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Abstract 
 
High power induction motor (IM) is widely used in industries and recently has been put into electric vehicle as the replacement of the 

internal combustion engine. In order to study the characteristics of the IM, a model of three-phase squirrel cage induction motor is de-
signed and developed using MATLAB Simulink tool. Synchronous reference frame (SRF) technique is implemented to simplify the 
equivalent circuit model. Based on state space form, a flux linkage equation is developed using three stages transformation matrices. It 
demonstrated a good performance with fast response for AC start-up test, where simulated induced torque, rotor speed, mechanical out-
put power, efficiency, slip and stator current waveforms were generated accordingly.  Indeed, the developed IM model can be used as a 
starting platform to further study and analyses the IM drives performance for electric vehicle application. 
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1. Introduction 

Electric vehicles (EVs) such as electric car, electric train etc. con-
tribute in mitigating significant environmental issues such as air 
pollution, global warming etc. due to gas emission from gasoline-
powered vehicles with internal combustion engines (ICE) [1]. In 

general, the EVs can be categorized into battery-based electric 
vehicle (BEV) or hybrid electric vehicle (HEV) [2]. Apart from 
energy efficiency and lower gas emission, other advantage of the 
EV is the availability of electric energy through electric distribu-
tion systems, especially in urban areas. Typical disadvantages are 
low energy density and longer charging time for the present batter-
ies such as Li-ion battery, lead acid battery etc. [3]. Optimal ener-
gy management is very important to be investigated in the EVs; in 

addition to optimum design of the motor, selection of a proper 
drive, and optimal control strategy of the EVs propulsion system.  

Type of propulsion systems reported in literature and usually se-
lected for EVs are internal permanent magnet motor (IPM), brush-
less DC motor (BLDC), permanent magnet synchronous motor 
(PMSM) and induction motor (IM) [4]. Basically, a desired fea-
tures of the propulsion system for EVs are high ratio of torque to 
inertia and power to weight, high maximum torque capability, 
high speed, low level of audible noise, low maintenance, small 

size, low weight, reasonable cost, high efficiency over low and 
high-speed ranges, energy recovery on braking, and non-
sensitivity to acceleration forces [5]. An electromechanical motor 
is considered as the workhorse of EVs. Its basic function is to 
convert electrical energy supplied by the battery to mechanical 
energy which drives the vehicle. Squirrel-cage type IM has many 
of the abovementioned features as well as it is inexpensive and 
eases of availability. Moreover, this type of IM is widely used in 

the industry due to its robustness, reliability and ease of control 
technique. A comparative study between aforementioned propul-
sion systems above, found that the IM fulfils major requirement of 
the HEV propulsion system [4].   

Basically, the IM consists of a stator (the fixed part) and a rotor 
(the moving part) separated by an air gap [6]. The stator contains 
electrical windings housed in axial slots. Each phase on the stator 
has distributed winding, consisting of several coils distributed in a 
number of slots. The distributed winding results in magnetomotive 
forces (MMF) due to the current in the winding with a stepped 
waveform similar to a sine wave. In a three-phase machine the 
three windings have spatial displacement of 2π/3 radian between 

them. When a balanced three-phase currents applied, the resultant 
MMF in the air gap produces constant magnitude and rotates at 
base angular speed of ωb = 2πfb (rad/s) where fb is the base fre-
quency in Hz. The actual speed rotation of magnetic field depends 
on the number of poles, p and fb. This speed is known as synchro-
nous speed, ns and usually measured in revolution per minute 
(rpm) and is expressed as, 
 

𝑛𝑠 =
120𝑓𝑏

𝑝
 (rpm)                                                                                (1) 

 
The magnetic field or stator flux, λs has uniform strength and trav-
els at angular speed, equals to its stator frequency. The magnetic 
field induces electromagnetic force (EMF), E in the rotor wind-
ings. As the rotor windings are short-circuited, the circulating 
currents generate a reaction. Based on Lenz’s law, the reaction is 
used to counter the source of rotor current (induced EMF in the 
rotor), in turn, the rotor rotating magnetic field itself. The induced 

EMF will be countered if the difference in the speed of stator’s 
rotating magnetic field and the rotor’s becomes zero. The rotor 
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turning in the same direction as the stator magnetic field and catch 
up with it eventually. Depending on the load connected to the 
shaft, the rotor speed nr, is always smaller than the stator speed, ns. 
The difference between both speeds is called the slip speed, nsl, 
while nm denotes a mechanical speed. Hence, the nsl can be ex-
pressed as, 
 

𝑛𝑠𝑙 = 𝑛𝑠 − 𝑛𝑟 = 𝑛𝑠 −
𝑝

2
𝑛𝑚 (rpm)                                                    (2) 

 

𝑠 =
𝑛𝑠𝑙

𝑛𝑠
=

𝑛𝑠 − 𝑛𝑟

𝑛𝑠
                                                                                (3) 

 

Equation (3) defines slip s, a ratio of nsl and ns.  

