
Vol.:(0123456789)

SN Applied Sciences            (2023) 5:73  | https://doi.org/10.1007/s42452-023-05296-w

Research Article

Simulation based testing and performance investigation of induction 
motor drives using matlab simulink

Kehinde Adeleye Makinde1 · Mutiu Shola Bakare2  · Benjamin Olabisi Akinloye3 · Abraham Olatide Amole4 · 
Oludamilare Bode Adewuyi5 · Uthman Oluwatosin Zubair6 · Waheed Olaide Owonikoko7

Received: 18 November 2022 / Accepted: 30 January 2023

© The Author(s) 2023  OPEN

Abstract 
Induction motors (IMs) are the most widely employed electrical motors due to their robust construction and adaptability. 
Due to their versatility and wide range of applications, it is crucial to examine the performance of these motors using 
a simple but thorough simulation model. In this study, we present the simulation models to conduct the DC test, the 
no-load test, and the locked rotor test on a three-phase induction motor using MATLAB/Simulink. These three tests are 
fundamental to determining the characteristics of a three-phase induction motor equivalent circuit. Furthermore, the 
authors extend the model to determine the starting current, starting torque, and breakdown torque of the motors under 
inquiry. The research further employs the right code in the MATLAB environment to ascertain the motors’ torque-speed 
and current-speed properties. The results of the simulations are found to closely match the values achieved in real trials. 
Hence, this model can be employed to enhance teaching and research in the field of electrical machinery.

Article Highlights 

• This paper explains a computerized procedure employ-
ing MATLAB software to carry out vital tests on induc-
tion motors. The research shows that using the meth-
ods described in this paper, induction motors can be 
safely tested for their operating characteristics.

• The benefit of the computerized methodology 
described in this paper is that it provides a modelling 
tool and methodology to expand research on induction 
motors with high accuracy and reliability.

• The numerical method developed in this article is a 
suitable tool in teaching and education.

• Beyond the three common tests (dc test, no-load test 
and locked rotor test) to determine the equivalent cir-
cuit of induction motors, this paper further extends the 
research to use the simulation models to determine the 
starting current, starting torque and the breakdown 
torque of an induction motor as well as its torque-
speed and current-speed characteristics.

Keywords Induction motor · Virtual tests · Experimental test · Performance study · Software laboratory · Simulation · 
MATLAB/Simulink · Squirrel cage motor

 * Mutiu Shola Bakare, Shola.bakare@studwc.kiu.ac.ug; Oludamilare Bode Adewuyi, adewuyiobode@gmail.com | 1School of Computing, 
Engineering and Digital Technologies, Teesside University, Middleborough, UK. 2Department of Electrical Engineering, Kampala 
International University, Kampala, Uganda. 3Department of Electrical and Electronic Engineering, Federal University of Petroleum 
Resources, Effurum 333116, Delta, Nigeria. 4Department of Electrical, Electronics and Computer Engineering, Bells University 
of Technology, Ota, Ogun State, Nigeria. 5Department of Electrical and Electronic Engineering, First Technical University, Ibadan 200255, 
Nigeria. 6Department of Electrical and Electronics Engineering, Eastern Mediterranean University, Famagusta, Cyprus. 7Department 
of Electrical and Biomedical Engineering, University of Vermont, Burlington, VT, USA.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-023-05296-w&domain=pdf
http://orcid.org/0000-0002-7494-8692


Vol:.(1234567890)

Research Article SN Applied Sciences            (2023) 5:73  | https://doi.org/10.1007/s42452-023-05296-w

