsq = fdS + ijss = Fabc (2'2)

S

Thus, the transformation matrix converting a variable in the three-phase axis into the
stationary frame can be derived as

1 1
1 COS(—EE) COSEE 1 —— —-=
c_2 3 - 2 2 (2-3)
310 —sin(—gzr) —Singﬂ 2 0 ﬁ —ﬁ
3 3 2 2
such that
fs fas
{ “5}0 Fos (2-4)
o
f

Since the instantaneous angle between the d axis of the rotating reference frame
and the stationary real axis is @ as illustrated in Fig. 2-1, the variable in the equation
(2-1) can be further referred to the rotating reference frame as

—

NS 1o+ ([ F;qe-ﬂ" (2-5)

Then, the relationship of its components expressed. in these two reference frames are

given by
fi fq
foe f g
where P is the transformation matrix, which can be represented as

cosd sind
p—| 7 ® 2-7)
—-sin@ coséd

2.2 Dynamic Charactersitics of an Induction Machine

Three-phase axis of the stator (as-bs-cs) and rotor (ar-br-cr) of an induction
motor is shown in Fig. 2-2. The ar-br-cr axis rotates with electrical speed, o, as
mechanical rotation speed is o, of the rotor shaft. If the number of magnetic poles of



the machine is P, the relationship between the mechanical speed and the electrical
speed is given by
P
= — 2'8
F = On (2-8)
as derived from

Q)

.- "o
2

r

(2-9)

m

Fig. 2-2 Three-phase axis of the stator and rotor

Therefore, the stator and rotor electical equations can be written in vector form as

Vabcs x Rslabts + p)"abcs (2'10)
Vabcr N Rr I aber + p;"abcr (2'11)

where p stands for a differential operator, R; is the stator winding resistance, R, is the
rotor winding resistance referred to the stator side, and each vector term is given by

Voo =V, Voo Vol (2-12)
A [T (2-13)
s =[Aas os ] (2-14)
Vo=V, V., V.| (2-15)
PR [T (2-16)
v =ae Zor 2] (2-17)



The flux linkages for the stator and rotor can be expressed as

|:)"abcs:| _ |: I—s Lsr :|{I abcs:| (2-18)
)"abcr I—Tsr Lr I aber

where
Lls + Lms - l Lms - l Lms
2
L.=| - 1 L. L.+L, - l L. (2-19)
2 2
- 1 Lms . l Lms Lls + Lms
L 2 2 |
LIr -+ Lmr e 1 Lmr l I-mr W
2 2
I—r 2 N 1 I-mr I‘Ir + I‘mr - l I‘mr (2'20)
2 2
3/ 1 Lmr - 1 Lmr I‘Ir + I‘mr
4y 2 2 |

cos é, cos(d, + %ﬂ) cos(6, - 2?”)

cos(0, — 2?7[) cos 6, cos(O, + 2?7[) (2-21)

cos(0, + 2?”) cos(0, — 2?7[) cos O,

In the equation (2-19) ~ (2-21), L;s is the leakage inductance of the stator
winding, Ly, stands for the leakage inductance of the rotor winding, and Lpysand Ly is
the mutual inductance of the stator and the rotor, respectively. Ly means the mutual
inductance between the a-phase stator winding and the a-phase rotor winding when 6,
is zero. As seen from (2-10) ~ (2-21), the equations describing the dynamic
characteritics of the induction motor are time-varying. Obviously, it is considerably
difficult to solve such sophisticated differential equations analytically. However, if the
coordinate transformation by which the three-phase variables are transformed into d-q
variables as described in Section 2.1, electrical equations with time-invariant form can
be obtained, and thus the induction machine becomes simple to analyze. The
deduction from time-varying equations to time-invariant ones in detail is described in
[10].

The d-g stator and rotor voltage equations at reference frame with arbitrary
rotational speed can be expressed as

Ve = Ri% + pAg, — oAl (2-22)

s'ds
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V2 =Rii& + pAL + Al (2-23)

Vdc: = erg)r + pﬂ’fi)r - (w_wr )ﬂ“;)r (2'24)
Vo = Rrig’r + pAg, + (0—, )5, (2-25)

where the electrical speed of the rotor’s rotation is ;. Particularly, the rotor voltage is
zero in the case of squirrel-cage induction motor, i.e. singly-fed induction motor, since
the rotor is short-circuited by the end ring. As a consequence, (2-24) and (2-25)
become

0= erc;l:' 4. pﬂ'zjr ¥ (w_a)r )ﬂ’g)r (2'26)
0= Rrigfr + Ay + (-, )2y (2-27)

The flux linkage of the stator and rotor can also be represented in terms of d-q
variables as

i HRE = (2-28)
A2 = L%+ Lo (2-29)
A% =L i% +L,i& (2-30)
IR o & L2 (2-31)

L.=L,+LL =L,+L,. Finally, the electromagnetic torque

ms ! Is ¥

where L = e L
2

can be represented as
3PL.Y & N 2"
T. = EEL_(ﬂ’dr'qs = Agelas (2-32)

r

Based on the equation (2-22)-(2-31), the equivalent circuit of the squirrel-cage
induction machine at an arbitrary speed rotating d-q reference frame can be depicted
as Fig. 2-3.

R wﬂ’g}s |_I LI R (a) wr)ﬂ“:;)r
FAAA= LN L aAnt O
" AN J Y Y - Y Y YNY—AAN S,
i . i i
Ve s L, Ade V=0
(a) d-axis
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L Rr r /7 qr
+ s q + Is _ _ L "
— Y YY) Y Y Y —
— AN - |
® Il;OS /10) /I(u Iqr
Vqs qs Lm qr an:zo
(b) g-axis

Fig. 2-3 Equivalent circuit of the squirrel-cage induction motor

2.3 Indirect VVector Control

2.3.1 Principles of indirect vector control

The electrical equations at the synchronously rotating d-q reference frame can be
derived by subsituting o = we In (2-22), (2-23), (2-26), and (2-27), and all the
superscipts, ®, in the equations are omitted for expression at the synchronous
reference frame. Then, the dynamic charateristics at the synchronous reference frame

can be expressed as

Vds = Rsids + p/?“ds — w4

e’™ys

Vs = Ry + PAgs + 0,44

as
0= Rridr + pﬂ’dr ok (a)e _a)r)ﬂ’qr

0= Rriqr p.: pﬂ’qr + (a)e _a)r)ﬂ“dr
where the flux linkage terms are given by

ﬂ“ds = Lsids + I-midr

Ags = Lilge + Ly,

ﬂ“dr = I-mlds + I-rldr

Age = Lilgs + L,

qr

(2-33)

(2-34)

(2-35)

(2-36)

(2-37)

(2-38)

(2-39)

(2-40)

Indirect vector control is performed based on the assumption that the rotor flux

linkage only exists on the d axis. In other words,

Aor = 0= Pl

12

(2-41)



By substituting (2-41) into (2-35), (2-36), and (2-40), we can obtain the following
equations respectively.

PAgr
L= er (2-42)
R
Oy = 0, — @, = ——— 2-43
slip e r /ﬁtdr ( )
. L, .
lor = _L_Iqs (2-44)

r

The rotor flux linkage in s-domain can be derived by substituting (2-42) into (2-39)
with Laplace transform as

Ay = 1&*’% (2-45)
wherez, =L, /R, denotes the rotor time constant. Then, we subsitute (2-44) and (2-45)
into (2-43), the slip angular frequency can be expressed in terms of the d-axis current
and the g-axis current as

1+7 sl
+ 7S Tes (2-46)

[ & Ty ids
Finally, the electromagnetic torque can be simplified with the absent g-axis rotor flux
linkage as
3PL,

=57 &
Hence, the torque is directly proportional to the g-axis current under the condition that
the rotor flux linkage is constant. Furthermore, the rotor flux linkage is excited solely
by the d-axis current as seen from (2-45). Therefore, the d-axis current is also named
as the flux-producing current and the g-axis current is called the torque-producing
current. Obviously, the behavior of the indiect vector-controlled induction motor is
quite similar to that of a separately excited DC machine, and thus the dynamic

response of the induction machine can be controlled.

(2-47)

2.3.2 Implementation of indirect vector control

In order to implement the described control process, the knowledge of angular
position of the rotor flux linkage is essential since the d axis is supposed to be aligned
with it so that the stator phase current can be divided into the flux-producing and
torque-producing components as illustrated in Fig. 2-4. The angular position of the
rotor flux, i.e. the synchronous angle, can be estimated indirectly by integrating the

13



calculated electrical angular frequency as
)dr (2-48)

Obviously, the slip frequency is involved and summed with the angular rotor shaft
speed in electrical angle, @,. Thus, the rotor time constant of the machine must be
known, and the performance is highly dependent on this parameter. The control block
diagram of indirect vector control of an induction motor is shown in Fig. 2-5.

* Vas |

e AN s v 3-phase
qs =
= Current  f, * (PC) 1 bs* > PWM Ve
igo — | Regulator ds V. Inverter

P las

o Ibs

I

Ml Q—
Calculator

L}
Synchronous Angle Estimator Encoder

Fmm——mmmm e

Fig. 2-5 Block diagram of indirect vector control
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As seen from Fig. 2-5, a current-regulated pulse width modulation (PWM)
inverter is applied to control the d-q components current of the motor. In particular,
the block with the notation PC is the coordinate transformation from the three-phase
system to the synchronous reference frame, employing the transformation matrix
which is the multiplication of P and C as presented in (2-3) and (2-7). On the other
hand, the block with the notation (PC)™' indicates the inverse coordinate
transformation transforming the variables in the synchronous reference frame back to
those in the three-phase coordinate. Finally, the synchronous angle estimator, which is
composed of the slip frequency estimation and the integration of the synchronously
rotating speed, is responsible for providing the synchronous angle for the coordinate
transformation.

