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Abstract

This paper presents a simulation model and a parameter identification scheme of an induction motor drive for electric vehicle.
The induction motor in automotive applications should operate in very high efficiency and achieve the maximum-torque-per-ampere
(MTPA) feature even with saturated magnetic flux under very high torque. The indirect vector control which is typically adopted
in traction drive system requires precise information of motor parameters, particularly rotor time constants. This work models an
induction motor considering magnetic saturation and proposes an empirical identification method using the current controller in
the synchronous reference frame. The proposed method is applied to a 22kW-rated induction motor for electric vehicle.
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I. INTRODUCTION

Electric Vehicle (EV) typically employs a permanent mag-
net (PM) synchronous machine for propulsion owing to its
high efficiency and wide operating range under size and weight
restrictions. As car companies race to improve electric and
hybrid vehicles, their reliance on metals like neodymium used
in motors and lithium used in batteries found in electric and
hybrid cars, is raising a host of new geopolitical issues over
access to the minerals. It is believed to be near a breakthrough
in developing electric motors for hybrid cars that eliminates
the use of rare earth metals, whose prices have risen sharply
in the past year as China restricted their supply [1]. Toyota is
striving to develop a different type of electric motor to escape
a simmering trade conflict involving China’s grip on a rare
mineral, and an induction motor is revisited for high power,
e.g. electric vehicle and fuel cell vehicle.

While the space angle between the rotor flux vector and
the stator d-axis of the stator in a PM synchronous motor
can be directly measured, that of an induction motor is not
a directly measureable quantity and thus it is more difficult
to control. With the rotor-flux-oriented control there are two
main implementations to obtain the space angle of the rotor
flux vector [2]. In flux feedback control, so called direct vector
control, it is calculated from the measured or estimated stator
flux. In flux feedforward control, so called indirect vector
control, it is obtained by adding the electrical rotor angle
and the slip angle which strongly depends on the rotor time
constant. The rotor time constant is equal to the ratio of the
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rotor inductance varying with magnetizing current to rotor
resistance varying with temperature. Numerous researches
have discussed identification algorithm of the rotor parameters
by either on-line or off-line [3]–[7]. Despite its parameter sen-
sitivity, the indirect vector control has gained more widespread
for automotive applications where the maximum torque should
be produced even at standstill.

Efficiency of electric drives is a crucial index for automotive
applications due to a limited power source, e.g. a battery/a
fuel cell. The maximum-torque-per-ampere (MTPA) operation
is preferred rather than the rated flux operation common
for industrial drives [8]. The electric motors for vehicle are
typically designed in very compact size allowing higher flux
level than rated and often experience magnetic saturation.

This work proposes an identification scheme of mo-
tor parameters using the dq-axis equivalent circuit in the
synchronous reference frame rather than the conventional
single-phase equivalent circuit. The simulation model of
an induction motor considering magnetic saturation using
Matlab/Simulink R© is also developed to evaluate its control
dynamics. The proposed method is applied to a 22kW-rated
induction motor which is proper for compact-sized electric
vehicle.

II. MATHEMATICAL MODEL OF AN INDUCTION MOTOR
INCLUDING MAGNETIC SATURATION

The stator and rotor voltage equations of an induction motor
in the synchronous reference frame neglecting iron losses can
be expressed in the complex vector form as

~ve
dqs = Rs~iedqs +

d
dt
~λ e

dqs + jωe
~λ e

dqs

0 = Rr~iedqr +
d
dt
~λ e

dqr + j (ωe −ωr)~λ e
dqr

(1)
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Fig. 1. d-q winding model of a cylindrical PMSM.

Fig. 2. Inductance model considering magnetic saturation.

where the superscript e and s denotes the synchronous and the
stationary reference frame respectively, and the subscript d, q,
s and r denote the d-axis, the q-axis, the stator, and the rotor,
respectively.

