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Abstract: - The analysis and synthesis of electric machines represent pivotal areas of inquiry within the broader 
field of electric machine study, particularly in the context of the induction motor (IM), which finds extensive 
application across a range of industrial settings. This study presents a comprehensive dynamic analysis of the 3-
phase IM using Mathematica 13.0 software, with the objective of enhancing understanding by providing 
educationally oriented codes that are ready for further development. While similar analyses have been conducted 
previously, this study is distinctive in its use of Mathematica in this form. The accuracy of the results has been 
validated through a comparable MATLAB study. By leveraging the full potential of Mathematica's symbolic 
computing capabilities, this research addresses existing academic and research gaps and proposes a robust coding 
structure for IMs. The study employs Mathematica's specialized tools and animation capabilities to elucidate the 
characteristics of IMs over time, rendering it particularly useful for the design and control of electric machines. 
Electrical engineering students, who frequently excel in steady-state circuit problems, may encounter difficulties 
in dealing with time-varying electric machine quantities. Mathematica is a vital tool for electrical machine 
dynamics research and instruction because it makes it easier to handle intricate symbolic calculations, visualize 
data, and solve differential equations both symbolically and numerically. 
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1 Introduction 
Induction motors (IMs) are preferred in industrial and 
research contexts due to several advantageous 
characteristics, including durability, ease of 
maintenance, low cost, straightforward mathematical 
modelling, and a simpler start-up procedure 
compared to synchronous and brushless direct 
current (DC) motors [1]. However, during the start-
up phase, IMs draw high currents, which can result in 
voltage and torque oscillations and the generation of 
harmonics that have a detrimental impact on power 
systems. To mitigate these issues, several analysis 
models and equivalent circuits have been developed 
with the objective of enabling accurate predictions 
[2], [3], [4]. In their detailed analyses, researchers 
frequently employ reference frame transformations 
to model IMs using the dq axis, a crucial approach for 

students specializing in electrical machine design and 
control. Computer-based tools significantly enhance 
the understanding of these models, enabling students 
to better grasp operational features. Commonly used 
software packages for modelling and simulation 
include those based on FORTRAN and 
MATLAB/Simulink [5], [6], [7], [8]. In this study, 
motor considerations are implemented in the Scilab 
environment, and the induction motor is applied with 
a power P = 75 kW and input parameters for the 
5AM280S6 electric motor model [9]. To demonstrate 
the operation of machines, a virtual example has been 
prepared to illustrate electromagnetic rotation in 
motors using computer programs [10]. The creation 
of a successful simulation tool requires a significant 
investment of time, energy, and expertise in 
computing languages and a comprehensive 
understanding of the operational characteristics of the 
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electrical machine and its performance. Although 
MATLAB/Simulink is an effective tool, it has limited 
symbolic capabilities in comparison to Mathematica 
[11]. Mathematica is particularly proficient in 
symbolic calculations, data visualization, and solving 
equations, making it an invaluable tool for modelling 
and analyzing electromechanical systems [12]. This 
combination of advanced computational capabilities 
and user-friendly visualization tools positions 
Mathematica as a superior choice for educational 
purposes in the study of IMs and their dynamics. 

The objective of this paper is to propose the 
utilization of Mathematica's tools for the 
development of a comprehensive coding structure for 
IMs, with a particular focus on the analysis of motor 
characteristics over time. A summary of the 
development scripts is provided below: 
 Specifying IM parameter values. 
 Defining system equations for dynamic analysis 

across different cases. 
 Setting initial conditions and time intervals. 
 Solving differential equations under both load and 

no-load conditions 
 Providing special examples for further analysis. 
The proposed program can calculate and plot a range 
of characteristics associated with the IM, including 
fundamental parameters such as voltage, current, and 
speed, as well as dq-axis voltages, currents, 
inductances, power, torque, and speed. This 
integration of computational and visual elements 
facilitates enhanced analysis and comprehension. 
 
 
2 IM Parameter Specifying, 

Identification, and Dynamic Equation 

Modeling 
The code defines the voltage differential equations in 
the standard and the dq system, including the current, 
inductance, reactance, and ohmic resistance. The 
mechanical differential equations and their 
corresponding representations are also included. 
Solving these differential equations numerically 
provides the desired results, which can be plotted. 
This offers a comprehensive understanding of motor 
behavior under various operating conditions. This 
study demonstrates the use of reduced order models, 
explores IM parameter features, and encourages 
solving electric machines through coding. 
Understanding the interplay between electrical and 
mechanical dynamics is crucial for effectively 
designing and controlling IMs. Mathematica is an 
ideal tool for students and researchers to better 
understand these dynamics and their implications for 
motor performance. IM characteristics from all 

models are plotted on equivalent axes to highlight 
key differences. This study examines three 
progressively detailed models of IM characteristics 
as follows:  

I. The "first order model" assumes an electrical 
steady state for the stator and rotor, with rotor 
speed being the sole dynamic variable. This is 
stated in Case 1. 