1 Introduction

Induction motors (IMs), the most widely used electrical 
motors, are renowned for their dependability, afford-
ability, sleek form, and robust construction. Further-
more, because to developments in power electronics 
and microprocessor technology, high-speed IMs pow-
ered by variable frequency provide a number of advan-
tages in terms of durability, little maintenance, low cost, 
craftwork, and other aspects [1, 2]. The specifications for 
testing synchronous and induction devices are detailed 
in great depth in [3]. Given that the majority of electrical 
equipment are powered at the required frequencies, it is 
customary for testing methods to be constructed around 
a fixed-frequency power source, often 50 or 60 Hz. But 
as inverter-compatible IMs become more prevalent, they 
are no longer restricted to 50 or 60-Hz power. Unless 
they are evaluated at 50 or 60 Hz, which does not pro-
vide the essential operational information, such devices 
cannot work at higher frequencies. It is crucial to build 
and interpret computer models and simulations of 
induction motors in order to investigate the dynamic 
state and steady state operations of the motor under 
various loading scenarios. Additionally, the virtual tests 
have no restrictions on the test duration, iteration, meas-
uring instruments, or test rigs. They completely sidestep 
the issues associated with destructive tests like the load 
test and breakdown torque test. These tests are thus 
entirely cost-effective.

It is also important that modeling and numerical 
tools be developed for experiments involving induc-
tion machines to serve as valuable preliminary exer-
cises before students carry out the main laboratory 
experiments. This is because, in majority of educational 
institutions, experiments that involve significantly big 
machines and complex measurements are often side-
lined and left undone as compared with those that make 
use of smaller equipments and simple measurements. 
In addition, it is expected that students cover as many 
experiments as possible within limited timescale in the 
laboratory. These include setting up the test rigs, car-
rying out at least three induction motor experiments, 
taking measurements, investigating performance under 
varying loads- usually within two hours. This time con-
straint often results in students rushing through the lab 
sections thereby preventing them from valuing the oper-
ations of the induction machines and understanding the 
knowledge the experiments are designed to achieve.

Examining motor losses may often be done under 
three different ideal situations: no load, high load, locked 
rotor, and iron loss perturbation [4]. These situations 
include ideal no load, excessive load, locked rotor, and 

iron loss disturbance. The extensive body of research 
on the usage of IMs in industries like rail [5], pumps [6], 
etc. provides proof of their value. In order to reduce 
unneeded harm and prospective losses, software simu-
lation studies make it feasible to realistically assess a sys-
tem. As a result, the literature often references simulated 
IM experiments. For instance, while implementing Indi-
rect Field Oriented Control (IFOC) of three-phase IM in 
the PSIM environment, the five levels of the incremental 
system have been considered [7]. Direct torque control 
of IM was employed in a simulation research that com-
bined motor parameter-dependent and motor parame-
ter-independent optimization approaches [8]. By simu-
lating and duplicating the dynamic processes that occur 
during the first launch of high-speed IMs [9]. It has been 
shown that the created model has the capacity to pre-
cisely predict the characteristic of IMs by comparing the 
simulation and experimental data. According to a recent 
research, a smartphone may infer the IM frequency from 
mechanical vibrations and motor sounds. The applica-
tion, dependability, and accuracy of the smartphone-
based approach have been shown by the experimental 
findings published in the paper [10].

The control of a number of variables, including current, 
torque, and speed, is crucial for ensuring its best perfor-
mance and integrity [11–13]. Direct field-oriented control 
(DFOC) [14], H-infinity method [11], sliding mode control 
[15], non-vector control [16], resonant control [17], field-
oriented control(FOC) [13], and model predictive control 
(MPC) [18] are just a few of the control methods that have 
been used to regulate a number of IM parameters. The 
study on adaptive fuzzy based model predictive torque 
control for IM ripple attenuation [19], for example, dem-
onstrates how well accepted MPC are. The control method 
was shown to be effective for real-time torque and flux 
control via simulation and hardware-in-loop testing on a 
1.1 kW IM. Similar to this, a rotor flux-oriented nonlinear 
MPC of IM has been considered [20], and it has shown 
outstanding controlled variable performance under typi-
cal operating conditions, load disturbances, parametric 
condition, and at a low rotor speed. Model predictive 
torque control of IMs for current ripple reduction was also 
explored in the work of [21]. The effects of current total 
harmonic distortion and electrical power consumption are 
reflected in the 5.5 kW IM dSPACE-controlled simulation, 
which is based on MATLAB/Simulink. In a comparison of 
MPC and direct torque control (DTC), it was discovered 
that the latter chooses the proper voltage vector, which is 
crucial for the optimal control performance.