2.3.3 Dynamic model of an indirect vector-controlled induction motor
The d-q stator voltage can be expressed in terms of the stator current and rotor

flux linkage based on the rotor flux linkage orientation of the vector control as
diy N L, d4g

Vds 3 Rsids +0Ls dt I—.— dt _a)eOLsiqs (2'49)
_ dig L, |
Vs = Rl + ol ot +L—coe/1dr + w0l (2-50)
L2
where 6=1- \ T stands for the total leakage factor. In (2-50), the terms
S —r
7k . L, .
L—wexidr + w0l =0, (L—idr + ol i) (2-51)
L A
=w,(—2 A, +oL, X 2-52
e( I—r dr S I—m ) ( )
L
=w,(—)1
e ( I—m ) dr
P L,
= (E W, + a)slip)(L_m)//Ldr
P L, L,
= E WO, (L_)ﬂ’dr + a)slip (L_)A’dr (2_53)

If the variation of the flux linkage is sufficiently slow compared with the rotor time
constant, it can be obtained by substituting p=0 in (2-45) as

A4 =L
for deriving (2-52) from (2-51). Similarly, the slip frequency can be written as

(2-54)

mlds
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_ 1 Iqs
slip — =
2-r Ids

% (2-55)

Therefore, the equation (2-56) can be derived by substituting (2-55) into (2-53) as

L, . PL, L, .
L_a)eﬂ’dr +C()e0|_s|ds = EL—O)mﬂdr +L— erqs (2'56)

Substitute (2-56) into (2-50) and take the Laplace transform on the both side of the
equal sign, and we can derive

L
: (Vqs_L_ma);i’ a)Oleds)

=
® ol s+R, z
1 P L, ¥
o D i NG
1 P L,
= (Vqs ﬂ’dr) (2'57)

oLss+(RS+::’°’Rr) 2 L

r

where the term E%a)m;tdr indicates the back electromagnetic force (back-emf), Vj,.

m

In general, the machanical dynamics of an induction motor can be expressed as

do,

(2-58)

where T, is the applied mechanical load, J stands for the inertia, and B indicates the
viscous friction coefficient. Thus, based on (2-47), (2-57), and (2-58) the dynamic
model of the indirect vector-controlled induction motor can be depicted as Fig. 2-6.

Ve : SR %‘ ] o,
oLs+(R+ R,) 4L T 3+B

Fig. 2-6 Dynamic model of the indirect vector-controlled induction motor

The torque and back-emf constant of the induction motor can be defined as K;
and Ke, respectively, such that

3P L,

T, = Kiigs K= Lr 0 (2-59)
L,

V, =Ko, K, =055 g (2-60)
2L,
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Consequently, performance of the induction machine is determined by the condition
of the rotor flux linkage. It is also the major concern of this study and it will be
discussed and verified in detail in next chapter.

2.4 Operation Region of an Induction Machine

2.4.1 Woltage and current constraints on induction machine control

Due to components and input voltage of the power inverter, the electric power
delivering to the machine is limited by the voltage and current ratings. Even though
the inverter has sufficiently large ratings, the machine itself has constraints owing to
insulation and thermal limit. In control of the induction machine, both the voltage and
current constraints must be considered.

The maximum phase voltage of the motor, Vsmax, IS determined by the DC-bus
voltage of the inverter while the maximum current flowing into the machine, lsmax, IS
limited by the thermal rating of the inverter or the machine itself. Thus, the following
two constraints must be hold:

— © SmaX

V2 +VZE =V <V (2-61)

i2 +i2 =i2<|, (2-62)

max

The equations (2-49) and (2-50) can be simplified as (2-61) and (2-62) under the
steady-state operation.

Vds = Rsids _a)ed—siqs (2'63)

V,, = Ry +o,Li

qgs e —s'ds

(2-64)

A further simplification can be obtained by neglecting the voltage drop over the stator
resistance as

V,, = —@,0Lig, (2-65)

V o, L.

=~
qgs e —s'ds

(2-66)

By substituting (2-63) and (2-64) into the voltage constraint shown in (2-61), an
inegality representing an ellipse in the synchronous reference current plane can be
obtained as follows.

17



i2 i2

&+ T <1 2-67
(VsmaX)Z (Vsmax )2 ( )
o, L, w0l

Since o is typically equal to 0.1, the major axis lies on the igs-axis while the minor
axis lies on the ig-axis. Fig. 2-7 illustrates ellipses of the voltage constraint at
different operation speed.

gs

AR E

————

i

=[S

I/
/V

Similarly,
equal to the

vith a radius

"Ismax

\
1
1
1

\,

1
1
1
1

7

P

Fig. 2-8 Circle of current constraint
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The torque shown in (2-47) can be derived as
:EEL_fni i
221L *®
Hence, the developed torque of the induction machine can also be plotted in the
current plane and it appears as a parabolic curve. The illustration is shown in Fig. 2-9.

(2-68)

Ter> Teo> Tea

Fig. 2-9 Parabolic curves of torque

Because (2-62) and (2-67) must be simultaneously satisfied, possible operating
point lies in the cross secrion of the voltage constraint ellipse and the current
constraint circle, as the shaded area shown in Fig. 2-10. The torque at a specific
operation point is determined by the product of the d-axis and g-axis components
current.

o
w

_3PLL ..
e 9_22Lr ds'gs

AN
RN
N

N

Fig. 2-10 Possible operation points considering both voltage and current constraint
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2.4.2 Capability curve of an induction machine

The operation region of an induction machine can be basically categorized into
three regions. The first region, indicating the frequency from zero to the base
frequency, is called the constant torque region. In this region, the maximum torque is
limited by the maximum stator current, which is determined by Ismax. At the base
frequency, the terminal voltage of the motor reaches the voltage limit.

As the frequecy continues to increase, the voltage ellipse will shrink and the
second region is obtained. Thus, the stator current vector moves along the current
constraint circle from A to C as shown in Fig. 2-11. The torque in this region is
inversely proportional to the speed and the output power of the motor, given by Pp, =
Te - om, IS Maintained as a constant. Hence, the second region is also called as the
constant power region.

Qs

T, decreases

=N
g

y . increases

Fig. 2-11 Locus of voltage ellipse, current circle, and torque
in different operation regions

(=

If the operating frequency further increases above point C, the volatge ellipse
will shrink inside the current limit circle to enter the third region, and there is no
crossing point between the ellipse and the circle as E and F shown in Fig. 2-11. In this
case, the operation is completely limited by the voltage constriant. Since the current
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also decreases as the frequency increases, the torque decreases inversely proportional
to the square of we. This region is called as the characteritic region of the induction
motor.

The torque, stator volatge, and stator current can be plotted versus the electrical
frequency to specify these three operation region as shown in Fig. 2-12. The curve is
also known as the capability curve or the characteristic curve of the induction
machine.

Constant torque Constant power Characteristic
region

region region

Fig. 2-12 Capability Curve of an induction motor

2.5 System Structure

2.5.1 Mechanical layout of the electric vehicle
The overall mechanical scheme of the electric vehicle adopted in this study is

shown in Fig. 2-13. The components corresponding to the number marked in Fig.
2-13 are described as below.
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Energy Source

A Rear Wheels
( @
Lead-Acid 24V DC Power
Batteries Converter
Gearbox
) l 220V AC —

Induction
Motor

Induction Motor
Drive

©)

\

\

Propulsion System

(@) Hlustration of mechanical structure of the experimental electric vehicle

)

(4)

(b) The experimental electric vehicle
Fig. 2-13 Overall structure of the experimental electric vehicle
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(1) Lead-acid batteries

Energy source is provided by two lead-acid batteries in series connection
manufactured by Tinshfom Coporation. The voltage is 24V in total as shown in

Fig. 2-14. The datasheet of the battery is listed in Table 2-1.

Table 2-1 Datasheet of the lead-acid battery

Type SP38-12NE
Nominal voltage | 12V

Nominal capacity | 38 Ah

Dimension 197 x130x159mm
Weight 11.65 kg

Fig. 2-14 The lead-acid batteries

(2) Power converter

The power converter-of type SP3000W manufactured by SunHam Coporation, as
shown in Fig. 2-15, is responsible for converting 24V DC into 220V AC. Its
datasheet is listed in Table 2-2. The converted AC is then fed into the induction

motor drive.

Table 2-2 Datasheet of the power converter

Input voltage DC 20~30 V
Maximum input current | 125 A

Output voltage AC 220V

Output frequency 60 Hz

Output power 3000

Efficiency > 85 %

Dimension 360x169 %152 mm
Weight 7kg

Fig. 2-15 The power converter

(3) Induction motor drive

The induction motor drive is composed of a power stage module and a control
system module, as shown in Fig. 2-16. Basically, the power stage module can be
divided into two parts: a three-phase bridge rectifier and a three-phase inverter.
The former one rectifies AC input to a DC, providing electromotive force for the
DC-bus. Then, three legs of IGBTs (Insulated Gate Bipolar Transistor) are
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controlled by the control system module to generate proper AC for the motor. The
illustration of the induction motor drive is shown in Fig. 2-17.

Power Stage'Module

Fig. 2-16 The induction motor drive

Encoder
ignal
Control system s
module

1/O signals

Power stage module

ac KA l Qﬂ Qﬂﬁ QHE}

i
| power source
1
i

(,\ﬂ; . Vd;zi: i \Y; "

AC-to-DC DC-to-AC

Fig. 2-17 Illustration of the induction motor drive
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The power stage module is manufactured by Long-Shenq Electronic Corporation,
whose product type is LS800-22K2-TD, while the control system module is
developed by Syntec Incorporation. The DSP controller of type TMS320F28335
manufactured by the Texas Instruments is the processing core. Its detailed
features and functions can be found in [18].

(4) Induction machine
A three-phase squirrel-cage induction motor with 0.75 kW as shown in Fig. 2-18
is applied to the propulsion of the vehicle. Its nameplate is shown in Table 2-3.

B8, e P e N v G
Fig. 2-18 The 0.75-kW induction motor adopted in this study

Table 2-3 Nameplate of the induction machine

Manufacturer Cheng-Chang Machine Eletronic Corporation
Type SVM-80SS
Rated power 0.75 kW
Rated frequency 51.5 Hz
Rated slip 45 rpm
Rated speed 1500 rpm
Rated torque 4.7 N-m
_ Y connection 380V
Rated line Voltage 1
A connection 220V
i Y connection 19A
Rated line Current -
A connection 3.3A
Weight 13.56 kg
Encoder resolution 1024 pulses per revolution (ppr)

The mechanical power is transmitted from the induction motor to the rear wheels
with a gear ratio at 10:52, as shown in Fig. 2-19. Because the diameter of the rear
wheel is around 35 cm, the speed of the vehicle in km/hr, V, at given motor rotational
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speed in rpm, Nmotor, €N be approximated as

V = Mmotor | g 0.357
5.2 1000

~0.0127n (2-69)

motor

Fig. 2-19 Gear ratio 10:52 of the gearbox

A variable resistor with-50Q is connected to the acceleration pedal with a set of
mechanical devices as shown in Fig. 2-20(a) such that by stepping on the pedal the
resistance of the resistor can be adjusted. We then simply read the voltage across the
terminal b and c in the control program so that the demand of the driver can be
tranferred into the stator phase current command, and Fig. 2-20(b) illustrates the
operation.

Finally, a plate on the shaft of rear wheels is firmly vised by the device shown in
Fig. 2-21 so that the vehicle can be stopped by stepping on the braking pedal.