In EV, the IM is connected in between the power source (stacks of 
batteries) and the car’s chassis, interfaced by the motor controller 

similar to Figure 1[6]. The motor controller mainly comprises of 
an inverter circuit and a control unit. It is essential to understand 
its parameters, construction, mathematical representation and 
working principle. Normally, the study on IM is carried out by 
employing computer assisted simulation and modeling tools like 
MATLAB Simulink software. The MATLAB Simulink based IM 
models are available in the literatures [7-10]. It models, simulates 
and analyses dynamic systems such as transient and steady state 
responses of the IM. To model the IM, mathematical representa-

tion based on state space representation or transfer function are 
employed, derived and arranged to form a complete set of motor 
model [7-9]. Indeed, the understanding on the basic IM operation 
such as motor start up and load’s characteristics through computer 
modelling and simulation, is very important and will inspire high 
performance IM drive system design for EV application. There-
fore, as a preliminary study, this paper begins with the design of 
IM model, followed by the discussion of the simulation results and 

finally, closed by the concluding remarks. 

 
Fig.1: Electric propulsion system connection in EV 

2. Induction Motor Dynamic Model 

The following assumptions are made to develop IM model [11]: 

 The magnetic circuit is linear. 

 The iron losses are neglected. 

 The mechanical losses are neglected. 

In order to simplify the derivation of induction motor’s mathemat-
ical expression; a direct-quadrature (d-q) approach was imple-
mented based on the model derived from equivalent circuit [8]. 

Figure 2 shows the equivalent circuit model for the IM in syn-
chronous reference frame.  

2.1. Nomenclature 

A  system matrix 
B  input matrix 

u  scalar input 
x  state variable 
d  direct axis 
q   quadrature axis 
s  stator variable or slip 
r  rotor variable 
α-β  alfa-beta axis 
Vds (Vqs)  d-axis (q-axis) stator voltages 

ids (iqs)  d-axis (q-axis) stator current 
idr (iqr)  d-axis (q-axis) rotor current 
In,rms  nth rms current 
ψds (ψqs)  d-axis (q-axis) stator flux linkages 
ψdr (ψqr)  d-axis (q-axis) rotor flux linkages 
λds (λdr)  Stator (rotor) flux 
Rs (Rr)  Stator (rotor) resistance 
Ls (Lr)  Stator (rotor) inductance 

Lm  Magnetizing inductance 
Lls (Llr)  Stator (rotor) leakage inductance 
Xls  Stator leakage reactance 
Xlr   Rotor leakage reactance 
Xm  Mutual reactance 
Xml  Mutual leakage reactance 
E  Electromotive force 
ωe (ωr)  Stator (rotor) electrical angular frequency 

ωb  Motor electrical angular base frequency 
ωslip  Slip frequency 
fb  Base frequency 
ns  Synchronous speed 
nr  Rotor speed 
nm  Mechanical speed 
θe  Phase angle 
p  Poles number 
J  Moment of inertia 

Po  Consumed (output) power 
Pin  Developed (input) power 
η  Efficiency 
Tem  Electrical output torque 
TL  Load torque 
t  Time function 

2.2. State Equation Of IM 

 
Fig.2: Equivalent circuit of IM in SRF 

 

By using the mathematical expression of IM dynamic model based 
on SRF presented in [7-9], the model of IM is designed. Therefore, 
the stator and rotor voltages equations are: 

 

𝑣𝑞𝑠 =
𝑝

𝜔𝑏
𝐹𝑞𝑠 +

𝜔𝑒

𝜔𝑏
𝐹𝑑𝑠 + 𝑟𝑠𝑖𝑞𝑠                                                          (5) 

 



International Journal of Engineering & Technology 147 

 

𝑣𝑑𝑠 =
𝑝

𝜔𝑏
𝐹𝑑𝑠 +

𝜔𝑒

𝜔𝑏
𝐹𝑞𝑠 + 𝑟𝑠𝑖𝑑𝑠                                                          (6) 

