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Research on vector control system of
induction motor for electric vehicle

PEI Yong-chun(#3%% ), CHEN Xia(Bf &), MIAO Jian-yu(# "W ), LI Jin-xiang(ZEH#E4)
(College of Information and Electrical Engineering, Shandong University of Science and Technology , Qingdao 266590, China )

Abstract: In order to improve the effect of the induction motor controller of the electric vehicle and meet the special require-
ments of the electric vehicle, an improved method—vector control method is put forward. By analyzing the traditional vec-
tor control method, a model of induction motor is established considering stator iron loss and rotor iron loss. This model con-
tains physical model and mathematical model. Mathematical model is set up based on the special requirements of electric ve-
hicles on the induction motor, that is, the induction motor must have a wide speed range and fast torque response. Then,
through the extraction of the formula, the dynamic compensation proposal and static compensation proposal can be got. Ul-

timately, the simulation analysis testifies the effectiveness of the method.
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0 Introduction

Electric vehicles use the vehicle power as the pow-
er source, requiring that the motor drive system has
wide speed range and a fast dynamic response of
torque. As a lightweight, efficient and inexpensive
motor, induction motor has been widely used in
electric vehicles. However, the induction motor
control method based on simple model can not meet
the requirements of electric vehicles. Now research
on induction motor control method for electric vehi-
cle includes the efficiency optimization control
based on search method, the efficiency optimization
control and minimum stator current control based
on the motor loss model, etc'"™* . These control
methods have their own characteristics. Among
them, efficiency optimization control method based
on the motor loss model can meet the requirements
of electric vehicles for the motor speed control sys-
tem because it has both a wide speed range and a
faster dynamic torque response” . Relative to the
traditional vector control method, the innovation
points of this paper are: comparing the simplified
model with loss model to build a physical model of
induction motor based on the loss model; comparing
the traditional vector control method with vector
control method based on the loss model to build
mathematical model of induction motor based on the
loss model; proposing compensation method of in-
duction motor vector control considering iron loss
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and verify the effectiveness of the compensation
scheme.

1 Induction motor vector control

Vector control was first proposed by Dr. Hase K
at German Darmstadter Engineering University in
1968, published by Blaschke F with the item “The
magnetic field-oriented control” in 1971. The start-
ing point of vector control was to analog DC motor
control method to control the AC motor, taking the
magnetic field vector direction as the axis bench-
mark direction and adopting coordinate transforma-
tion to realize AC motor speed and flux control de-
coupling ®' .

1.1 Torque formula of DC motor and induc-
tion motor and source of vector control
methods

According to electromechanics, the principle of
motor generating electromagnetic torque can be
considered as the result of the interaction of two
magnetic fields inside the motor, so motors’ elec-
tromagnetic torque can be expressed as a unified ex-
pression by

T, = Jnj®,Fsind, = Jnj®,Fsind,, (1)
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where n, is motor pole number; F, and F, are stator
and rotor magnetomotive modulus, respectively;
®@,, is main magnetic flux vector modulus of air-gap;
0, is angle between stator magnetomotive and air-
gap synthesis magnetomotive; 0, is angle between
rotor magnetootive and air-gap synthesis magneto-
motive.

In DC motor, the axis of main pole is used as di-
rect axis, namely d-axis; Geometry neutral line is
used as quadrature axis, namely g-axis. The motor
electromagnetic torque equation can be derived from

‘/‘\7(1 al
T, = 3L @, = Cup®l,, (2)
where
_ N,
G = 2 a

is factor of DC motor torque.

B 372
T, = 2

where

Cn = %En/)Nz,
N, is the effective number of rotor winding and ¢, is
rotor power factor angle.

From Eq. (3), it can be seen that the induction
motor electromagnetic torque is the result of the in-
teraction of the air-gap magnetic field and the rotor
magnetic potential, but subjects to the constraints of
the power factor angle ¢,. Different from DC mo-
tor, induction motor air gap flux, rotor current and
rotor power factor angle are all the function of slip
ratio, which results in the complexity of induction
motor torque control.

In summary, the electromagnetic torque relation
of the DC motor is simple and easy to control,
whereas AC motor electromagnetic relation is com-
plex and difficult to control. But there is a unified
torque formula between DC motor and induction
motor, so we can transform induction motor torque
control to the control mode of DC motor through
equivalent transformation. This is the source of vec-
tor control method.