Variable Resistor
500

Acceleration Pedal
Control System

Module
C
C, nne&.ed to th& I
accelerat|n pedal ’ 5V x GND
(a) The variable resistor (b) Mlustration of the accelerator system

Fig. 2-20 Mechanism of the accelerator
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Vising for brake

: Conected to the braking pedal

Fig. 2-21 The braking mechanism

2.5.2 Control program of the system

The indirect vector control is exploited as the traction control of the electric
vehicle in this study, which is fully digitized and implemented on the DSP controller.

The block diagram of the control scheme is shown in Fig. 2-22.

s * V
igs WS s3-ph S, ~S, Control
i Pl Inverse signals
I g B
' s-lim — Coordinate SVPWM PeErTVt\::fal
Driver’s l - i « [ [Transformation P
Demand I Component % Vd
°° / /] Assignment e ’
-/ 3 s \/
Accelerator Pl
Signal ; = 3-phase
o A
| Synchronous 0, Inverter
Angle 1 ~
Estimator s3-ph
i Coordinate ADC [
Transformation Peripheral |_
D | ) !
peed m EQEP <“::||
Calculator Peripheral O

Sampling frequency : 15 kHz

Encoder

Fig. 2-22 Control scheme implemented on the DSP controller
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As illustrated in Fig. 2-22, the driver’s demand is transferred into the stator
current command followed by the component assignment, which is functional as
dividing the given stator current command into d-q current commands. The d-axis
current command is normally selected as a constant value. Then, the g-axis current
command is determined by

i, =iy — iy, (2-70)

gs

Particularly, a switch connected to 5V-source is used for specifying forward or
backward driving. The vehicle is operated at forward driving mode when the switch is
off, and the g-axis current command is set as (2-70). When the switch is on, the g-axis
current command is set as negative for reverse rotation of the machine. Since the
maximum stator current is determined by the thermal rating of the motor and the
inverter as discussed in Section 2.4.1, the stator current command is limited by is.jim,
2.576 pu (1 pu stands for 3.3 A in the system).

Two Pl controllers are presented for current regulation, generating d-q voltage
commands. Then, transformation between the three-phase system and the
synchronous reference frame is managed by the blocks of coordinate transformation
and inverse coordinate transformation, which is based on the estimated synchronous
angle provided by the synchronous angle estimator, as discussed in Section 2.3.2.
Finally, to generate appropriate control signals according to the three-phase voltage
commands for the inverter, the space vector pulse width modulation (SVPWM)
approach is applied. The flow chart of the control program is illustrated in Fig. 2-23,
and the sampling frequency of the system is 15 kHz.

Program starts

System initialization
(1) Variable declaration
(2) Configure and enable peripheral module

nterrupt request

. Yes
received?

|Current control branch

(a) Main program
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Current control branch
starts

Signal calculation

(1) Three-phase feedback current
(2) DC-bus voltage

(3) Accelerator voltage

(4) Backward driving voltage

!

Current command assignment
(1) Transfer accelerator voltage into is
(2) Divide is into igs and igs

Backward driving
voltage > 2V?

Yes

iqs =- iqs |

No

!

Coordinate transformation
Three-phase feedback current

d-q feedback current

!

Current PI control
Obtain d-q voltage command

}

Inverse coordinate transformation
d-q voltage command

Three-phase voltage command

|Update SVPWM control signalsl

| Motor speed calculation |

| Synchronous angle estimator |

End of the branch

(b) Current control branch
Fig. 2-23 Flow chart of the control program
There are three processing modules, i.e. EPWM, ADC, and EQEP peripherals, of

the DSP controller that play an important role in the control scheme. Their functions
and relevant configurations are briefly described as below.
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(1) EPWM (Enhanced Pulse Width Modulation) peripheral module [19]

Fig. 2-24 shows the block diagrams of seven submodules in the EPWM
peripheral. The main tasks of this peripheral in the system are:
® Generate an interrupt for the current control branch.
® Trigger a start-of-conversion for ADC module.
® Determine proper PWM control signals for the inverter.

CTR =PRD

L = EFPWMINT
CTR=0 VR [P “
7 - Trigaer
‘m.r..‘»! CTR = CMPA and EPWMxSOCA
EPWMxSYNCI = Quairer AN TN T - 8
e CTR=PRD 4t (AQ) CTR = CMPB Intemupt e
_ ’ > =z : ADC
EPWMXSYNCO lime-Base CTR=0" % CIR Dir (ET) EPWMxSOCB
: 1 () » B >
CTIR Dir
< EPWMxA
T1 EPWMxA o 1 3
Dead PWM- Trp
Band chopper Zon
CTR = CMPA Jl - chopy Zone __ |
> 0B) (PC) ; GPIO
Counter (12)
SRR EPWMxB MUX
Lompare EPWMxH 1> = - >
(CC) CTR=CMPB 1L -
> CIR=0
EPWMXTZIN 1Z1% 176
PIE <

Fig. 2-24 Block diagram of the EPWM peripheral module

Some important functions of applied submodules are summarized as follows:
i. TB submodule
® _Configure the rate of the time-base clock (TBCLK).
® Specify the time-base counter (TBCTR) period and the counter mode.
® (Generate two events:
< CTR = PRD: Time-base counter equal to the specified period
(TBPRD).
< CTR = 0: Time-base counter equal to zero.

ii. CC submodule

® Generate two events based on programmable time stamps using the CMPA
and CMPB registers:
< CTR = CMPA: Time-base counter equal to the CMPA register.
< CTR = CMPB: Time-base counter equal to the CMPB register.

iii. AQ submodule

® Qualify and generate actions (set, clear, and toggle) based on the following
events:
< CTR=PRD
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< CTR=0
< CTR=CMPA
< CTR=CMPB
® Provide independent control of events when the time-base counter is
increasing and decreasing.

iv. DB submodule
® Add programmable delay to rising edges (RED) of the control signal.
® Add programmable delay to falling edges (FED) of the control signal.

v. ET submodule
® Receive four events generated by the TB and CC submodules, i.e.
< CTR=PRD
< CTR=0
< CTR=CMPA
< CTR=CMPB
®  |ssue interrupt-requests and start of conversion of ADC based on the
prescaling logic at
<~ Every event
<~ Every second event
< Every third event

The settings of the EPWM periphral in the system are summarized as follows:

® The time-base clock rate is configured at 150 MHz.

® The counter mode is set as up-down-count mode.

® TBPRD is set as 5000.

® The interrupt for current control branch is triggered and serviced at every

event where TBCTR =0

The start-of-conversion of ADC is triggered when TBCTR = TBPRD.

® Set the EPWMXA signal to high level when TBCTR = CMPA and the
counter is increasing, and clear the EPWMxA signal when TBCTR = CMPA
and the counter is decreasing.

The switches at the upper and lower leg cannot be simultaneously on, or they
will be destroyed by incredibly large current due to short circuit. Ideally, the
control signals for switches at upper and lower leg can be arranged as shown in
Fig. 2-25. However, a short reaction time period exists after the switches receive
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signals in practice as shown in Fig.2-26(a). Therefore, a so-called dead-time
must be inserted between edges of control signals for upper and lower legs for
prevention of simultaneous conduction as shown in Fig.2-26(b).

Control signal

................. High

Upper leg
— —"  Low
Lower leg 9
................ LOW

..................................... High
Control signal
T T Low
i P
1 ] 1
1 1 1
I - A On
Actual status i e et
P
! T el Off
1 1 1
1 ] 1
1 1 1

toff tf

Reaction time

(a) Actual response when switches receive a control signal

Control signal

.................. High
Upper leg ! i
— ,_°_| - Low
b Lo
_— i E— High
Lower leg E E ‘
i i
: : ............. LOW
1 11
R 1]
Dead-Time Dead-Time

(b) A control signal added with the dead-time
Fig. 2-26 Illustration of control signals of power switches
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The dead-time can be determined by characteritics of the power switches as
shown in Table 2-4 taken from the datasheet. Accordingly, we set the dead-time
as 1.5 ps, which is a bit larger than the turn-off time, 1.35us, just in case of any
deviation occurs. Complete operation of the EPWM module configured in the
system is illustated in Fig. 2-27.

Table 2-4 Turn-off time of the power switches

Delay time (t 1.0 us
Turn-Off time -y - (fr) =
Falling time (t;) | 0.35 us
TBPRD = 5000 e g m e --
ol AN AN

Trigger interrupt

TBCTR —/
0

. Dead-Time
i1 1l5ps

/

EPWMxA

EPWMxB

Fig. 2-27 Complete operation of the configured EPWM peripheral module

(2) ADC (Analog-to-Digital Converter) peripheral module [20]
The main features of the ADC peripheral module include:

® 16-channel, multiplexed inputs allow analog signal from 0 to 3V

® 12-bit ADC core with built-in dual sample-and-hold (S/H)

® [ast conversion time runs at 12.5-MHz ADC clock

® 16 result registers storing converted digital value:
Digital value =0, if input<0V
Digital value = 4096 x Input vol*ag; —ADCLO , if 0V <input<3V
Digital value = 4095, if input>3V

where ADCLO is the 43th pin of the DSP controller connected to a
reference voltage, and it is grounded in the control system board.
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Any one of the sixteen channels can be selected through analog MUXs for
conversions. The module allows the user to convert the same channel multiple
times, which means oversampling algorithm is available. Once the conversion is
finished, the converted digital value of the selected channel is stored in its
respective ADCRESULT register. The block diagram of the ADC module is
shown in Fig. 2-28.

ADCINAD —
ADCINA1 »

ADCINAT —»

ADCINBD —»
ADCINB1 —»—

ADCINB7 —»

Analog MUX Result MUX
—»| ADCRESULTD |
MUX —»-| ADCRESULT1
select [ SIH-A 12-bit
12 —[AocresuLrz]
analog-to-digital ADCRESULT2
converter :
S/H-B (ADC)
-I’I_I_»_ 12 .
MUX A Result ADCRESULT14
soc EOC
select L 4 select
. MAX_CONV'1
State
Ch Sel (CONVOOD) | pointer
Ch Sel (CONVO1) ¢——
4 Ch Sel (CONVO2) MIUXI 4
! Ch Sel (CONV03) selec !

Autosequencer
state machine

Ch Sel (CONV15)

Software
ePWMx SOCA
ePWMx SOCB

External pin

(GPIO/XINTZ2 ADCSOC)

Fig. 2-28 Block diagram of the ADC peripheral module

Note: Possible values are:
Channel select=01o 15
ADCMAXCOMNV =0to 15

Start-of-sequence trigger

The following table lists the signal sources of used channels in the control

system board.