 

𝑣𝑞𝑟 =
𝑝

𝜔𝑏
𝐹𝑞𝑟 + (

𝜔𝑒 − 𝜔𝑟

𝜔𝑏
)𝐹𝑑𝑟 + 𝑟𝑠𝑖𝑞𝑟                                          (7) 

 

𝑣𝑑𝑟 =
𝑝

𝜔𝑏
𝐹𝑑𝑟 + (

𝜔𝑒 − 𝜔𝑟

𝜔𝑏
)𝐹𝑞𝑟 + 𝑟𝑠𝑖𝑑𝑟                                          (8) 

 
Before the rotating SRF based stator voltage is implemented, the 
three-phase voltage quantity is transformed into two-phase SRF in 
three stages, namely an isolated neutral system, a Clarke and a 
Park transformation in sequence. The steps of transformation is 

depicted in Figure 3. To revert back from SRF system into three-
phase system, an inverse Park and an inverse Clarke 
transformation matrices is to be used.  

 
Fig. 3: Voltage transformation process 

 
where, l: phase to isolated neutral system transformation; m: 
Clarke transformation and n: Park transformation respectively. 
Hence, 
 

𝒗𝒔𝒏 = [

𝑉𝑚 sin𝜔𝑡

𝑉𝑚 sin(𝜔𝑡 − 2𝜋 3⁄ )

𝑉𝑚 sin(𝜔𝑡 + 2𝜋 3⁄ )
]                                                             (8) 

 

𝒍 = [
2 3⁄ −1 3⁄ −1 3⁄

−1 3⁄ 2 3⁄ −1 3⁄

−1 3⁄ −1 3⁄ 2 3⁄
]                                                            (9) 

 

𝒎 = [
1 0 0

0 −1 √3⁄ 1 √3⁄
]                                                              (10) 

 

𝒏 = [
cos𝜃𝑒 −sin𝜃𝑒

sin𝜃𝑒 cos𝜃𝑒
]                                                                    (11) 

 
The relation between flux linkage, ψ and the flux, λ is given by the 
following expression: 
 
Ψ = 𝜔𝑏𝜆 (V)                                                                                       (12) 
 
Based on SRF, the IM dynamic model can be represented in  state 

equation [11]. Generally, the IM model can be divided into 
electrical and mechanical parts respectively. Thus, for the 
electrical part, it represents ψ as the state variables and stator 
voltages in SRF, vqs and vds as the inputs. Hence,  
 
𝒙̇ = 𝑨𝒙 + 𝑩𝒖                                                                                      (13) 

 

[
 
 
 
 
Ψ𝑞𝑠

̇

Ψ𝑑𝑠
̇

Ψ𝑞𝑟
̇

Ψ𝑞𝑠
̇ ]
 
 
 
 

= [

𝑎11 −𝜔𝑒 𝑎13 0
𝜔𝑒 𝑎22 0 𝑎24

𝑎31 0 𝑎33 𝜔𝑟 − 𝜔𝑒

0 𝑎42 𝜔𝑒 − 𝜔𝑟 𝑎44

]

[
 
 
 
Ψ𝑞𝑠

Ψ𝑑𝑠

Ψ𝑞𝑟

Ψ𝑑𝑟]
 
 
 
+ 𝑩𝒖         (14)                                                        

 
where, 

𝑎11 = 𝑎22 = 𝜔𝑏 (
𝑅𝑠𝑋𝑚𝑙 − 𝑅𝑠

𝑋𝑙𝑠
2 ) 

𝑎33 = 𝑎44 = 𝜔𝑏 (
𝑅𝑠𝑋𝑚𝑙 − 𝑅𝑠

𝑋𝑙𝑟
2 ) 

𝑎13 = 𝑎24 = 𝑎31 = 𝑎42 = 𝜔𝑏

𝑅𝑠𝑋𝑚𝑙

𝑋𝑙𝑠𝑋𝑙𝑟
 

𝒖 = [𝑣𝑞𝑠 𝑣𝑑𝑠 0 0] 

𝑩 = [

𝜔𝑏

𝜔𝑏

0
0

] 

 
Mechanical outputs such as consumed torque, Tem and rotor speed, 
ωr are the product of IM, hence, the expression for both are: 

 

𝑇𝑒𝑚  =
3𝑝

4𝜔𝑏
(Ψ𝑑𝑠𝑖𝑞𝑠 − Ψ𝑞𝑠𝑖𝑑𝑠) (Nm)                                            (15) 