Sensorless control technology has lately achieved sig-
nificant advancements in the control of IM with the devel-
opment of the quadrature model reference adaptive sys-
tem (Q-MRAS), upgraded (Q-MRAS), and neural network 
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for the management of instantaneous reactive power, 
speed, and torque [22–24]. Like all systems, IMs are prone 
to faults; however, techniques for fault-tolerant control 
of IMs have been developed using a variety of methods, 
including modified rotor flux estimators [14], virtual cur-
rent sensor (VCS), wavelet index based boosted model 
reference adaptive system (BMRAS) [24] and CB-MRAS 
[25]. The work of [26]created an automated fault-tolerant 
control (AFTC) mechanism by using the built-in fault toler-
ance and self-derating approach. A six-phase IM was used 
to demonstrate the effectiveness of the developed AFTC’s 
simplicity and reliability in controlling multiphase IMs. 
However, little effort has been made to determine factors 
like the starting current, starting torque, and breakdown 
torque. Some of the information that has been published 
so far has taken into consideration doing dc testing, no-
load tests, and locked-rotor tests.

The goal of this study is to examine the performance of 
IM using a simple but thorough simulation model employ-
ing simulation models in the MATLAB/Simulink environ-
ment. The study is distinctive in that it looks at the perfor-
mance characteristics of the motors under consideration 
as well as doing tests to gauge the starting current, start-
ing torque, and breakdown torque. The remainder of the 
study is divided into the following sections: Sect. 2 covers 
the theoretical foundations of induction motor testing. 
Section 3 provides the simulation designs for various tests, 
and Sect. 4 concludes the study.

1.1  Relevance of the study

The proliferation of affordable personal computers and 
low-cost software packages makes computer-assisted 
training tools an integral part of both lecture classes and 
lab experiments in electrical engineering studies. The 
computerised models of induction motors developed in 
this paper will assist the lecture classes by facilitating the 
tutor, through the computer-produced visuals, to dem-
onstrate effortlessly various tests necessary to determine 
the operating characteristics of induction motors as well 

as the motor’s performance when subjected to different 
levels of load.

Combining software simulation approach as discussed 
in this paper with laboratory works augments the students’ 
as well as researchers’ laboratory experience by offering 
the chance to validate the findings of laboratory studies 
and link them with the results from computer models. 
Such a comparative study propels learners to fully under-
stand the limits of hardware experiments thereby appreci-
ating that modelling alone cannot completely replace the 
real-life experiments due to some omissions and assump-
tions in the computer models.

Hence, this paper will serve as a useful model for 
researchers in electrical machine to fully understand the 
operation of induction motors. Similar experiment has 
been conducted in [27] where the authors used computer 
models and lab experiments to verify the three tests- dc-
test, no load, and blocked rotor tests. The results clearly 
showed that the Simulink models can be used to correctly 
carry out these tests without the need for the real-time 
experiments. This paper further extends the model to per-
form the starting torque test, starting current test and to 
plot the torque-speed as well as the current-speed char-
acteristics of an induction motor.

2  Materials and methods: different tests 
on three‑phase induction motor

Experiments such as the DC test, the No-load test, and the 
Lock rotor test are often carried out to determine the char-
acteristics of the per-phase equivalent circuit of a three-
phase IM of Fig. 1.

2.1  DC test

The dc test is used to determine the stator resistance R1 
Value. Applying dc voltage to the stator winding causes a 
dc current to flow across the stator winding, which results 
in zero motor reactance and no voltage being produced in 

Fig. 1  Per-phase equivalent 
circuit of a 3-phase Induction 
Motor



Vol:.(1234567890)

Research Article SN Applied Sciences            (2023) 5:73  | https://doi.org/10.1007/s42452-023-05296-w

the rotor circuit. The stator resistance is the sole component 
of the circuit that blocks current flow. This test is done on 
an isolated motor to test the resistance of the stator wind-
ings. To get an accurate measurement, a low-reading ohm-
meter or a high-resolution digital multimeter are needed. 
The results obtained from the DC test are approximations 
[28, 29]. The stator resistance may therefore be computed 
as follows:

2.2  No‑load test

The no load test on an IMs is the same as the open circuit 
test on a transformer. It provides data on rotational losses 
and exciting current. The machine is evaluated as a motor 
with no associated load at rated voltage and stator winding 
at rated frequency [30]. The DC resistance test is performed 
to assess the resistance of a stator by passing an appropriate 
direct current through it and measuring the voltage drop 
between the terminals. The test offers a check for the com-
puted results or a foundation for predicting efficiency when 
done with the motor cool (at room temperature) [28, 29].