Table 2-5 ADC channels in the control system board

Channel

Signal source

ADCINAO

Phase U current sensor

ADCINA1

Phase V current sensor

ADCINA2

Phase W current sensor

ADCINA3

DC-Bus voltage sensor

ADCINAS

Terminal voltage of the variable resistor
connected to the accelerator

ADCINAG

Backward driving voltage
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The number of conversions in one sequence is determined as 15 for
oversampling four times on each current sensor output and sampling once for the
DC-bus voltage sensor output, once for the terminal voltage of the variable
resistor, and once for the backward driving voltage. The conversion results will
be stored in the ADCRESULT register by order, which is specified as follows:

ADCINAO — ADCINA1 — ADCINA2 —

ADCINAO — ADCINA1 — ADCINA2 —

ADCINAO — ADCINA1 — ADCINA2 —

ADCINAO — ADCINA1 — ADCINA2 —

ADCINA3 — ADCINAS5 — ADCINAG

Note that the four-time oversampling on each current sensor is performed.

Such arrangement can effectively filter out noises with a medium filter. The
illustration is shown in Fig. 2-29.

(1) The highest and lowest values

. . ADCRESULT are abandoned
Sampling period register (2) Average the remain two values
1 i
Hall sensor output i i -2058 -2058
voltage waveform i i - - Medium
Conversion Data sorting filter Final |
t
- 2032 ‘ 2052 [C20s2 ] e e
[ ] ] | - | 2045 |
2037 2037 2037
|\ Y [2037 ] (2037 ]
oversampling
2052 2032

Fig. 2-29 An example of the oversampling and the medium filter processing

Once the converted digital value of the current sensor output voltage in one
sampling period is obtained by the process as x, the actual current magnitude, v,
corresponding to x can be recovered by

50 12
= — X —

8 4095
which is derived from the numerical relationship based on the hardware design
of the system shown in Fig. 2-30.

y x (X —2252) , (2-71)
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Hall Sensor Circuit Design ADC Module

Input Output
+25A —>  +4V

Input Output
+6V —> +315V

Input Output
+3V  — 409

yA X

-25A —> -4V -6V —> +015V +0V. - 0

________1______________
________i______________

Fig. 2-30 Input-output relationship of the system hardware

Nevertheless, errors exist inevitably both in the resistance and the inductance of
electrical components. Thus, the equation (2-71) must be tuned so that the
calculated current magnitude y and its real value match. The final equation
applied in the phase current recovery is

y = Gain x (x = Offset) (2-72)
where the term Gain.and Offset are determined experimentally, with which y can
be equal to the real current value measured by the oscilloscope as shown in Fig.
2-31. Similar manner is also applied to the DC-bus, accelerator, and backward
driving voltage signal recovery in the program.

15

J NN
A

BAVRVAIRVIRIEYE
VARV IR UR

15
04 042 044 046 048 05 052 054 056 058 06
Time (sec)

(@) Computed phase U current

Computed Phase U Current (A)

(b) Measured phase U current by the oscilloscope
Fig. 2-31 Experimental reults of phase current signal recovery
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(3) EQEP (Enhanced Quadrature Encoder Pulse) peripheral module [21]
The EQEP peripheral module decodes the pulsed signals generated by an
incremental position encoder mounted on the motor shaft. Fig. 2-32 shows the
functional block diagram of the EQEP module.

FEGaD
" L

Repsies QUTMR
used by
uren
+

NSl
\ r
L
L A SCL EOEPaAINCLY
— DR o) o < —
2 = Q P et AR
r_'—. Piwtor courte o . - . EQEPMINDIR
T < 9 Seoode GEIo 3
CROSLAT a WX £QLPs
—— + 3
QFOSSLAT GEOuL fo—————{
GPOSAAT £2EPT
fe——————o 2
b { 32 I e ]
crosont | [Toroscwr | GEINT
QPOSNIT @FRC
SPOSMAX QULR
QPOBCTL

Evhanced GEP (#CEF) penipharsl

Fig. 2-32 Block diagram of the EQEP peripheral module

Basically, an incremental quadrature encoder provides two square wave signals
(A and B) 90 degrees out of phase whose relationship is used to determine the
rotational direction, and number of pulses from the absolute positional origin,
indicated by an index signal (Z), is adopted to obtain the relative position
information. For forward rotation, A signal leads B signal, and vice versa. Then,
the quadrature-clock (QCLK) and direction signals (QDIR) are generated by the
quadrature decoder according to these three types of signals. Typical signals with
forward rotation generated by an encoder are shown in Fig. 2-33.

Generated once per resolution

!

SRR ENENEE
Encoder signals B
z | [ ]

A leads B : Forward

Generated once per revolution

Fig. 2-33 Output signals of an encoder with forward rotation
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Since a quadrature type of position encoder is installed in the induction motor,
the EQEP module should be operated at the quadrature-count mode for decoding.
Both edges of A and B signals are detected to generate counting pulses for the
position counter (QPOSCNT). Therefore, the frequency of the generated clock of
the EQEP logic, QCLK, is four times that of the input sequence. Since the
resolution of the mounted encoder on the motor is 1024 ppr, the maximum
counter value is set as 4095. An illustration of the quadrature counting is shown
in Fig. 2-34.

SEpal Ty bipa il pal ea iy b
SEipy MeaBiaRe U S ER iy

FFD  FFF . . veobow o N \ YFFF | FFD . FFB . FF9 . FF7

' FFE ' ' ' ' ' FFE '
ndex event ' ' “ ! - . y ) l \
marker

Fig. 2-34 Operation of the EQEP module in the quadrature-count mode

Once the positional information is decoded, the rotational speed of the machine
can be obtained by (2-73) with the built-in capture unit of the module as
&
v(k)=— 2-73
(k) = (2-73)
where C is the specified unit position, and AT indicates the time interval within a
unit position. In other words, the speed is calculated by measuring the elapsed

time between sucessive quadrature pulse edges.

The configuration of the EQEP module is described as follows. The unit
position event (UPEVNT) is specified as one resolution. Also, the capture clock
(CAPCLK) is configured as SYSCLKOUT / 128 for the capture timer (QCTMR),
where SYSCLKOUT is the operational clock of the DSP controller, and it is
equal to 150 MHz. Then, the value of the timer is latched into the capture period
register (QCPRD) on every unit position event and the capture timer is then reset
automatically. Thus, AT = (the period of CAPCLK) x QCPRDin (2-73), and an
example of the capture unit operation is shown in Fig. 2-35.
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Chapter 3

Servo Traction Control of the Electric
Vehicle

In this chapter, high performance servo control of the induction machine with
significant improvement of the acceleration ability and the operating efficiency has
been developed, and it has been further implemented on the electric vehicle. An
identification process of the rotor time costant is first developed to precisely obtain
the parameter for implementation of the present indirect vector control. Then, the
maximum torque per amperage control is realized for the machine to provide the
maximum _acceleration of the vehicle. Finally, the operation obtaining the highest
efficiency, which can be fulfilled with correct setting of the flux-producing current,
has been experimentally verified. Results show that performance of an electric vehicle
can achieve better operations in real driving tests.

3.1 ldentification Process of the Rotor Time Constant

In order to perform servo induction motor control with the indirect vector control
scheme, the rotor time constant of the machine must be known for estimation of the
synchronous angle as seen in Fig. 2-5. However, it is usually not precisely provided
by the machine manufacturer, and conventional identification approaches are not
suitable for electric-vehicled applications. Thus, an accurate and simple identification
of the rotor time constant is desirable such that it can be directly performed on the
vehicle without modifying the control scheme.

3.1.1 Effects of the rotor time constant

The slip frequency has been derived in Section 2.3.1 as

1+ Iy
slip — PTe l (3'1)
z-r Ids

where 7, is the actual rotor time constant, and iqs and igs are the actual g-axis and
d-axis current flowing into the motor. Since the rotor time constant is much smaller
than the mechanical constant of the vehicle, dynamics of (3-1) can be neglected as
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referred to the mechanical system. Therefore, it can be rewritten by substituting p =0
as
1l

Tr Ids

%) : (3-2)

Slip —

and the magnitude of the actual stator phase current is given by

is = \/ |§s + I§s (3'3)
In the indirect vector control, the slip frequency is estimated based on

fal

. 1+ p7, Ig
slip — ApTr .Aq (3'4)
(2 Ids

where parameters with the head notation stands for their estimated values in the
controller. Similarly, the equation (3-4) can be simplified if referred to the mechanical
system as

A 1 Iqs

) (3-5)

slip — ~ =
Tr Ids

The magnitude of the estimated or feedback stator phase current can be represented as

Iy, = JIg +i2 (3-6)
Under current closed-loop control, the constraints are given by [26]

) @ (3-7)

slip 5N slip

iy =1, (3-8)

Then, we define

I

|
tana = Ii (3-9)
ds

i S
tan g =2 (3-10)

Ids

Hence, by (3-2), (3-5), (3-7), (3-9), and (3-10), we obtain

tan g = T—’ tana (3-11)

T

Therefore, if the estimated rotor time constant is deviated from the actual value of the
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machine, the actual d-q axis currents flowing into the induction machine are no longer
equal to their estimated values as shown in Fig. 3-1.

Al
W,

Ids

~ > d—axis
Ids

d —axis
(©
Fig. 3-1 Relationship between the estimated and actual d-q axis currents when
@7, =7, ,(b)7, >7,,and (c)7, <7,

As seen from Fig. 3-1(a), when the estimated rotor time constant is equal to the
actual value, the estimated d-g axes (estimated synchronous reference frame by the
controller) and the actual d-g axes (actual synchronous reference frame of the
induction machine) match perfectly. Under such conditions, it indicates that the actual
d-g component currents are equal to their estimated or feedback value. Moreover, the
flux and torque control can be completely decoupled in this condition, which is
desirable in the indirect vector control scheme. However, if the estimated rotor time
constant is larger than the actual value, the estimated d-q axes will move clockwise
away from the actual ones. In this case, the actual flux component current is larger
than the estimated value while the actual torque-producing current is smaller than the
estimated one as shown in Fig. 3-1(b). On the other hand, if the estimated rotor time
constant is smaller than the actual value, the estimated flux component current is
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smaller than the actual one, but the estimated torque-producing current is larger than
the actual value. The estimated d-q axes are counterclockwise away from the actual
d-g axes under such circumstance. Both two cases actually are suffered from
incomplete decoupled control of the flux and torque.