1.2 Coordinate transformation principle of
vector control method

The final torque control of induction motors can
be attributed to the instantaneous control to the sta-
tor phase current (i,, iz, ic)" . We can produce
three-phase fundamental synthesis of magnetomo-
tive force through loading three-phase symmetrical
current i, ,ig,ic to stator winding. But there is an-
other way to produce a rotating magnetic except

n ,@”,(71\12 I«)sin(g + @) =

From Eq. (2), it can be seen that the direction
between main pole flux @, and magnetomotive force
direction of armature current is always perpendicu-
lar to each other and independent of each other.
For the excited motor, the main pole flux @, is pro-
vided by the excitation current (the stator current)
independently. The field current and armature cur-
rent are two independent circuits, which can be in-
dividually controlled to manage the torque.

In induction motor, the stator magnetic potential
F,, the rotor magnetic potential F,, and synthetic
air-gap magnetic potential all rotate with synchro-
nous angular velocity w, in space, and the angle be-
tween the rotor magnetic potential and air-gap mag-

netic potential is generally not equal to % The mo-

tor electromagnetic torque equation can be derived
by

Cm®, 1, cosop,, (3)

three-phase windings. Two-phase stationary wind-
ing and two ratating winding can also produce the
required rotating magnetic field, as long as the size,
speed and steering of the rotating magnetic are the
same with the original ratating magnetic field of
three-phase stationary windings. It is conclued that
the three-phase stationary winding on three-phase
static coordinate system is equivalent to the two ro-
tating windings on the two rotating Cartesian coor-
dinate system, and we can know the relationship be-
tween three-phase AC symmetrical current i, , iz, ic
in the three-phase stationary windings which can be
equivalent to a sinusoidal alternating current ig and
ir in the two stationary windings and sinusoidal al-
ternating current iy and i; in the two stationary
windings which can be equivalent to a sinusoidal AC
current i, and ig in the two rotating winding. The
corresponding relationship between currents is

i = Alage,
T Al @
Lapc = Isr 5

ia,g = Bi N

A (5)
s = Lss

B = Cl )
oA (6)
i = C g,

where ig=[i,,is], iw=lis,ir])s bapc =Linsip,ic]
and C=BA; A,B and C is the corresponding trans-
formation matrix.
The idea of induction motor vector control can be
deduced by Eqgs. (2) — (4) and described as follows.
Define the two-phase rotating magnetic field cur-
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rent components i, and iy as the control variables,
transform them into the current component iy and
ir in the two-phase stationary coordinate system
through rotation transformation, then transform
them into current control components iy, ig,ic in

three-phase static coordinate system through a two-
phase/three-phase transformation matrix in order to
control the operation of induction motor. From the
above, induction motor vector control principle is
shown in Fig. 1.

Rotation _»
Controller transformation 2030 Enter
Ly N g, iI; I—— ) iy, iy, ik Converter
eNd
Rotation 3p—>20 Feedback
) transformation o
L dasip | (] Ul il
| —~
M

Fig.1 Induction motor vector control schematic

1.3 Coordinate transformation matrix of vec-
tor control method

The transformation matrix that conforms to the
induction motor vector control method must meet
the following requirements:

1) Transformation matrix should be orthogonal
matrix;

2) Transformation matrix should generate the ro-
tating magnetic field before and after the current
transformation;

3) Transformation matrix should make motor
power the same after voltage and impedance are
changed.

Based on Refs. [8]-[10], the transformation ma-
trices are as follows.

Two-phase coordinate system—>Three-phase coor-
dinate system(2¢—>3¢)

1
1 0 7
2| 1 V3 1
1 Y31
L 2 2 /2]

Three-phase coordinate system—>Two-phase coor-
dinate system(39—>2¢)

. -
1 o L
J2
L /21 Y3
C =N3"2 2 5 (8)
1 Y31
L 2 2 /2]

Two-phase rotating coordinate system —> Two-
phase stationary coordinate system(2s—>2r)
— sind, }

cosd,

cosd,
sind,

D' = (9)

Two-phase stationary coordinate system — Two-
phase rotating coordinate system(2r—>2s)

sind, }
cosd, I

cos0,

— sind, (10)

p-|
where 0, is the angle between the two coordinate
systems of corresponding axis. Rotating coordinate
system rotates with angular velocity w, =d0,/dt.
Three-phase rotating coordinate system —> two-
phase stationary coordinate system (3¢r—2s)