A no-load test is used to determine the core resistance 
value Rc and the magnetizing reactance Xm in the IM per-
phase equivalent circuit. While the motor shaft is not con-
nected to any loads, the stator winding is subjected to the 
test’s maximum voltage and frequency. The three phase 
input power, line-line voltage, and phase current may then 
be calculated. At no-load, the rotor rotates at approximately 
the synchronous speed Ns and thus, the slip s ≈ 0 . Therefore, 
the reflected rotor resistance 

R�
2

s
≈ ∞ and I2 ≈ 0.

The power equation for the circuit in complex form is 
given by:

where Snl is the apparent power at no-load, ∅nl is the 
power angle at no-load. Assuming the equivalent resist-
ance Rnl and reactance Xnl are in parallel (since Rc ≫ R1 and 
Xm ≫ Xs) , then:

From (2) and (3), the core loss resistance Rc and the mag-
netizing inductance Xm can be expressed as:

where Rnl and Xnl are given as:

(1)R1 = 0.5
Vdc

Idc

(2)Snl=I
2

nl
R1 + (Inl cos �nl)

2Rc + j(I2
nl
X1 + (Inl sin �nl)

2Xm

(3)Snl = (Inl cos �nl)
2Rnl + j(Inl sin �nl)

2Xnl

(4)Rc = Rnl −
R1

cos2 �nl
and Xm = Xnl −

X1

sin
2 �nl

X1 is obtained from locked rotor test while R1 is obtained 
from the dc test.

2.3  Locked rotor test

A locked rotor test is performed to determine the rotor resist-
ance R′

2
 and the total of the leakage reactance X1 and X ′

2
 . The 

rotor is locked during the test to prevent it from spinning, 
and to keep the current within the limit, the supply voltage is 
gradually raised from a low amount until the rated current is 
reached. The motor input is then used to measure the three-
phase active power Plr , reactive power Qlr , line-to-line volt-
age Vlr ,, and phase current Ilr . This test is conducted at a test 
frequency that is generally lower than the stated operating 
frequency [31, 32] in order to correctly assess the rotor resist-
ance in certain design-type IMs. The slip equals 1, which results 
in a low rotor impedance and causes the rotor current to be 
larger than the magnetizing current since the rotor is stuck and 
unable to spin. The test is akin to a short circuit test on a trans-
former when the secondary side is compromised.

According to Table 1, the design class of the motor 
affects the empirical ratio of the stator and rotor leakage 
reactance. However, it is assumed that when the motor 
class is lacking that.

X1 = .  X �
2
= 0.5Xlr is made. The equivalent locked rotor 

resistance Rlr and reactance Xlr are calculated as:

The equivalent impedance can be expressed as:

Since R′
2
≪ Xm , Eq. (1) is reduced to:

Since R1 + R�
2
≪ Rc , the value of X ′

2
 and R′

2
 are calculated 

as:

(5)Rnl =
Pnl

3(Inl cos �nl)
2
; Xnl =

Qnl

3(Inl sin �nl)
2

(6)Rlr =
Plr

3I2
lr

and Xlr =
Qlr

3I2
lr

(7)Zlr = (R1 + jX1) + {
(
R�
2
+ jX �

2

)||||JXm||||Rc

(8)

Zlr =

(
R
1
+ R�

2

(
Xm

X
�

2
+ Xm

)
||R2

c
)

+j(X
1
+ X �

2

(
Xm

X
�

2
+ Xm

)
||R2

c

)