3.1.2 Identification of the rotor time constant

In effect, the developed torque of the induction motor is dependent on the
product of the d-axis and g-axis currents as shown in (2-68). By (3-3), we can derive

I,s =1, COS S (3-12)
I, =1gSINB (3-13)
Substitute the above equations into (2-68), and the produced torque is obtained as
e L
Uy ol A 3-14
1/ AN - p (3-14)

r

Obviously, when g = 45°; the-maximum torque can be provided at given is, L, and L.
Also, it can be recognized from (3-11) thate = Swhen the estimated rotor time
constant is equal to its actual value. This concept can be further applied to develop an
identification process of the rotor time constant carried out in the control scheme as
shown in Fig. 3-2.
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Fig. 3-2 Control diagram of the rotor time constant identification process
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Procedures:

(a) Set d-q axis current command with an identical step pattern (impliesa = 45°), and
set 7, as an arbitrary value (normally smaller than 0.1) to perform the
closed-loop control for the current loop. Then, record the corresponding speed
response.

(b) Maintain the current command the same as in step (a), and adjust 7
program and then record the corresponding speed profile.

(c) Repeat step (b) and obtain all acceleration data with different settings of 7, .
When the maximum acceleration is obtained, the corresponding 7, is
approximately the same as the actual value of the machine. This further shows that
as = a =45", the maximum torgue can be obtained.

Here, the acceleration is recorded instead of the torque because no torque sensor is

installed on the system. Such an alternative way is quite reasonable because at given

load, the maximum torque will generate the maximum acceleration. Experimental
results of an example with d-g axis current command = 0.4 puand 7, = 0.08 s are

shown in Fig. 3-3.
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Fig. 3-3 Responses with 7, =0.08sand iy, =i, =0.4pu

44



As seen from Fig. 3-3, the g-axis current will decrease after a specific time
instant, where the maximum supplied voltage level is reached as t;. This is mainly
caused by the growing back-emf term, K @, , so that the controller cannot provide
sufficient voltage on the g-axis for the igs-regulation as the speed continually increases.
Therefore, the g-axis current will decrease until the developed torque is equal to the
load torque where the equilibrium is obtained. This concept can be understood by
observing (2-57) and Fig. 2-6.

Consequently, the acceleration obtained in the procedure (c) is the average value
right before ty, i.e. the time instant after which the g-axis current begins to decrease as
shown in the following equation.

a= —“’mt(tl) (3-15)

In order to verify the validity of the identification process of the rotor time
constant, we first have performed four different sets of step current commands at no
load as shown in Fig. 3-4,-and-experimental results are summarized as in Fig. 3-5.

Fig. 3-4 Experimental setup of rotor time constant identification without load
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Fig. 3-5 Experimental results with different 7, at no-load condition

r

A

As seen from Fig. 3-5, the maximum acceleration is obtained when 7,
regardless of four different sets of step current command magnitude. Apparently, the
rotor time constant can be identified as approximately 0.08s based on the proposed
approach. The result is fairly close to its nominal value 0.074s, as identified in [28].

is set as 0.08s

Then, the identification process is directly performed on the vehicle placed on a
supporting framework as shown in Fig. 3-6. The experimental results shown in Fig.
3-7 shows that the identified rotor time constant is also 0.08s, which is consistent with
the results obtained in Fig. 3-5. Thus, the proposed identification approach is
reasonably accurate and the rotor time constant can be directly identified when the
machine is installed on the vehicle. Compared with the conventional identification
process, the proposed method is much easier to implement.
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Fig. 3-6 Experimental setup of rotor time constant identification performed
directly on the vehicle
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Fig. 3-7 Experimental results with different 7, performed on the vehicle

r

3.2 Maximum Torque per Amperage Control

3.2.1 Approach of the equal d-q current command

The maximum torque per amperage (MTPA) operation is considerably important
because the developed torque is maximal at given stator current magnitude so that the
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Speed (km/hr)

motor can provide satisfactory acceleration of the vehicle. It has been already
recognized that the MTPA operation can be obtained by equally setting d-q axis
current commands so that the developed torque is maximal at the given stator current
magnitude as

=it = (3-16)
However, such arrangement is not suitable for the real vehicle application in this study,
because the torque magnitude should be larger than the rated value for propelling the
vehicle with the 0.75-kW induction machine during the start-up period. As a result,
the desirable operation is lost due to severe flux saturation. Speed responses of the
system controlled by the method based on (3-16) with a 65-kg student seated on the
vehicle when stator-current command is = 1.623, 2.094, and 2.576 pu with the step
pattern are shown in Fig. 3-8(b), (c), and (d), respectively, and the corresponding
setup is illustrated in Fig. 3-8(a).
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Fig. 3-8 Speed response of practical driving: (b) is = 1.623 pu (c) is = 2.094 pu
(d) is =2.576 pu
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According to (3-16), the flux current command igs should be set as 1.1477,
1.4806, and 1.8213 pu when is = 1.623, 2.094, and 2.756 pu, respectively. As seen
from Fig. 3-8, it takes quite a long time, more than 5s, accelerating from 0 to 10 km/hr,
This can be explained by noting that flux saturation occurs if the flux current is
operated at such high levels. Particularly, as the induction machine is saturated, a
large amount of flux current can only develop a small flux gain, i.e. Ly, shown in
(2-54). Hence, more stator phase current should be contributed to the g-axis.

3.2.2 Approach of the rated flux excitation
To solve the problem caused by the approach of providing equal d-q current
commands, it is suggested that the rotor flux linkage can be excited as its rated level

with appropriate setting of ig , and its derivation is described as below.

From (2-39) and (2-40),.the d-q rotor current can be represented as

idr B Li(ﬂ”dr & Lmids) (3'17)
i £ i 3-18
Iqr w L_(ﬁ’qr = Lmlqs) ( - )

By subsituting (3-17) and (3-18) into (2-37) and (2-38), respectively, the stator flux
linkage can be rewritten in terms of the stator current and the rotor flux linkage as
.
Ags = 0L iy + L—”‘/idr (3-19)

r

N L
Tos O (3-20)

Also, the rotor current terms in (2-35) and (2-36) can be eliminated by applying (3-17)
and (3-18), and the equations become

d, L,

r_p by RN 3-21
dt r Lr ds Lr dr (a)e a)r) qr ( )
dA,, L,. R

i =R, g —— qr_(a)e_wr)ﬂ’dr (3_22)

dat "L "L

Then, we substitute (3-19) and (3-21) into (2-33), and substitute (3-20) and (3-22) into
(2-34) to obtain the following

L> . di, ) L, L,
V, =(R, +R, F)|dS+a|_s d: —a)ealeqs—R,—zidr—a)rL—/Iqr (3-23)
L2 di L L

Vi = (R, +R, L—g‘)iqs +ol, d—:era)eoLsids + o, L—m/idr -R, L—g‘ﬂqr (3-24)

r r r
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Since the g-axis rotor flux linkage of the indirect vector-controlled induction machine
iIs zero, (3-23) and (3-24) can be further simplified as

Lfn H dids - Lm

Vg = (R, +R, F)Ids + ol ot ool — R —- A4, (3-25)
Loy dig . L

Ve =(Rg +R, L—';)Iqs + ol d_: + w0l + o, L—m/ldr (3-26)

r r

Because the stator and rotor leakage inductance are much smaller than the
magnetizing inductance, the following equations hold:

L2 A L. L L, +L
oL, =01-—)L -F)=(=-""), ~" B <<A, (327
s'ds ( Lr LS ) S ( Lm ) (Lm Lr ) dr Lm dr dr ( )
L__ .99 (3-28)
L, 1+(L, /L,)
When the motor iIs operated at no-load and rated-speed operation, we have
W, = @, (3-29)
> m L,

(R, +R, F)Iqs <L o, L—ﬂdr (3-30)
Ve <<V (3-31)

The g-axis voltage in (3-26) can be approximated based on (3-27) ~ (3-30) as
Vs = @ Ay, (3-32)

Then, by (3-31) the peak of the phase voltage can be represented as

V, =V +V2 =V, (3-33)

Therefore, the approximated value of the rated flux linkage can be simply obtained as
the peak of the rated phase voltage divided by the rated angular frequency as follows.

V
ﬂ”dr—rated S (3'34)

r—rated
where Vs.rated aNd or-raeg CAN e easily obtained from the nameplate of the induction
machine. Thus, the rated value of the rotor flux linkage can be approximated based on
Table 2-3 as

220x+/2

A ~
dromed o x51.5

~ 0.9615 (Wh) (3-35)

In the steady state, the equation (2-57) can be rewritten by subtituting s =0 as

L P L
(Rs +|__ Rr)lqs =Vqs _EL_a)m/?’dr (3_36)

r m
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L L . . . .
In (3-36), L—S =1+L—'S ~1 holds for the induction motor as previously mentioned,

m m

andi, ~ 0can be assumed at the no-load operation. Then, (3-36) can be simplified as

2V
Age = (3-37)
Paw,

Based on the above derivation, we may obtain the shaft speed to its rated value at no
load by simply adding an outer speed control loop to the present control scheme as
shown in Fig. 3-9. Then, by setting different reference of igs and recording g-axis
voltage command value (i.e. the output of the Pl controller of the g-axis current) with
the corresponding rotor speed at the steady state, the value of the rotor flux linkage
can thus be estimated by (3-37), and iy for rated flux excitation can finally be
determined. Here, the experimental setup is identical to that shown in Fig. 3-4.
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Fig. 3-9 Control diagram of obtaining the rotor flux linkage

Experimental results of the g-axis voltage command value and rotor speed when
the d-axis current command value = 0.6 pu is shown in Fig. 3-10.
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Fig. 3-10 Experimental results of the d-axis current command 0.6 pu

In Fig. 3-10, the average value of the g-axis voltage command value is 0.75 pu and
the rotor speed is equal to its rated value, 1500 rpm. The rotor flux linkage can be
approximated by subsituting experimental data into (3-37) as

2x0.75%x220%+/2

4.8 ~ 0.7425 (Wb)

4x1500% 27 /60

(3-38)

Note that the unit of oy In (3-37) is rad/s. Similarly, the rotor flux linkage under
different d-axis current command values can be obtained by applying the same
process. All experimental results are summarized in Table 3-1.