E"' =
cos0, cos(0, — %ﬂ) cos(d. + %T[
R 2
5 sind, sin( 0, 3 ) sin( 4. + 3 )1
1 1 1
V2 V2 V2
(11)

Two-phase stationary cooreinate system—> three-
phase rotating coordinate system (2s—>3¢r)

cos0, sind, J%
2 PN N |
E = 3 cos(6, + 3) sin(d, + 3) 7
2 . 2w 1
_Cos(H, - §) sin(4, — 3) J_i_
(12)
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Using the above-mentioned method, change
three-phase stator current of induction motor i, iy,
i to rectangular axis current i,,ig, decoupled exci-
tation component and torque component, then will
realize the vector control method of induction mo-
tor. However, the drive motor used in electric vehi-
cle has its specific characteristic, which requires the
back electromotive force of drive motor with a high
speed not to be too high in order to realize a good
torque adjusting ability. The back electromotive
force of driver is influenced by magnetic inductance
L, , and proportional to L, , but a too low L,, will
influence the torque output capacity of induction
motor. In induction motor of an electric car, this
contradiction is solved by reducing the number of
stator coils and adding the current density of coils.
However, this method will produce a lager current
and lead to an increasing iron loss of induction mo-
tor, especially when the car moving in a high speed.
So the traditional method needs to be improved.

2 Vector control method of induction
motor with iron loss

Based on the above analysis, iron loss of induction
motor in electric vehicle is an important element to
influence the efficiency of drive system, as the same
as the copper loss. The key point of this paper is to
build a model of induction motor with iron loss
based on oriented magnetic field of rotor, derivate
new formulas for vector control, and put forward
static compensation plan compared with the formu-
las of traditional vector control method.

2.1 Physics model of induction motor with
iron loss

Iron loss of induction motor includes stator iron
loss and rotor iron loss. We can make it equivalent
to the stator and the rotor winding and carry
through normalized calculation. Let the number of
winding circles equal to the number of stators, and
then a physics model of induction motor with iron
loss based on traditional induction motor can be
built, which is shown in Fig.2. Relative to the tra-
ditional induction motor, there are equivalent wind-
ing of iron loss in both stator side and rotor side.

Core loss of induction motor includes magnetic
hysteresis loss and eddy-current loss as expressed by

pre = pi + po = (bfB> + KN B V) ~
KF(‘f‘ljBZG’ (13)

where K. is loss coefficient of iron core, G is mass
of iron core and B is magnetic flux density.

When electric vehicle moving normally, speed of
the rotor is close to synchronous speed and the

Fig.2 Model of induction motor with stator & rotor iron loss

alternative frequency of current inside the rotor of
induction motor is very low. According to Eq. (13),
the iron loss of rotor is very small that it can be ne-
glected and we only consider the iron loss of stators.
The physics model is shown in Fig. 3.
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Fig.3 Physics model if induction motor with stator iron
loss only

In Fig. 3, A, B and C denote the three-phase
winding axis of the stator, fixed in space, and a, b
and ¢ denote the three-phase winding axis of the ro-
tor, turning at an angular velocity of w, relatives to
the stator, the angle between axis A and axis a is 0,
and it changes with the moving of the rotor.

2.2 Mathematical model of induction motor
with iron loss and the model after the
coordinate transformation

The basic physics model of induction motor is
three-phase static and the corresponding mathemati-
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cal model is three-phase static, too. For the conve-
nience of decoupling of motor flux and torque, it
must decouple the excitation components and torque
components first. Coordinate transformation of
vector control method can realize it. The vector
control method of induction motor with iron loss

sation, furthermore, provides premise and basis for
optimization design of controller efficiency subse-
quently. The model is shown in Fig. 4.