Table 1  X1andX
′
2
 Versus rotor 

class and Xlr
Rotor class X

1 X
′
2

Design A class 0.5Xlr 0.5Xlr

Design B class 0.4Xlr 0.6Xlr

Design C class 0.3Xlr 0.7Xlr

Dn D class 0.5Xlr 0.5Xlr
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2.4  Starting current and starting torque 
determination

Since the rated voltage and frequency must be delivered 
to the stator winding when the rotor is locked, the experi-
ments to determine the beginning current and starting 
torque of IM are virtually destructive. High temperature 
may be caused by the resultant high current in the stator 
windings, which may harm the insulation. The rectangular 
shape of the input impedance Z1 from the three-phase IM 
equivalent circuit is provided as follows:

where 

The output torque of an IM is given by

where

At starting, s = 1 , Istart = I1 and Tstart = Tmech both esti-
mated at s = 1.

2.5  Breakdown torque test

Breakdown torque ( Tmax ) is the maximum torque produced 
by an alternating current motor when the rated voltage is 
supplied at the rated frequency without causing sudden 
speed drops. This is sometimes referred to as maximum 

(9)X
�

2
=
(
Xlr − X1

)( Xm

Xm + X1 − Xlr

)

(10)R�
2
=
(
Rlr − R1

)
(
X �
2
+ Xm

Xm
)2

(11)Z1 = R1 + jX1 +

(
Z �
2
× JXm

Z �
2
+ JXm

)

(12)Z �
2
=

R�
2

s
+ jX �

2

(13)I1 =
Vphase

Z1

(14)Tmech =
Pmech

wmech

=
1

wmech

3I
�2

2

R�
2

s
(1 − s) =

1

ws

3I
�2

2

R�
2

s

(15)I
�

2
= I1

(
jXm

Z
�

2
+ jXm

)

(16)And ws = 120fs∕P (in rads/s)

torque or pull-out torque [33]. The slip smax values at which 
the maximum torque Tmax occurs are as follows:

While Tmax is given as:

where

The rotor resistance R′
2
 is an important factor in deter-

mining the slip at which the greatest torque occurs, as can 
be shown in Eq. (16). The maximal torque may be deduced 
from Eq. (17) to be independent of rotor resistance.

3  Simulation result and discussion

The three phase IM equivalent circuit characteristics from 
the lab tests in [27] and [34] are presented in Table 2 and 
used as the modeling parameters for the three phase IM in 
order to verify the correctness of the virtual test.

3.1  DC test

A Simulink model is developed, as shown in Fig. 2, to deter-
mine the stator resistance R1.value. The components used 
in this simulation are the three phase programmable volt-
age source, the RC load, the permanent magnet synchro-
nous machine, the gain signal, which is used to obtain the 
desired stator resistance, the three phase programmable 
voltage source, which converts the Simulink input source 
to the desired voltage source, and the permanent magnet 
synchronous machine. The R1 values for M1 and M2 are 
shown in Table 3, along with the percentage of accuracy 
relative to the values used for modeling.

3.1.1  Discussion

As indicated in Table 2, there is a less than 1% difference 
between the results derived from simulation and those 
from the laboratory experiment, demonstrating the 

(17)smax =
R�
2√

R2
TH

+
(
XTH + X �

2

)2

(18)Tmax =
3V2

TH

RTH +

√
R2
TH

+
(
X1 + X �

2

)2
×

1

2ws

(19)ZTH = RTH + jXTH =
jXm

(
R1 + jX1

)

R1 + j
(
X1 + Xm

)

(20)VTH =
jXm

R1 + j
(
X1 + Xm

) × V�
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accuracy of this model in performing the test. Real-world 
DC tests may be carried out using a basic voltmeter-amme-
ter test or, for small motors, a multimeter. However, since 
the resistance of big motors is so tiny, a precise instrument 
is required.

3.2  No‑load test

The no-load test is carried out using a Simulink model, 
and the outcomes of the simulation are shown in Table 4 
for both motors. The three-phase measurement is used 
to show, track, and gauge the power supply’s availability. 
The gain signal amplifies the power supply to kW, the 
three-phase instantaneous power output from the cur-
rent and voltage sources signal generates both reactive 

and active power, and the three-phase programmable 
voltage source transforms the Simulink input to the 
appropriate voltage source. However, the aim of RC loads 
used in permanent magnet synchronous machines is the 
same as that of DC tests.