Table 3-1 Experimental results of obtaining the rotor flux linkage

igs (PU) | Vgs (PU) | om (rpm) | Estimated rotor flux linkage (Wh)
0.2 0.263 1500 0.26
0.4 0.515 1500 0.51
0.6 0.75 1500 0.7425
0.7 0.86 1500 0.8514
0.8 0.947 1500 0.9375
0.9 1.0 1413.68 1.05
1.0 1.0 1354.2 1.0974
1.2 1.0 1234.15 1.2035
1.4 1.0 1160.45 1.28
1.6 1.0 1111 1.338
1.8 1.0 1068.52 1.39
2.0 1.0 1035.77 1.434
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Obviously, when igs is larger than 0.9 pu, the motor can no longer be regulated
at the rated speed due to Vqs* reaches the maximum supplied voltage of the drive as
seen from Table 3-1. However, the rotor flux linkage can still be obtained by (3-37).
The curve of the rotor flux linkage versus the ig is depicted as Fig. 3-11 based on
Table 3-1.
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Fig. 3-11 Experimental results of obtaining the rotor flux linkage

Previously, we have already approximated the rated rotor flux linkage as 0.9615 Wb
as (3-35). Hence, the command value of the d-axis current exciting rated rotor flux
linkage can be obtained simply by applying the interpolation as 0.82 pu, as shown in
Fig. 3-11. It can also be discovered that flux saturation becomes more significant if
the d-axis current is larger than 0.82 pu. To compare speed response of the rated flux
excitation with that of equal d-q current command based on (3-16), we again apply
the experimental setup as shown in Fig. 3-8(a) and set i; = 1.623, 2.094, and 2.576 pu,
respectively. Results are plotted as in Fig. 3-12.
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Fig. 3-12 Speed responses with the rated flux excitation: (a) is = 1.623 pu
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As shown in Fig. 3-12, when the rotor flux linkage of the motor is operated at the
rated value 0.82 pu, both.the acceleration and final speed are significantly improved.
Specifically, the accelerationtime from 0 to 10 km/hr can be shortened by at least two
seconds. Comparison of the acceleration of the induction machine based on these two
approaches is shown in Fig. 3-13. The range of improvement becomes larger with
increase of is due to severe flux saturation with the equal d-q current command
setting.
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Fig. 3-13 Comparison of acceleration of the rated flux excitation
and the equal d-g current command
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3.2.3 Experimental verification of the MTPA

In order to verify the operation of MTPA, a standard experimental process as
shown in Fig. 3-14 for testing acceleration of the induction machine on the vehicle is
established as follows.

A student with 65 kg is seated on the vehicle for driving. The total weight of
the system is approximately 145 kg.

The vehicle is driven along a 75-m straight path.

The control scheme shown in Fig. 2-22 is utilized. However, the function of
the accelerator is temporarily disabled and the stator current command, is ,
is step with 1.623, 2.094, and 2.576 pu, separately.

Acceleration is calculated as the average value as the g-axis current begins
to decrease as described in Section 3.1.2.

Since the rotor time constant is sensitive to the temperature, three minutes
for heat dissipation are applied between experiments.

Fig. 3-14 Setup of the standard experimental process
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Experimental results with different operating igs is shown in Fig. 3-15. Note that
the maximum acceleration can be obtained by setting flux-producing current as 0.82
pu, so the actual MTPA operation is indeed achieved when the rotor flux linkage is
excited at the rated value. On the other hand, the acceleration is quite low by equally
setting d-q axis current as expected. Thus, 0.82 pu is chosen for igs to achieve the
maximum acceleration of the vehicle at given is .
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3.3 The Highest Efficiency Operation

In addition to the maximal acceleration, issues of operating efficiency for the
induction machine will also addressed in the electric vehicle application. The
operating efficiency in this study is defined as

7=t 100% (3-39)

dcld
The numerator of the equation is the mechanical output power of the motor, which is
the rotational speed wm, multiplied by the load torque T,.. The denominator is the
electrical input power of the inverter, formed by the product of the DC-bus voltage
and the total supplied current amount to the power switches as shown in Fig. 3-16.
Note that the efficiency is computed at steady-state, i.e. the system is operated at a

constant speed op,.
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Despite the terms om, Vdc, and lq can be obtained by reading their correpsonding

sensors, T, which is basically composed of the rolling resistance of the wheels and

the aerodynamic force, is unknown because of the absence of torque sensor in the

system. However, T, can be assumed as fixed due to the following two reasons [15].

(1) Experiments are carried-out with the same conditions as shown in Fig. 3-14.
Although the rolling resistance is influenced by the vehicle speed, the contribution
of the speed-dependent term is negligibly small, i.e. the rolling resistance effect
can be assumed as fixed.

(2) Vehicle speed is always kept less than 20 km/hr in the experiments, and the
aerodynamic force in such condition is much smaller than the rolling resistance.
Besides, DC-bus voltage is well-regulated by the power stage module, and thus it can
also be assumed as fixed. Therefore, we adopt an efficiency coefficient in place of the

real efficiency specified by (3-39) as

.t (3-40)

Similarly, evaluations of efficiency with different igs are launched based on (3-40)
directly on practical driving conditions following the standard experimental process.
Their results are shown in Fig. 3-17.

The maximum efficiency is not exacly known, because the corridor where the
experiments were performed is not sufficiently long for observation of speed in
steady-state when igs is less than 0.42 pu, and their efficiency coefficients cannot be
accessed. However, the highest operating efficiency of the induction machine can be
obtained when ig = 0.42 pu based on the present experiments. Table 3-2 summarizes
the acceleration and efficiency coefficient when igs = 0.42 and 0.82 pu, separately.
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Table 3-2 Comparison of operations with igs = 0.42 and 0.82 pu

Acceleration Efficiency coefficient Final speed
(rad/s?) (rad/s.A) (km/hr)
i =0.82pu | iy, =042pu | i,,=082pu | iy =042pu | iy, =0.82pu | iy, =0.42pu
i, =1.623pu 17.69 8.54 36.13 49.12 14.2 21.42
i: =2.094 pu 28.88 13.77 36.82 49.84 13.98 21.55
i: =2.576pu 38.92 17.95 36.47 48.4 14.12 21.4

Note that performance of the induction motor is determined by the operating flux
current, which has been already described in Section 2.3.3. When ig, is set as 0.82 pu,
the maximum torque per amperage operation can be achieved, and thus the
acceleration is maximal as shown in Fig. 3-15. However, its efficiency coefficient is
merely around 36 rad/s.A, and the final speed of the vehicle is restricted to 14 km/hr.
On the other hand, the highest operating efficiency is obtained when igs = 0.42 pu as
indicated in Fig. 3-17, and meanwhile the final speed can reach more than 21 km/hr
due to relatively low back-emf caused by lower flux excitation. However, acceleration
of the vehicle in such condition is quite limited. Actual speed responses of the vehicle
in these two cases are shown in Fig. 3-18.
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Fig. 3-18 Speed response of the vehicle when igs = 0.42 pu and 0.82 pu

Thus, the following control strategy is encouraged to accomplish both the
maximum acceleration and the highest operating efficiency:
(1) During start-up period, where large torque is required to overcome the rolling
resistance, the system-is-operated at the MTPA to provide suitable acceleration for
the vehicle, i.e. igs can be set as 0.82 pu as shown in Fig. 3-15.
(2) As the speed has significantly increased, the system is then switched to the
operation with the highest efficiency for energy saving, i.e. igs' can be set as 0.42
pu as shown in Fig. 3-17.
As a result, a switching mechanism of the operating flux of the induction machine is
necessary for the control requirement. Detailed design and verification will be
demonstrated in the next chapter.

3.4 Summary

In this chapter, the high performance servo control of the induction machine
implemented on the electric vehicle is developed to satisfy the maximum acceleration
capability and the highest operating efficiency. Present achievements are summarized
as follows.

(1) Successfully identify the rotor time constant of the induction machine
Rotor time constant is employed in the calculation of the synchronous angle
estimator in the indirect vector control, and the traditional no-load test and
locked-rotor test is not easy to implement on the vehicle. A precise identification
process that can be directly performed on the vehicle is developed to obtain the
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rotor time constant as 0.08 s.
(2) The maximum torque per amperage operation is obtained by applying the rated
flux excitation
Conventional approach of equal d-q current command is unsuitable for the
vehicle application in this study, in which severe flux saturation of the machine is
caused and the MTPA operation is thus lost. Alternatively, the maximum torque
can be obtained when the rotor flux linkage is exited at the rated value proved by
the standard experimental process, and the acceleration of the machine can be
improved by 65.5% with such arrangement when the maximal stator current is
supplied (is = 2.576 pu) as shown in the following table.

Table 3-3 Comparison of the equal d-g current command and the rated flux excitation
(is =2.576 pu)

Control method Acceleration | Efficiency coefficient | Final speed
(rad/s?) (rad/s.A) (km/hr)
Equal d-q current command 23.51 13.35 10.2
Rated flux excitation (igs = 0.82 pu) 38.92 36.47 14.7
Improvement 65.5% 173.2% 44.1%

(3) The highest efficiency is obtained with proper flux current setting
The highest operating efficiency of the machine is directly found by
practical driving following the standard experimental process as igs = 0.42 pu.
Despite of weaker acceleration ability, the efficiency coefficient at such
operating point can be further increased to 48.4 rad/s.A when the maximal stator
current is supplied as shown in Table 3-4.

Table 3-4 Comparison of the rated flux excitation and the highest efficiency operation
(is = 2.576 pu)

Control method Acceleration | Efficiency coefficient | Final speed
(rad/s?) (rad/s.A) (km/hr)

Rated flux excitation

- 38.92 36.47 14.7
(igs =0.82 pu)
The highest efficiency operation

- 17.95 48.4 21.4
(ies = 0.42 pu)

Improvement 32.7% 45.6%
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Chapter 4

Design of the Optimal Switching
Mechanism

In this chapter, the idea of designing a switching mechanism of the operating
flux of the induction machine for achieving both the maximum torque and the highest
operating efficiency will be developed to meet control specifications of the electric
vehicle. We first propose the slip factor adjustment, y-adjustment, for a smooth
characteristic of the wvehicle application. Then, the switching strategy that
automatically adjusts the operation accoring to the driving conditions to satisfy the
requirement 1s designed based on the proposed y-adjustment.

4.1 Slip Factor Adjustment (y-Adjustment)

First of all, we define a slip factor, v, in the slip frequency calculation such that

. 1+ p7, lgs
a)slip T 1 +Aprr :\i (4'1)
7/ Tr Ids

Note that the defined slip factor is unity in general indirect vector control as seen from
(3-4). As stated in Section 3.1.1, the rotor time constant of the induction machine is
much smaller than the mechanical constant of the vehicle. Hence, the equation (4-1)
can be rewritten by substituting p = 0 as referred to the mechanical system as

.11
a)slip = _Z,_\_i*i (4'2)
r 'ds

By substituting (3-9) into (4-2) and substituting (3-10) into (3-2), we obtain

Dgip = 1% tana (4-3)
YT
1

Dslip = T—tanﬂ (4-4)

r

Then, equate (4-3) and (4-4) with the constraint of current closed-loop control
indicated in (3-7), and the following equation is derived:

tan g = lTA—'tan a (4-5)

61



With the developed rotor time constant identification described in Section 3.1.2, the
estimated rotor time constant7, can be obtained as close to the actual valuer,. Thus,

the equation (4-5) can be simplified as

tan g = 1 tana (4-6)
v

Relationship between the feedback and actual d-q axis currents flowing into the
induction machine can be depicted based on (4-6) as shown in Fig. 4-1.