Voltage balance equation of induction motor can
write as

. . . . u = Ri + p¥. 14
takes the influence of iron loss to the induction mo- p (14)
tor into account and makes corresponding compen-
Stator coordinate
transformation
t matrix Stat
Stator Voltage or Voltage
equation ; equation
Rotor coordinate
Rotor transformation Rotor Torque
matrix equation
Flux Flux
Stator iron equation - Stator iron equation
loss Coordinate loss
transformation
matrix of stator
Three-phase stationary g loss Two-phase synchronous rotating coordinate system
coordinate system .
E'(®,)
Fig.4 Mathematical model transformation principle of induction motor
In Eq. (14), voltage vector
T T T T
u = [us Ug uFeJ s Us = Lua  up u("] » Up = I:ua Up ch s Upe = [uFe/\ Urep uFeC]
Current vetor
. . . . T . . . T . . . 1T . . . . T
1= [lx IR lFe] y ls = I:lA lp l(J s IR = I:la Ly l(‘] s lpe = [LFeA LreB lFe(.'J s
Flux vector
T T T T
Y = [q]s L WFe] W = [WA Wy WC] , Yr = [\Fa v, ‘Fc] » Yre = [WFeA Ve lp‘FeC} .
Resistor matrix
R = di'dg[Rs Ry RFeJa R, = diag[RA Rg R(:],
RR = dlag[ Ra Rb Rc :I ’ RFC = d]ag[ Rl—‘eA RF[-:B RFCC J .
And
Aa=Ry =R =Rs, R, =R, =R. =R,, Ree = Ry = Rpec = Rf-
Magnetic chain of the windings is the sum of self- the following equation
induced magnetic chain and mutual induced magnet- .
. . ; . . . Y = Li, (15)
ic chain which comes or is coming from other wind-
. . . where
ings, the flux vector in Fig.3 can be expressed by
[ Laa L s Ly Ly, Ly, Ly L sren L sres Lpec
L, Ly Ly Ly, Ly, Ly Lprea Lprep Lgrec
Lca Leg Lce L, L, L. Lcpea Lcres Lerec
LaA LaB Lu(? Laa Lab Lac LaFeA LaFeB LaFeC
L = LhA LbB Lb(? Lha Lbb Lbc LhFeA LbFeB LhFeC
L cA L cB L cC L ca L cb L cc L cFeA L cFeB L cFeC
L FeAA L FeAB L FeAC L FeAa L FeAb L FeAc L FeAFeA L FeAFeB L FeAFeC
L FeBA L FeBB L FeBC L FeBa L FeBb L FeBc L FeBFeA L FeBFeB L FeBFeC
LLpeca Lrecs Lrece Lveca Lveaw Lrece Lrecren  Lrpecres  Lrecrec
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The above equations form the mathematical mod-
el based on three-phase static model of induction
motor. Coordinate transformation can change the
mathematical model of induction motor from three-
phase static axis A, B and C to two phase synchro-
nization axis d and g. The matrix of coordinate
transformation is shown in Eq. (11), while (its cor-
responding electrical angle 0, is different) corre-
sponding to a different electrical angle 0,. For sta-
tor windings and equivalent windings of iron loss,
coordinate system of dg rotates with a synchronous
angular velocity w,, corresponding 0, still write as
d,; for rotor windings, coordinate system rotates
with a slip and relative angular velocity ., corre-

udq = [udx u

qs u

U,

dr

ldq = I:ld\' Zq.\' Zos Lay

’qqu = I:de ‘I’

qs

v, V.

dr

Voltage formulas of induction motor after trans-
formation under synchronization reference frame
are
Rsids
Ry
Rridr
R,i,
= RFC ich + wrwq/71 ’

wtwdlvz .

- wrqu + P\Fds ’
wtwds + pw

+ s 0

— (,U(,lp.qr + plp.dr ) (18>

+(l), dr + p‘I/

qr

= RFe que -

Flux equations are

st
'

qs

1'%

dr

7,

qr
\Ifdm
'

qm

= Lyig + Wy,
= Lyigyx + Vs
= Lyig + Yy »
= Lyi, +%,,,
= Ligm s

= Lmlqm .

(19)

Torque equation is

L, . .
Te = n/) T(‘I’cir(lt[s - quc) -
idFe>)’

where n, is number of pole pairs; L,, is magnetic in-

qu ( ids - (20)

ductance; i4r and i, is equivalent iron loss current
of windings of d and ¢ axis, respectively; i, and

l gm

de

is exciting current of d and g axis, respectively;
and VY,

» 1S main magnetic pole of d and g axis.

sponding 6, still(then) write as 6,. So, the conver-
sion matrix from coordinate system with three-phase
static to coordinate system with two phase synchro-
nization Eq. (11) can be shown as

E,, 0 0
zZ=]0 E_ 0 (16)
0 0 E;r'

Taking it into Eq. (14), then Eq. (17) is obtained

Zu,, = RZi,, + pZ¥,,, (17)
where
. J T
uqr Uy, UgFe uqF(: UFe ’
qu Lo, L4Fe quc ZoFe ’
T
qu WO r wzl Fe T{]Fe W()Fe J .