The stator and rotor flux linkage vectors in the synchronous
reference frame can be expressed in terms of the stator and
rotor current vector as

~λ e
dqs = (Lls +Lm)~iedqs +Lm~iedqr = Ls~iedqs +Lm~iedqr

~λ e
dqr = (Llr +Lm)~iedqr +Lm~iedqs = Lr~iedqr +Lm~iedqs

(2)

The electromagnetic torque for rotor-flux-oriented control
can be expressed as

τe =
3
2

P
2

Lm

Lr

(
λ e

dri
e
qs −λ e

qri
e
ds
)
. (3)

The equivalent circuit of an induction motor based on (1)
and (2) is depicted in Fig. 1.

Assuming saturation of the main flux paths, the magnetizing
inductance and thus the stator and rotor inductances are not
constant but vary with saturation. The magnetizing inductance
can be expressed as a function of the modulus of the mag-
netizing current vector. The inductance matrix considering
magnetic saturation in Simulink R© can be modeled as depicted
in Fig. 2.

Based on the switch selection, the linear model uses a
constant magnetizing inductance and the saturated model uses
a varying inductance from the look-up table whose input is
the modulus of the magnetizing current vector.

The voltage equation of an induction motor can be modeled
in Simulink R© as shown in Fig. 3. It should be noted that
the synchronous angle should be calculated using the atan
function and fed back to transform the stator voltage to the
synchronous reference frame using a memory block to avoid
the algebraic loop error. Therefore, it is more convenient to
build the electrical model of an induction machine in the
stationary reference or in the rotor reference frame as depicted
in Fig. 3. In this case, an additional transformation using the
slip angle is needed to display the electrical variables in the
synchronous reference frame.

For the rotor-flux-oriented control, the q-axis rotor flux
linkage is zero since the rotor flux vector is fixed to the d-
axis of the synchronous reference frame. The rotor voltage
equation in (1) can be simplified as

Lr

Rr

d
dt

λ e
dr +λ e

dr = Lmieds (4)

ωe = ωr +
Rr

Lr

Lmieqs

λ e
dr

(5)

where the ratio of the rotor inductance to the rotor resistance
is defined as the rotor time constant, which is not actually
a constant but a parameter varying with temperature and
saturation.

The angle for the transformation between the stationary and
the synchronous reference frame in the indirect vector control
can be calculated from the angular slip frequency in (5).

III. PARAMETER MEASUREMENT

Various methods have been researched for obtaining the
electrical parameters of the induction motor. Traditionally,
these parameters can be obtained by performing the no-load
and locked-rotor tests and this work proposes a test method
using the current controller in the synchronous reference frame
already designed for torque control.

The voltage equation in steady state and the rotor current
vector and the rotor flux linkage vector can be expressed with
the stator current vector and the stator flux linkage vector as

[
~ve

dqs
0

]
=

[
Rs 0
0 Rr

][~iedqs
~iedqr

]
+

[
jωe 0
0 j (ωe −ωr)

][~λ e
dqs

~λ e
dqr

]

[
~λ e

dqr
~iedqr

]
=

1
Lm

[
Lr −σLsLr
1 −Ls

][~λ e
dqs
~iedqs

]

σ = 1− L2
m

LsLr

(6)

where σ denotes the leakage factor.
Substitution of the rotor current and flux linkage vector into

the voltage equation in (6) finally gives

~ve
dqs =

{
Rs + jωeLs

Rr + j (ωe −ωr) σLr

Rr + j (ωe −ωr) Lr

}
~iedqs (7)

For rotor-flux-oriented control, a current vector with the
amplitude of I∗ and the frequency of ω∗

e can be expressed
as

~iedqs = I∗e j tan−1 Lr
Rr (ω∗

e −ωr)

ieds = I∗
Rr√

R2
r +(ω∗

e −ωr)
2 L2

r

ieqs = I∗
(ω∗

e −ωr) Lr√
R2

r +(ω∗
e −ωr)

2 L2
r

(8)
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Fig. 3. Simulink R© model of an induction motor in the rotor reference frame.

Fig. 4. capability curve of an induction motor.

Fig. 5. current vector in the synchronous reference frame.