(©)
Fig. 4-1 Relationship between the estimated and actual d-q axis currents when
@y=1,Mb)y>1,and(c)y <1

When y = 1, the actual current is equal to the estimated or feedback value on
both axes. This is what general indirect vector control is applied. If y > 1, B will be
larger than a, and the actual g-axis current flowing into the motor is smaller than its
feedback while the actual d-axis current is larger than the feedback one. On the other
hand, B will be smaller than a when y < 1. In this case, the actual g-axis current is
larger than its feedback while the actual d-axis current is smaller than the feedback.
Obviously, by adjusting y while keeping the current commands as the same magnitude,
the actual d-q axis current can also be altered.
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The first merit of such adjustment is that the maximum torque per amperage and
the highest efficiency operation can still be obtained by properly setting y even if igs
is not originally set at both optimal operating points. To verify its validity, we
intentionally set igs as 0.62 pu, which is neither the operation of the maximum torque
per amperage nor the operation of the highest efficiency, and obtain y correpsonding
to these two operations through the standard experimental process developed in
Section 3.2.3 and 3.2.4. Experimantal results are shown in Fig. 4-2 and 4-3.
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From the above experimental results, it can be identified that the system has the
maximum acceleration when y = 1.625 to achieve the maximum torque per amperage
operation. Additionally, the highest efficiency operation can be obtained with y =
0.625. Data of the acceleration and efficiency coefficient when y = 1.625 and 0.625
are summarized in Table 4-1.

Table 4-1 Comparison of acceleration and efficiency

Acceleration (rad/s?) | Efficiency coefficient (rad/sec.A)
y=1.625 | y=0.625 y =1.625 y =0.625

i, =1.623pu 17.61 7.638 36.63 49.47

i, =2.094pu 28.71 12.08 39.66 49.7

i, =2.576 pu 39.27 18.36 38.11 49.88

Therefore, even though the flux current is not correctly operated at the maximum
torque per amperage (igs = 0.82 pu with y = 1) and the highest efficiency operation
(igs = 0.42 pu with y = 1), both of them can still be obtained by setting v as 1.625 and
0.625 when igs = 0.62 pu, respectively, as shown in Table 4-1.

The approach that sets igs = 0.82 pu to obtain the maximum torque per amperage
operation and sets igs = 0.42 pu to obtain the highest efficiency operation with y = 1 is
performed by different settings of igs . To distinguish this approach from the proposed
y-adjustment, we specifically denominate it as iqs -adjustment. Speed responses of the
vehicle with the maximum torque per amperage (MTPA) operation obtained by the
igs -adjustment and the y-adjustment are compared in Fig. 4-4(a), and comparison
between the highest efficiency (HE) operation obtained by the igs -adjustment and the
y-adjustment is shown in Fig. 4-4(b). Both two figures are obtained with the
maximum supplied stator current, i.e. is is 2.576 pu. Their acceleration and efficiency
coefficient are listed in Table 4-2.
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Fig. 4-4 Comparison of the speed response obtained by

Table 4-2 Comparison of the igs -adjustment and the y-adjustment

(is =2.576 pu)

Operation Approach Operating Condition iy PRy coefricient
P i X . (rad/s?) (rad/s.A)
igs -adjustment | iy, =0.82 puand =1 38.92 36.47
MTPA
v-adjustment | iz =0.62puand y =1.625 39.27 38.11
igs -adjustment | iy =0.42puand y =1 17.95 48.4
HE
y-adjustment | i, =0.62 puand y =0.625 18.36 49.88

Consequently, we can conclude that among the following four operating points:

® iy -adjustment
(1) igs =0.82 puwithy=1
(2) igs =0.42 puwithy=1
® y-adjustment
(3) igs = 0.62 pu withy = 1.625
(4) igs = 0.62 pu with y = 0.625

(1) and (3) obtains equivalent maximum torque per amperage operation, while (2) and
(4) obtains the identical operation of the highet efficiency.

65




4.2 Comparison between the y-Adjustment and the ids*-Adjustment

It can be recognized that the decoupled control will be modified by the
y-adjustment as seen from Fig. 4-1, which indicates that the operating flux will no
longer be constant while changing the g-axis current, and torque ripples may be
generated due to varied flux as stated in [26]. However, the ripples can be filtered out
in the vehicle application because the mechanical time contant is far larger than the
rotor time constant. In order to verify it, we have launched three sets of experiments
in which ramp stator current commands with different slopes are fed into the system.
Fig. 4-5 shows the patterns of the ramp stator current commands as:

(1) Slopel = 2.576 puls

(2) Slope2 =1.0304 pu/s

(3) Slope3 =0.5752 pu/s
Vehicle speed response corresponding to (1) ~ (3) operated at the maximum torque
per amperage by the igs -adjustment (iss = 0.82 pu with y = 1), and the y-adjustment
(igs = 0.62 pu with y = 1.625)-are compared in Fig. 4-6(a) ~ (c), respectively.

(1) 1.0 s from 0 to 2.576 pu
3.5 (2) 2.5 s from 0 to 2.576 pu
== === (3) 5.0 s from 0 to 2.576 pu
~—
>
£ 3
2
g LN I;—- L
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)
c
(5]
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S
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o
)
@©
)
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Time (sec)
Fig. 4-5 Three stator current commands applied for the verification of torque ripples
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Fig. 4-6 Comparison of the vehicular speed response operated at the maximum
torque per amperage by the ids*-adjustment and the y-adjustment

As seen from Fig. 4-6, torque ripples are eliminated by the system with large
mechanical time constant in the experiments, since no ripples are present in the
practical speed response with the y-adjustment. In fact, with the results shown in Fig.
4-6 we can also prove that the operation with igs = 0.82 puand y = 1 and the
operation with'igs = 0.62 pu with y = 1.625 are equivalent to each other once again.

Then, to further investigate the difference between the igs -adjustment and the
y-adjustment, operation with the maximum toruge per amperage and that with the
highest efficiency are switched back and forth with is = 2.576 pu step command for
testing. The patterns of the testing switching process between these two operations for
the igs -adjustment and the y-adjustment are shown in Fig. 4-7. Note that y is kept as
unity and igs is switched between 0.42 pu and 0.82 pu when the igs -adjustment is
applied, while igs is kept as 0.62 pu and y is switched between 1.625 and 0.625 when
the y-adjustment is applied in the testing process. Experimental results are shown in
Fig. 4-8.
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As seen from Fig. 4-8, the operation of the currents of the y-adjustment is
smoother than that of the igs -adjustment with the given switching process.
Particularly in the time interval between the 7" second and the 10" second, the g-axis
currents of both approaches decrease significantly since the rotor flux linkage and
thus the back-emf constant becomes stronger when the operation is switched from the
HE to the MTPA. It can be noticed that the g-axis current response of the
igs -adjustment instaneously drops to negative values, indicating torque with the
opposite direction is developed. This phenomenon can be detected as well from its
own speed response, where drastic speed drop occurs and causes more uncomfortable
driving experience, as shown in Fig. 4-8(a). On the other hand, the g-axis current
value of the y-adjustment is always positive regardless of the varied operations, and
the torque will always be of the forward direction. Accordingly, the y-adjustment
yields smoother operating performance that is more applicable to traction control of
the electric vehicle when the switching machanism is applied. This is the second merit
of the y-adjustment approach.

4.3 Switching Strategy for Both the MTPA and the HE Operation

4.3.1 Design of the switching strategy

It has been already verified In the previous section that the y-adjustment
possesses . relatively smooth driving performance with the switching machanism.
Therefore, the y-adjustment is applied as the basis of the switching strategy designed
for obtaining both the maximum acceleration and the highest efficiency.

As far as the traction control of electric vehicle is concerned, it is desirable to
meet the following two characteritics:

(1) High torque for starting and at low speeds

(2) High efficiency for high-speed cruising
Based on the fact, we can first determine speed thresholds for the operations. Fig. 4-9
shows the speed response obtained by the y-adjustment with the maximum supplied
stator current when the induction machine is operated at the MTPA and the HE. The
designed switching strategy that can automatically adjust y according to driving
conditions is also illustrated in the figure. The definitions of three operations specified
based on two speed threshold values, 10 and 15 km/hr, in the strategy are shown in
Table 4-3.
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Fig. 4-9 Hlustration of the designed switching strategy for y

Table 4-3 Definition of three operations in the switching strategy

Specified operation | Definition Description Setting
Operation 1 High speed Speed > 15 km/hr v =0.625
Operation 2 Medium speed | Speed = 10~15 km/hr | y = 0.625~1.625
Operation 3 Low speed Speed < 10 km/hr v =1.625

In practical driving, the supplied stator current magnitude is determined by the
accelerator in the system, and thus the g-axis current command may intensely vary.
Nonetheless, the mechanical time constant of the system is very large so that the
variation of the vehicle speed acts much slower than that of the current. As a result, it
is quite sufficient to check driving conditions just every second for the switching
strategy as shown in Fig. 4-10.

Check driving conditions for the switching strategy

HEEEERE

OO — — — — Time(s)
0 1 2 3 4 5 6 - - -

Fig. 4-10 Illustration of driving-condition checking of the switching strategy
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When y = 1.625, it is obvious that the increasing rate of the speed response
becomes smaller and smaller if the speed continues to increase after reaching 10
km/hr, and the speed will gradually converge to a final cruising speed value. Thus, the
first speed threshold is set at 10 km/hr. When the speed is smaller than this value, it is
defined as the low-speed operation (operation 3). During this operation, y is always
kept as 1.625 for providing the maximum torque.

Furthermore, 15 km/hr is determined as the second speed threshold such that
operation with speed larger than 15 km/hr is defined as the high-speed operation
(operation 1) while operation with speed lying between 10 and 15 km/hr is specified
as the medium speed operation (operation 2). In operation 1, y will be kept as 0.625 to
obtain the highest efficiency.