Table 2  Squirrel-cage IM 
parameters obtained from 
laboratory experiment

Parameters M1 [27] M2 [34]

Nominal power 1842.9 VA 5485.3 VA
Voltage and frequency 380 V, 50 Hz 200 V, 60 Hz
Stator (R1, X1, L1) 5.57 Ω, 10.68 Ω, 0.034 H 0.403 Ω, 0.74 Ω, 0.001963 H
Rotor (R2, X2, L2) 4.2 Ω, 10.68, 0.034 H 0.511 Ω, 0.74 Ω, 0.001963 H
Core resistance (Rc) 2153.11 Ω Not given
Xm, Lm 199.2 Ω, 0.634 H 12.258 Ω, 0.0325 H
Inertia, friction and pole pairs 0.00832 kg.m2,0.00054 N.m.s/

rad, and 2
0.089 kg.m2, 0.0054 N.m.s, and 2

Fig. 2  DC test to determine stator resistance

Table 3  Comparison of DC 
test simulation result with 
experiment result

DC test M1 M2

Simulation Experiment % Error Simulation Experiment % Error

R1 5.59 Ω 5.57 Ω 0.36 0.40 Ω 0.403 Ω 0.74

Table 4  No-load test simulation results

No Load Test parameters M1 M2

Line-line voltage Vnl 380 V 200 V
Phase current Inl 1.045 A 8.888 A
3-phase input power Pnl 56 W 286.8 W
3-phase input reactive power Qnl 686.9 VAr 3065 VAr
Power angle 87.370 84.650
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Using (4) and (5), the following results are obtained:
For M1: Rc = 1930Ω and Xm = 199.5Ω.
For M2: Rc = 92.84 Ω and Xm = 12.29 Ω.
Table 5 shows the comparison of the values calculated 

from no-load simulation results with the values obtained 
from experiments.

3.2.1  Discussion

There is very little difference between the findings and the 
experiment values. It should be noted that the core resist-
ance Rc is typically overlooked when the power aspects 
of IM operation need to be highlighted, which accounts 
for why the value of Rc is not provided in M2. However, 
for efficiency calculations, the core losses can be included 
along with the mechanical losses.

3.3  Locked rotor test

The same modeling used for the IM locked-rotor test as 
that seen in Fig. 3 is used here. To replicate the locked-
rotor scenario, the inertia in the model is adjusted to infin-
ity. Until the line current is reached, the supply voltage is 

changed. Table 6 displays the results of the simulation for 
a locked rotor.

By using (6), (9) and (10), the following results are 
obtained for M1: X �

2
= 10.72 Ω and R

�

2
= 4.19 Ω while for 

M2: X �
2
= 0.73 Ω and R�

2
= 0.509Ω Table 7 shows the com-

parison of the values calculated from simulation results with 
the values obtained from experiments.

3.3.1  Discussion

Table 7 shows that, for the locked rotor test, the model’s 
accuracy is shown by the simulation results and experiment 
parameters being quite similar.

Table 5  Comparison of 
no-load test simulation result 
with experiment result

No-load test M1 M2

Simulation Experiment % Error Simulation Experiment % Error

Rc 1930 Ω 2153.11 Ω 10 92.84 Ω NA NA
Xm 199.5 Ω 199.2 Ω 0.15 12.29 Ω 12.258 Ω 0.26

Fig. 3  Matlab Simulink model for three phase IM No-load test

Table 6  IM Locked-rotor test simulation results

Locked rotor test parameters M1 M2

Line-line voltage Vlr 110.9 V 46.19
Phase current Ilr 2.8A 15.8
3-phase input power Plr 219.8 641.2
3-phase input reactive power Qlr 491.3 1090

Power angle (cos−1 PF) 65.90 59.54
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3.4  Starting current and starting torque 
determination

The simulation to determine Istart and Tstart is accom-
plished by setting the inertia to infinity so that the 
rotor is locked.  Istart and Tstart are then obtained at the 
nominal voltage and frequency. While the motor is at 
stall, the starting current obtained for M1 (Fig.  4) is 
13.6 A with the rms value at the fundamental fre-
quency being 13.6√

2
= 9.6A . The electromagnetic torque 

(Fig.   5)  settles at 6.6  Nm following the initial 

oscillations. Istart  and Tstart  for M2 are obtained as 
68.37 A and 33.66 Nm.