A. Current vector along the d-axis in the synchronous refer-
ence frame at rated speed (no load test)

When the slip frequency is zero, i.e. the excitation frequency
is equal to the electrical rotor speed, the q-axis current in (8)
becomes zero and the stator voltage in (7) can be simplified
as

~ve
dqs = (Rs + jωeLs)~iedqs (9)

Thus, the stator resistance and the stator inductance can be

calculated as

Rs =
ve

ds
I∗

∣∣∣∣
ω∗

e =ωr

Ls =
ve

qs

ω∗
e I∗

∣∣∣∣
ω∗

e =ωr

(10)

where the stator inductance should be saved at each current
level to make a look-up table for the magnetization curve
whose input is the d-axis stator current which corresponds
to the magnetizing current in the rotor-flux-oriented control.

B. Current vector nearly along the q-axis in the synchronous
reference frame at standstill (locked-rotor test)

When the slip frequency at standstill is high enough to make
Rr <<ωeLr, the d-axis current in (8) becomes nearly zero and
the stator voltage in (7) can be simplified as

~ve
dqs =

(
Rs +

Ls

Lr
Rr + jωeσLs

)
~iedqs (11)

Thus, the rotor time constant and the leakage factor can be
calculated as

1
Tr

=
Rr

Lr
≈

ve
qs −RsI∗

LsI∗

∣∣∣∣
ω∗

e>>
Rr
Lr

σ ≈ − ve
ds

ω∗
e LsI∗

∣∣∣∣
ω∗

e>>
Rr
Lr

.

(12)
It should be noted that regulating the d-axis current to

zero, d-axis of this synchronous reference frame does not
exactly coincide with the rotor flux vector since the excitation
frequency is practically limited.

For the accuracy of estimation, the proposed method to
identify the rotor resistance in this work is to take advantage
of the active power produced in the induction motor.

The electromagnetic torque in (3) in steady state yields

τe =
3
2

P
2

L2
m

Lr
iedsi

e
qs

=
3
2

P
2

L2
m

Lr
I∗2 sin

{
2tan−1 Lr

Rr
(ω∗

e −ωr)

} (13)
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TABLE I
MOTOR SPECIFICATIONS

Rated power
Rated torque
Rated speed
Number of poles

22kW
95N·m
2250 rpm
4

Fig. 6. simulation model of an induction motor drive.

which will have its maximum when the d-axis and q-axis
currents are equal to each other with a fixed amplitude. This
condition can be monitored not only by measuring directly
the produced torque but also by calculating the electric power
supplied to the induction motor at the constant operating
speed.

The electric power calculated with the stator voltage and
the stator current vector in steady state can be expressed as

pe =
3
2
~ve

dqs ·~iedqs =
3
2

(
Rs~iedqs + jω∗

e
~λ e

dqs

)
·~iedqs

=
3
2

{
Rs +

ω∗
e (ω∗

e −ωr) L2
mRr

R2
r +(ω∗

e −ωr)
2 L2

r

}
I∗2

(14)

The excitation frequency for the peak electric power can
be obtained by its differentiation in (14) with respect to the
excitation frequency, and setting this 1st derivative to zero.
This yields

ω∗
e = ωr +

Rr

Lr





1
ωr

+

√
1+
(

Rr

ωrLr

)2




∣∣∣∣∣∣ ∂ pe
∂ω∗e

=0

≈ ωr +
Rr

Lr
= ωr +

1
Tr

(15)

It should be noted that the rotor time constant in (15) should
be compensated with the variation of temperature and satura-
tion. Thus two look-up tables whose inputs are temperature
and the d-axis stator current respectively are required to adjust
the rotor time constant.

As the induction motor moves through the flux weakening
region, the slip frequency increases from the reciprocal of the
rotor time constant in (15) to the breakdown value to

ω∗
sl max = ω∗

e −ωr =
Rr

Lr

ieqs

ieds
=

Rr

Lr
· 1

σ
=

1
σTr

. (16)

IV. SIMULATIONS AND EXPERIMENTS

The parameter estimation scheme of an induction motor has
been investigated by computer simulations. Simulink R© was
used for the computer simulation. The specifications of the
induction motor tested in this work are listed in Table I.