Finally, there are four possibilities for the behavior of y in the defined
y-switching interval, i.e. operation 2:

(1) y is switched from.1.625 to 0.625 within 1 s

(2) y is switched from0.625 to 1.625 within 1 s

(3) v is 0.625

(4)vis1.625
The notion of the strategy design for this operation is descriped as follows: In general,
the driver will keep stepping on the accelerator pedal deeply in an attempt for
acceleration If one senses that the vehicle is currently slow. Contrarily, if the driver
considers that the present vehicle speed is too high, the accelerator will be shallowly
stepped on so that the speed is going to slow down. The vehicle tends to operate at a
high speed in the former case while it tends to be operated at a low speed in the latter
case. Hence, the driving commands set by the accelerator, i.e. the commands of the
supplied stator current magnitude, is , can be employed for a criterion to determine
which action among (1) ~ (4) will be applied as shown in Fig. 4-11.

In the present implementation, we specify 1.5 pu as the theshold value of i .
After operation 2 is confirmed, the system will check if is is larger than the threshold.
If it is true, y will be switched from 1.625 to 0.625 within 1 s when vy is currently not
0.625; otherwise y will be maintained as 0.625. If is is smaller than the threshold, y
will be switched from 0.625 to 1.625 within 1s when vy is not 1.625 at present, or y
will be maintained as 1.625. The flow chart and the block diagram of overall control
program of the system including the switching strategy implemented on the DSP
controller are shown in Fig. 4-12 and 4-13, respectively.
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Fig. 4-13 Block diagram of overall control program implemented on the DSP controller

As shown in Fig. 4-12(b), a counter, cnt, is plus one every time when the current
control branch is executed, and it will be reset to zero as long as its value is larger
than 14999. Since the interrupt frequency of the system is 15 kHz, the conditional
statement evaluating whether cnt is equal to zero, as illustrated in Fig. 4-12(c), is used
to implement condition checking every second of the switching strategy. Besides, the
actions where y —= 1/15000 and y += 1/15000 indicate that y is switched from 1.625
to 0.625 within 1's and vy is switched from 0.625 to 1.625 within 1 s, respectively.

4.3.2 Experimental verification of the designed strategy

To verify that the designed switching strategy is effective, we have performed
various experiments with practical driving conditions. The first one was carried out
with step 2.576 pu of is, and operation with MTPA only, HE only, and the designed
switching strategy are compared in Fig. 4-14 and Table 4-4.

As seen from Fig. 4-14 and Table 4-4, operation with the switching strategy
possesses both charateristics of MTPA (y = 1.625) and HE (y = 0.625) as: At start-up
of the vehicle, the system is operated at the MTPA so that the maximum acceleration
can be obtained. Then, the system is switched to the HE operation for higher
efficiency and final speed as the speed increases until it exceeds 10 km/hr.
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Table 4-4 Comparison-of with the MTPA, the HE, and the switching strategy

) . | Acceleration | Efficiency coefficient | Final speed
Operation Operating. Condition L
(rad/s®) (rad/s.A) (km/hr)
MTPA only v =1.625 39.27 38.11 14.7
HE only vy =0.625 18.36 49.88 21.6
Switching strategy | vy is automatically adjusted 39.27 49.88 21.6

The second experiment for the verification was launched such that the driver can
step on the pedal as one wants to control the vehicle. Results of control schemes with
and without the switching strategy are shown in Fig. 4-16 and 4-15, respectively.
When the vehicle is driven without the switching strategy, the maximum acceleration
can be obtained since vy is set as 1.625 to provide the MTPA. However, Fig. 4-15 (c),
(d), (i), and (j) exhibit that the vehicle speed is limited to approximately 14.7 km/hr no
matter how large the command is is fed. The reason is that strong rotor flux linkage is
excited when the system is operated at the MTPA and it causes large back-emf. From
the results shown in Fig. 4-3 we also know that the efficiency at such an operation is

not desirable.
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Fig. 4-16 Experimental results of control schemes with the switching strategy



After the switching strategy is added to the control scheme, y can be
automatically adjusted as shown in Fig.4-16(e), (f), (k), and (l) according to the
driving conditions such as the vehicle speed and the stator current magnitude
command controlled by the accelerator in order to obtain both the MTPA and the HE
operations. Also, the vehicle speed is no longer restricted to 14.7 km/hr. The highest
vehicle speed that can be obtained with the switching strategy is 21.6 km/hr as shown
in Table 4-4.

In Chaper 3, we have already verified that the approach of equal d-q current
command is not suitable for the real vehicle application, since the desirable MTPA
operation is lost due to severe flux saturation. When the electric vehicle is driven
along the 75-m straight path fed by the maximum stator current 2.576 pu, we notice
that the operation with the switching strategy is the best among three operations as
shown in Fig. 4-17. It can also be recognized from Table 4-5 that vehicle performance
is signicantly improved by the desgined switching strategy.
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(1) Operation of the switching strategy
(2) Operation of gamma-adjustment MTPA
(3) Operation of equal d-q current command
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Fig. 4-17 Speed responses obtained with different control strategies
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Table 4-5 Summary of performance obtained by different approaches

) Acceleration | Efficiency coefficient | Final speed | Finish time of 75-m moving
Operation )
(rad/s?) (rad/s.A) (km/hr) (s)
Equal d-q current command 2351 13.35 10.2 25
y-adjustment MTPA 39.27 38.11 14.7 18
Switching strategy 39.27 49.88 21.6 15
Improvement 67% 273.6% 111.8% 40%

To prove that the MTPA obtained by the proposed y-adjustment and the
switching strategy is better than the operation of the equal d-g current command, we
also have performed an experiment on an inclined road locating at the campus for
testing the capability of uphill climbing, where the system was fed by the maximum
stator current as shown in Fig. 4-18.

It is obvious that the operation of the equal d-q current command cannot produce
adequate torque to overcome the rolling resistance so that the vehicle gets stuck on the
way and fails to climb the inclined road as seen from the experimental results shown
in Fig. 4-19. On the other hand, the operation of the switching strategy does provide
sufficiently large torque for uphill climbing, and the vehicle can steadily climb the
road with around 10 km/hr. Note that v is not switched to 0.625 since the condition for
the switching where the speed is larger than 10 km/hr is not satisfied.

g

(@) in front of the vehicle

sl

82

(b) behind the vehicle
Fig. 4-18 View of the inclined road for testing uphill climbing ability
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Fig. 4-19 Experimental results of the uphill climbing test

4.4 Summary

In this chapter, the development of a switching control strategy designed for
obtaining both the maxmium torque and the highest efficiency operation of the
electric vehicle is presented. Some important results are reviewed as follows.

(1) The y-adjustment control approach that is proposed for a smooth driving
characteritic possesses the following two merits:

® The maximum torque per amperage (MTPA) and the highest efficiency (HE)

operation can still be obtained by properly setting y even though igs is set as
0.62 pu which is not at both optimal operating points as 0.82 pu for the
MTPA and 0.42 pu for the HE:

Operation | Slip factor setting

MTPA y =1.625
HE y =0.625

® It provides smoother operating performance than the igs -adjustment when
the switching machanism is applied so that it is more suitable to traction
control of the electric vehicle
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(2) Switching strategy which can be automatically adjusted according to the driving
conditions is properly designed with significant improvement on both developed
torque and operating efficiency as follows:

When the vehicle is driven along the 75-m straight path fed by the
maximum stator current, all the acceleration, efficiency coefficient, and
final speed can respectively be improved by 67%, 273.6%, and 111.8% if
the switching strategy is applied compared with the operation of equal d-q
current command. Finish time of 75-m moving can also be shortened from
25 seconds to 15 seconds.

When the vehicle is driven along the inclined road fed by the maximum
stator current, it can successfully climb the road with 10 km/hr if the
switching strategy 1s applied while the operation of equal d-q current
command is not able to provide sufficient torque for uphill climbing.
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Chapter 5

Conclusion

In this research work, the high performance servo traction control of the 0.75-kW
IM has been successfully implemented on the TMS320F28335 DSP micro-controller,
and it is further improved by the designed automatic switching control strategy to
obtain both the maxmium torque and the highest efficiency operation to provide
satisfactory performance of the electric vehicle.

Accomplishments and contributions of this Thesis are summarized as follows.
1. High performance servo control of the IM is realized for the traction application

(1) The rotor time constant of the 1M is precisely identified
An acceleration-based identification process which can be directly
performed on the vehicle with reasonable accuracy is developed to obtain
the rotor time constant. The identified result is 0.08s, which is close to its
nominal value 0.074s.

(2) The maximum torque per amperage (MTPA) operation is obtained by the
rated flux excitation
The conventional approach of equal d-q current command is verified
unreliable for the vehicle application in this study, since the desirable MTPA
operation is lost owing to severe flux saturation of the IM. By the standard
experimental process, it can be proved that MTPA operation can be obtained
when the rotor flux linkage is exited at the rated value. With such
arrangement, all the acceleration, efficiency coefficient, and the final
vehicle speed can be improved by 65.5%, 173.2%, and 44.1%, respectively,
when the maximum stator current is applied.

(3) The highest efficiency (HE) operation is obtained by setting proper flux
current

In spite of the maximum torque produced with the MTPA operation, its

operating efficiency and vehicle speed are quite limited. Therefore, the HE

operation is found by the standard experimental process for the

improvement of the efficiency and the vehicle speed obtained by the MTPA
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operation. The former one is improved by 32.7% while the latter one is
increased by 45.6%, but the price is the degraded acceleration performance
obtained.

A switching control strategy which can be automatically adjusted based on the
driving conditions is designed to obtain both the maximum acceleration and the
highest operating efficiency of the electric vehicle.

A novel control method called the y-adjustment control is developed for a

smooth driving characteritic. Its merits are described as follows.

The MTPA and HE operation can still be obtained by properly setting y
even though igs is originally not set at both optimal operating points as 0.82
pu for the MTPA and 0.42 pu for the HE.

It provides smoother operating performance when the switching machanism
is applied, and thus it becomes more reliable in traction control of the
electric vehicle. Then, a switching strategy with which the MTPA operation
Is applied at a low speed for the ‘maximum acceleration while the HE
operation is applied-at a high speed for improved operating efficiency and
vehicle speed is designed based on the y-adjustment.

Two experimetal testings have been applied to verify validity of the present
control strategy to indicate the following improvements.

The first experiment is performed for testing vehicle performance with the
maximum supplied stator current along a 75-m straight path. When the
switching strategy is applied, all the acceleration, efficiency coefficient, and
final speed can respectively be improved by 67%, 273.6%, and 111.8%,
compared with the operation obtained by the equal d-g current command.
The time of 75-m driving can also be shortened from 25 seconds to 15
seconds.

The second experiment is launched for testing vehicle performance with the
maximum supplied stator current along an inclined road. Results show that
it can steadily climb the road with 10 km/hr if the switching strategy is
applied while the operation of equal d-gq current command is not able to
provide sufficient torque for uphill climbing.
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