3.4.1  Discussion

Theoretical values of Istart . and Tstart are derived by using 
(11–16) with s = 1 and are then contrasted with the results 
of the simulation; the comparison is presented in Table 8. 
The table shows that there is very little fference between 
the simulation result and values from the theoretical 
formula.

Table 7  Comparison of locked 
rotor test simulation result 
with experiment result

Locked rotor 
test

M1 M2

Simulation Experiment % Error Simulation Experiment % Error

X1 10.72 Ω 10.68 Ω 0.37 0.73 Ω 0.74 Ω 1.35
X ′
2

10.72 Ω 10.68 Ω 0.37 0.73 Ω 0.74 Ω 1.35
R′
2

4.19 Ω 4.20 Ω 0.24 0.509 Ω 0.511 Ω 0.39

Fig. 4  Starting current (A) versus time (s)

Fig. 5  Electromagnetic torque (Nm) versus time (s)
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3.5  Breakdown torque determination

The breakdown torque test is performed by starting the 
motor at the rated voltage and frequency up to steady 
state. The ramp signal is used to increase the load torque 
by ramping up the ramp slope appropriately (4 Nm in this 
case). An initial delay period of 1 s was selected so that 
the motor could attain steady condition before the load 
was applied. As the load torque increases, the speed drops, 
electromagnetic torque increases, and stator line current 
increases. When the load torque hits Tmax , the electromag-
netic torque and speed rapidly decrease to zero, while the 
stator current quickly increases back to its previous value. 
At a maximum slip s max of 0.1923, motor M1 generated a 
maximum induced torque Tmax , of 15.58 Nm (Fig. 6). T max 
for motor M2 was 50.94 Nm, and smax was 0.3511.

3.5.1  Discussion

By applying (17).and (18), theoretical values of smax and 
Tmax are obtained and compared with the simulation out-
puts. The comparison is shown in Table 9.

When the Tmax acquired by simulation is contrasted with 
the theoretical value, a variance of 0.06% in M1 and a vari-
ation of 0.3% in M2 are found. In both motors, the error in 
the slip value at which the maximum torque occurs is just 
0.9%. These results demonstrate that a virtual test design 
may be used to more accurately predict the breakdown 
torque test. The values obtained from simulation and the 
experiment parameters are used to obtain the torque 
speed characteristics shown in Fig. 7

3.6  Torque‑speed and current‑speed characteristics

The torque-speed and current-speed characteristics of 
both motors are obtained using the appropriate MATLAB 
code, and they are shown in Fig. 8 for comparison. The 
results of the prior computations are supported by the plot 
of the two attributes.

3.7  Effect of varying the rotor resistance

Rotor resistance has an influence on the slip value at which 
the torque reaches its maximum, but it has no effect on 
the breakdown torque Tmax . Consequently, the slip value 

Table 8  Comparison of Istart 
and Tstart from simulation with 
theoretical values

Starting current 
and torque

M1 M2

Simulation Theoretical % Error Simulation Theoretical % Error

Istart 9.6 A 9.58 0.21 68.37 68.3 0.1
Tstart 6.6 A 6.63 0.45 33.66 33.8 0.4

Fig. 6  Breakdown torque (Nm) versus time (s) for motor M1

Table 9  Comparison of smax 
and Tstart from simulation with 
theoretical values

Breakdown 
torque test

M1 M2

Simulation Theoretical % Error Simulation Theoretical % Error

smax 0.1923 0.195 0.87 0.351 0.348 0.9
Tmax 15.58 Nm 15.59 0.06 50.94 51.1 0.3
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at which the peak torque occurs rises as rotor resistance 
increases. As a result, when a high starting torque is required, 

the rotor resistance value is carefully selected to provide Tmax 
at rest. Such a design must have a smax of 1.00. For motor M1, 
for instance, using (17) and (19):