2.3 Dynamic and static compensation of vec-
tor control method of induction motor
with iron loss

In traditional vector control method of induction
motor, the direct control variables of magnetic link-
age and torque are d and g axis components of sta-
tor current, while in vector control method of in-
duction motor with iron loss, axis components of ex-
citing current are used to control magnetic linkage
and torque. This method can reduce inaccuracy of
traditional method"’, The dynamic and static com-
pensation are also for above reason. (and the above
is also the reason for its dynamic and static compen-
sation).

According to rotor magnetic field-oriented vector

control method,
v, =%,v, =0. (21)

Substituting Eq. (21) into Egs. (19) and (20),
then

. L, .. L,ow, . pY,
J Las — <1 +1T]:Cp)ldm - RFCI gm Rr ’ (22>
{ . _ (&_"_ﬁ ) _"_mer'
lqs - Llr R Fe p lqm R Fe dm *
Writing it in matrix form
m L,w, Pl
|:Z.ds } _ 1 +RFep RFe Rr ;d’"
iqS mel & L)?l o
R Fe L/r * R Fe p 0 ‘I/’
(23)
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Eq. (23) is the dynamic compensation formula of
induction motor with iron loss. Removing differen-
tial variable p, we can obtain static compensation
formula as

[+ L, Lo,
{Zd\}i RFep RFe {idm} (24)
lq\ mer Lr Lm qm '

3 Simulation and conclusion

Simulate the vector control method of induction
motor using Matlab/Simulink. Let n, = 2, R, =
0.492 Q,R,=0.912 Q, R =500 Q, L,, =0.090 H,
L,=0.008 H, L, =0.008 H, J=2.1x10 * kg-m’.

With the purpose of comparison, represent the
traditional vector control method, vector control
method with dynamic compensation and iron loss,
vector control method with static compensation and
iron loss by Figs.5 —7, respectively. The motor st-
arts up with load of 10 N*m; In Fig.5 and Fig. 6,
the load increases to 15 N+m at 0.3 s. and down to
10 N-m at 0.35 s; In Fig. 7, the load increases to
15 N-m at 1s, and downs to 10 N-m at 1.05 s ( be-
cause of the motor is not working with steady state,
so the time of changing the load is delayed). when
motor starts, setting the maximum of motor torque
to be 40 N+m by amplitude limiting effect of torque
regulator. In figures, T. denotes given torque; T,
denotes the actual output torque.

50
—,

40

30

T,/Nm

20

10  e=e—ee—e——eemm e r;\

0.05 0.15 0.25 0.35 0.45
t/s

Fig.5 Traditional vector control method

According to Fig.5, if employ traditional vector
control method, electromagnetic torque will wave in
initiating processes, amplitude of the wave will be
higher than the maximum of electromagnetic
torque. When motor working with steady state and
changing load, output electromagnetic torque T, is
less than T, .

According to Fig. 6, if adopt vector control meth-
od with dynamic compensation and iron loss, When

motor working with steady state and changing load,
output electromagnetic torque T, tracks T, well.

50

40}

0.05 0.15 0.25 0.35 0.45
t/s

Fig.6  Vector control method with dynamic compensation
and iron loss

According to Fig.7, if use vector control method
with static compensation and iron loss, there is a
relative large error in output electromagnetic
torque, the torque increases very slowly, and the
maximum of electromagnetic torque will much high-
er than given electromagnetic torque.

55
—
45 s 4
. 35
z
25
15 ﬂ

0 0.2 0.4 0.6 0.8 1.0 1.2
t/s

Fig.7 Vector control method with static compensation and
iron loss

In practical application of vector control method
with compensation and iron loss, can use the tradi-
tional method firstly, and then employ the static
compensation method after system working with
steady state. In this way, both the motor can start
fast and system can track the electromagnetic torque
well when operating. Further more, reaction speed
of static compensation method is faster than dynam-
ic method, and the static method need more simple
hardwares.

This paper expanded the influence of stator and
the rotor iron loss to induction motor based on tra-
ditional vector control method, and built the physics
and mathematical models of induction motor with
iron loss. Transferred model of induction motor
from three-phase static axis to two phase synchroni-
zation reference frame by coordinate transforma-
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tion, and proceed-ed mathematical calculation, de-
coupled control of magnetic flux and torque by con-
trolling exciting current of d , g axis in order to con-
trol the motor accurately and provide basis for opti-
mized-efficiency of induction motor controller sub-
sequently.
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