 
𝑑𝜔𝑟

𝑑𝑡
=

2𝐽

𝑝
(𝑇𝑒𝑚 − 𝑇𝐿)                                                                         (16) 

 
Three mathematical expressions for the input power Pi, the con-
sumed power Po, as well as the efficiency, η are given as follows: 
 
𝑃𝑖 = 3𝑉𝑠,𝑟𝑚𝑠𝐼𝑠,𝑟𝑚𝑠 cos 𝜃𝑒  (W)                                                         (17) 
 

𝑃𝑜 = 𝑇𝑒𝑚𝜔𝑟  (W)                                                                                 (18) 
 

𝜂 =
𝑃𝑜

𝑃𝑖
                                                                                                   (19) 

where cos θe represents the power factor. 

 
A total harmonic distortion (THDi) of stator current is considered 
for the developed IM model. THDi measures a quality of current 
supplies to the IM and the current harmonics drawn by the load. 
Current harmonics waveform could be characterized from its 
shape and frequencies that is higher than the fundamental 50 Hz 
frequency. It is demonstrated by a periodical signal but deviated 
from pure sinusoidal waveform with significant phase shift. Ac-

cording to IEEE 519 standard [13], the allowable value of THDi 
should be less than 5 percent. THDi greater than 5 percent is not 
recommended in power system and should be compensated. 
Therefore, to estimate multiple frequency harmonics magnitude, 
the following expression is used to calculate the THDi: 
 

THDi =
√∑ 𝐼𝑛,𝑟𝑚𝑠

∞
𝑛≠1

𝐼1,𝑟𝑚𝑠
                                                                      (20) 

 
where n = 1, 2, 3, ….. 
 
The IM model was designed with three-phase stator voltages and 
load torque as the inputs, whereby six parameters have been cho-
sen as the outputs. This model is configured using MATLAB 

Simulink depicted in Figure 4 and Figure 5.  Figure 4 shows a 
block diagram represents the IM with its outputs connected to the 
scopes. The detail of the IM components connection illustrated in 
Figure 5, was constructed using interconnection of some basic 
block diagrams provided by MATLAB Simulink library browser. 
With respect to stator voltage, vqr and vdr were set to zero. The 
simulation was run for 0.4 seconds using fixed-step discrete solver. 
The step time for simulation was 5 μ seconds. The parameters of 

IM used in simulation is listed in Table 1. 
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Fig. 4: IM model in MATLAB Simulink environment 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 5: Model of IM based on flux linkage calculation 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 5: Model of IM based on flux linkage calculation 

 
Table 1: IM parameters used in simulation 

Parameter  Value 

Source voltage amplitude, Vm 100 V 

Base frequency, fb 100 Hz 

Stator inductance, Lls 0.2 mH 

Rotor inductance,Llr 0.6 mH 

Magnetizing inductance, Lm 4 mH 

Stator resistance, rs 0.2 Ω 

Rotor resistance, rr  0.4 Ω 

Poles, p 4 

Inertia, J 0.026 kgm
2
 

3. Results and Discussion 

In order to validate the IM model employing the parameters given 
in Table 1, it is simulated for AC start-up test. The results of simu-
lation are depicted from Figure 6 to Figure 9. Note that the results 
show several IM outputs against time.  Starts from 0 to 0.2 sec-
onds (equivalent to 10 cycles of AC voltage), no load torque is 

applied to the IM. After that until the end of simulation (0.4 sec-
onds), the step load torque of 50 Nm was applied. Some signifi-
cant changes are observed when the load torque increased instan-
taneously. On the other hand, Figure 9 shows stator current har-
monics spectrum, which quantifies the current magnitude of some 
odd harmonics order up to 20th harmonic order. 

3.1. AC Start-Up Test 

As shown in the middle trace of Figure 6, the two-phase stator 
voltage in stationary reference frame (α-β) has been transformed 
from three-phase stator voltage indicated at top trace. This is done 
using (9) and (10). Further, it was transformed into synchronously 
rotating reference frame using (11). Thus, the magnitude of vqs is 
zero and vds is 100 V respectively, as depicted in the bottom trace. 