ZTH = RTH + jXTH =
jXm

(
R1 + jX1

)

R1 + j
(
X1 + Xm

) =
j199.2(5.57 + j10.68)

5.57 + j(10.68 + 199.2)
= 5.014 + j10.27

Fig. 7  Torque-speed cracteristics using experiment parameters and simulation parameters a M1, b M2

Fig. 8  Torque (Nm), Input current (A) against rotor speed (rpm) for a M1 b M2
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Therefore, for motor M1, an additional 17.342 must be 
added to the 4.2 to get maximum torque at startup. Simi-
lar calculations may be made for motor M2 to determine 
that 1.493 is necessary for the maximum torque to occur 
at startup. When R′

2
 = 21.542 for M1 and 1.493 for M2, Fig. 9 

displays the torque-speed characteristics for both motors. 
It should be noted that the beginning current decreases 
in all scenarios as a result of the increased rotor resistance, 
which is preferable for a low starting current and a high 
starting power factor. However, raising R′

2
 caused a signifi-

cant slip during routine operation, which increased rotor 
losses and decreased efficiency. Due of this contradictory 
need, wound-rotor IM uses external rotor resistance to 
meet both criteria during startup and regular operation.

3.8  Effect of varying R′
2

Figure 10a, b, respectively, demonstrate how the R′
2
 of M1 

and M2 is altered. It has been shown that as rotor resist-
ance rises, so does the slip at which the highest torque 
occurs, indicating that the motor’s peak torque is reached 
at a lower speed. However, the peak torque values of 15.6 
Nm (M1) and 50.9 Nm (M2) did not change.

smax =
R�
2√

R2
TH

+
(
XTH + X

�

2

)2
;

1 =
R�
2√

5.0142 + (10.27 + 10.68)2
=

R�
2

21.542
∴R�

2
= 21.542 Ω

4  Conclusions and recommendations

In this paper, several virtual experiments on induction 
motors are performed with improved precision using sim-
ulation models. The tests include the basic tests to deter-
mine the per-phase equivalent circuit of induction motors 
which are the dc test, no-load test and the locked rotor 
tests. Others are the torque-speed and current-speed char-
acteristics tests as well as performance features like the 
starting current and starting torque determination tests. 
In contrast to actual studies, this kind of virtual testing 
saves time and prevents the threat of harming electrical 
equipment via risky tests like load testing and breakdown 
torque determination tests. The techniques used in this 
study are straightforward and simple to utilize, even for 
those with just a basic grasp of MATALAB/Simulink. They 
also provide far more flexibility, enhanced accuracy, and 
a better comprehension of both the observations and the 
outcomes.

In the no-load test which is used to determine the core 
loss resistance Rc and the magnetizing reactance Xm in 
the IM per-phase equivalent circuit, a discrepancy of 10% 
is evaluated between the model result and the result from 
the laboratory. This is quite significant, and a more effi-
cient model needs to be researched to reduce the error 
to a reasonably lesser value. In [34], Rc is neglected which 
is usually the case when the power aspects of IM opera-
tion is being emphasized. However, for efficiency calcula-
tions, the core losses has to be included along with the 
mechanical losses. This can be incorporated in the future 

Fig. 9  Torque-speed characteristics for Motors M1 and M2 at calculated values of R′
2
 . for maximum starting torque
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research. Furthermore, a similar study can be carried out to 
develop models which can be used to study other types of 
electric motors such as the permanent magnet DC motors 
and switched reluctance motors which are also relevant 
in many modern applications such as in electric vehicle.

Lastly, the authors acknowledge that the MATLAB Sim-
ulink model developed in this study can often be appropri-
ate for conducting tests on induction motors, but in some 

cases, it cannot completely replace the experimental work. 
Hence, experimental studies should go hand in hand with 
the computer models.

Funding The authors did not receive support from any organization 
for the submitted work.

Fig. 10  Torque-speed characteristics at different rotor resistance of a M1, b M2
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