Fig. 7. no-load simulation of the induction motor drive.

Fig. 8. locked-rotor simulation of the induction motor drive.

The induction motor is operated by a dynamometer at the
rated speed of 2250r/min corresponding to the electrical fre-
quency of 75Hz for no-load test. The d-axis current reference
of 100A corresponding to the rated magnetizing current is
applied to the current controller as shown in Fig. 7. It can be
seen that the transient response of the q-axis voltage is caused
by the d-axis rotor flux linkage.

The locked-rotor simulation result is depicted in Fig. 8,
where the excitation frequency is practically chosen as the
electrical frequency of 375Hz corresponding to the maximum
speed of 11250r/min. The q-axis current reference of 100A is
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Fig. 9. d-axis stator voltage vs. d-axis stator current.

Fig. 10. q-axis stator voltage vs. d-axis stator current.

applied to the current controller and it can be seen that the
transient response of the d-axis voltage is much faster than
that of the q-axis at no-load test since the q-axis rotor flux
linkage is zero in the rotor flux oriented control.

The induction motor in Table I is tested for the stator pa-
rameter identification at the rated speed of 2250r/min without
q-axis current command and the stator voltage references of
the current controller designed in the synchronous reference
frame are depicted in Fig. 9 and Fig. 10.

The d-axis voltage on the output of the current controller
is ideally proportional to the d-axis current at no load without
the voltage drop of the power device. To obtain a correct value
of the stator resistance, it is recommended to utilize two test
points instead of the origin.

The q-axis voltage on the output of the current controller
is also proportional to the d-axis current at no load without
magnetic saturation. The stator inductance proportional to the
slope of the q-axis voltage decreases as the d-axis current
increases as shown in Fig. 11.

Rs =
∆ve

ds
∆I∗

=
ve

ds ( I∗2 )− ve
ds ( I∗1 )

I∗2 − I∗1
(17)

Ls =
ve

qs ( I∗1 )
ω∗

e I∗1
, · · · ,

ve
qs ( I∗n )
ω∗

e I∗n
. (18)

The induction motor is tested for the rotor parameter iden-
tification at standstill without d-axis current command and the
d-axis stator voltage reference is depicted in Fig. 12, where
the excitation frequency is chosen as the electrical frequency
of 375Hz. The locked-rotor test gives the leakage factor from

Fig. 11. stator inductance vs. d-axis stator current.

Fig. 12. d-axis stator voltage vs. q-axis stator current.

the q-axis stator flux linkage as

σ =− ve
ds

ω∗
e LsI∗

. (19)

It should be noted that the leakage factor highly depends on
the skin effect and can be measured by using the frequency
characteristics [9].

The magnetizing inductance can be calculated from the
stator inductance and the leakage factor assuming that the
stator leakage and the rotor leakage inductances are equal to
each other. It is stored in the look-up table in Fig. 2 to take
magnetic saturation into account during operation.

Lm ( ieds) = Ls ( ieds)−Lls ( ieds)≈
(

1− σ
2

)
Ls ( ieds) . (20)

The induction motor is tested for the rotor time constant
identification at the rated speed with the varying excitation
frequency for the electric power is shown in Fig. 13.

The rotor time constant can be calculated from the angu-
lar slip frequency which makes the electrical power at its
maximum. The rotor time constant should be adjusted with
temperature and magnetic saturation.

Tr =
1

ω∗
e −ωr

∣∣∣∣
max pe

. (21)

V. CONCLUSIONS

This paper has introduced a simulation model of an in-
duction motor in rotor reference frame using Simulink R©

considering magnetic saturation and proposed a parameter
identification scheme of the induction motor in steady state
using the current controller designed for torque control in
the synchronous reference frame. The proposed identification
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Fig. 13. electric power vs. slip frequency.

scheme consists of the no-load test at the rated speed for the
identification of the stator parameters, the locked-rotor test
at standstill for the identification of the leakage factor and
the peak-power test for the identification of the rotor time
constant. Future work on the identification method of the rotor
time constant variation due to temperature could be helpful to
extend this research.
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