Therefore, the implemented transformation matrices has success-
fully transform a three-phase into two-phase voltages, rotating at 
synchronous reference frame. This is the first step before the state 
equation is derived. 
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Depicted in Figure 7 is some outputs obtained from the AC start-
up test for the developed IM model. The top trace shows the in-
duced electrical torque, Tem where at the beginning an overshoot 
of 150 Nm is observed before it gradually decreased to zero at 0.1 
seconds. However, when the TL is increased to 50 Nm suddenly, 
the Tem also follows. It takes only 0.05 seconds to reach that value. 
Unfortunately, for middle trace, the rotor speed, nr has the reverse 
effect. At the moment TL applied to the IM, nr slows down from 

3000 rpm to 2080 rpm. This shows that at no load, nr runs freely at 
3000 rpm which exactly equal to synchronous speed ns, while no 
slip develops at that time. Thus, this is according to (3). On the 
other hand, for the bottom trace of Figure 7, it indicates the three-
phase stator current waveforms. At the instant IM starts to ener-
gize, the response of sinusoidal three-phase stator currents, iabc is 
not convincing since it shows unbalance characteristic with a very 
high amplitude. This is because due to the transient response at no 

load where overshoot peak always happens. But after, 0.07 sec-
onds it has settled down at around 53 A. However, after 0.2 sec-
onds it steps up to 70 A in just two cycles. The iabc increment is 
due to higher Tem, hence the torque is proportional to the current is 
proven. 
 
As depicted in the top trace of Figure 8, the efficiency, η of IM 
oscillates for a while and it reach its highest value once before 

becoming 0. This is because of transient response and motor’s 
inertia, J effects. Then, after the insertion of TL, the η improves 
instantaneously from 0 to 0.74. Thus, at no load the η almost none, 
unless the external torque is applied. The middle trace indicates 
the Po response during AC start-up, with and without TL. The Po is 
stabilized at 10890 W when 50 Nm of TL is applied. The bottom 
trace shows slip, s characteristics with and without TL at AC start-
up. Obviously, there is no s when TL is not applied. However, the s 
maintains at 0.3 after TL insertion to the IM model. 

Fig. 6: (From top to bottom) Vabc, Vab and Vdq waveforms against time 

 

 
Fig. 7: (From top to bottom) Tem, nr and iabc waveforms against time 

 

Fig. 8: (From top to bottom) Eff, Po and Slip waveforms against time 

3.2. Stator Currents THD 

Determination of stator current THDi is important in order to 
measure the quality of supply power. Normally, the IM which is 
categorized as nonlinear load will draw significant current har-
monics from the AC system. Based on Figure 9, the fundamental 
rms current for each ias, ibs and ics are 52.9 A, 53.5 A and 53.8 A 
respectively. Those values are identical to AC rms current. On the 

other hand, harmonics rms current for each phase are 0.5 A, 0.9 A 
and 1.4 A respectively. Using equation (20), the THDi of ias, ibs 
and ics are given in Table 2. 

 

Fig. 9: Harmonic spectrum of stator currents 
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Table 2: IM parameters used in simulation 

 ias ibs ics 

THDi 0.95% 1.68% 2.6% 

According to Table 2, all three currents THDi successfully record 
an individual value below 5 percent. The measurement of THDi 
was taken at steady state condition, but if taken at the start of sim-
ulation, the values could be higher since the three-phase stator 
current waveforms was not purely sinusoidal and unbalance. 
Based on the result, implies that the quality of power supply to the 

IM is high, therefore, small losses can be expected.  

4. Conclusion  

Using a d-q transformation, a three-phase voltage can be trans-
formed into two-phase voltage. This is easier to be adjusted and 
controlled like a DC model or a single-phase model. To realize a 

d-q based SRF, the three-phase system need to have at least two 
stages of transformation process using equations (9) and (10). But 
before the three-phase voltage transforms into SRF, it should be 
changed into phase to neutral form first. Inversely, the IM model 
will have three-phase system back after the d-q system is reverted 
using Inversed Park and Inversed Clarke transformations matrices.  

Based on the results obtained from the simulation indicates signif-
icant capability and performance of IM model using MATLAB 
Simulink tool as the platform to study the IM characteristics. It 
shows a great potential as the main propulsion for electric vehicle 
due to its availability, performance and robustness. Depends on 

load requirement, control technique and the battery management 
strategy, the IM is expected to be as one of the favourite candidate 
for the main traction of electric vehicle besides PMSM, IPMM, 
BLDC etc [14]. With implementation of suitable and advanced 
motor drive such as vector control and direct torque control, the 
performance of induction motor drive can be upgraded and im-
proved further [15]. In the future, battery and controller models 
will be designed and incorporated with the IM model in order to 

complete the electrical part of the EV system. 
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