II. The "third order model" includes rotor variables 
and assumes that stator variables are either 
negligible or in a steady state. It also excludes 
stator resistance from calculations. This is stated 
in Case 2. 

III. The "fifth order model" incorporates stator and 
rotor variables, excluding deep bar effects. While 
there are potential limitations in realism, this 
model provides insightful simulations. This is 
stated in Case 3. 

In this study, a large IM intended to drive a fan is 
characterized by the following parameter values: 

 Stator Resistance ( 1r ): 0.460 Ω 
 Rotor Resistance ( 2r ): 0.433 Ω 
 Stator Leakage Reactance ( 1x ): 3.51 Ω 
 Rotor Leakage Reactance ( 2x ): 5.05 Ω 
 Magnetizing Reactance (

m
x ): 95.6 Ω  

Here, the coded motor undergoes across the line-
to-line start, with a 3-phase configuration. The motor 
load inertia(J) is 80 kg·m², and it is intended to drive 
a fan load. It is assumed that the power drawn by the 
fan is a cubic function of speed, with load torque 
proportional to speed squared. The fan load is 800 
kW, operated by a 60 Hz, 6000

t
V  volts rms line-

to-line source, with a total of 8 poles (P) and a 
synchronous speed of 900 rpm. Deep bar effects and 
saturation are neglected in the coding. Optimization 
and control are also possible with the help of coding. 

For the first case, the governing equation is 
written as follows: 

0

1 m
P

s



                                         (1) 

where s  is the slip for IM, while P  is the number of 
total poles on the motor and m

   is the rotor speed in 
/rad s . Terminal impedance through the formulas 

is given as follows:  
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where 1 2 1 2 and
m

r r x x x, , , , are defined as stator 
ohmic resistance, rotor ohmic resistance, stator 
reactance, rotor reactance, and mutual reactance 
respectively. Consequently, ,r ag tZ Z and Z  
represent the rotor impedance, the result of the 
parallel connection of the rotor impedance and 
mutual reactance, and the total impedance of the 
motor, respectively. The terminal voltage( tV ) , 

terminal current( aI ), rotor current( 2I ), and induced 

torque( eT ) are given in equation (3):  
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where  P is the total number and 0  denotes the rotor 
actual speed. The model load torque ( lT ) and 
dynamic equation of the rotor speed are given in 
(4)[13]:  

2
0

02
1

( )

( )

m

l

m

e l

P
T T

d
T T

dt J








 





 


.                         (4) 

The subsequent procedures, guidelines, and formulas 
are applied to Case 2 (third-order model) and Case 3 
(fifth-order model). Equations (5) through (9), which 
establish a synchronously rotating reference frame, 
are the governing equations. In this reference frame, 
the dq  axes are observed to rotate at synchronous 
speed, which is referred to as the speed term. The flux 
linkages, as seen in the last terms of equation (8), are 
associated with this speed. The dq  index represents 
the current, flux, and voltage ( ,i and V  ) in this 
axis.  [13], [14]. 

s
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 
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                        (5) 

When considering the d-axis of the stator, the 
magnetizing flux, and the leakage flux, it is essential 
to recognize the interconnection of these elements 
with the winding due to its own current, sd

i . 
However, because of the current present in the other 
winding on the same axis, rd

i  only the magnetizing 
flux links the stator winding. Based on this logic and 

scientific reasoning, the fluxes for the stator and rotor 
parts can be expressed by the following equations: 
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and the  
s

L , 
r

L  can be written as following: 
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r lr m

L L L
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,                           (7) 

where 
s

L  and 
r

L  represent the self-inductances of 

the stator and rotor, respectively. ls
L  and  lr

L

represent the leakage inductances of the stator and 
rotor, respectively. Meanwhile, 

m
L  signifies the 

mutual inductance between the stator and rotor 
circuit. 
   The standard dq  voltage equations are derived 
from the following vector-matrix form voltage 
equations, which are applied separately to the stator 
and rotor: 
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where [ , , , , ] , [ , ]T T

ds qs dr qs m ds qsV V    x= u= , sR and 

rR : Stator and rotor resistances. s : 
Synchronous speed (angular frequency). mL , sL

, rL : Coefficients derived from mutual and self-
inductances.       
The IM to be modelled [15] was considered a squirrel 
cage IM, the bar density in the rotor is uniform, 
therefore short-circuited as its voltages are 

0
rd rq

V V  [13]. 2 6000 0
3qs ds

V and V  , since 

it is a common choice in the synchronously rotating 
reference frame.  

The first row of (9) contains the electromagnetic 
torque equation, whereas the second row has the 
mechanical side equation:  

3
4

2

( )

( )

e m qs dr ds qr

m e l

P
T L i i i i

P
p T T

J



  


 


                    (9) 

The acceleration of IM is determined by the 
difference between the electromagnetic torque 
generated and the load torque 
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3 Code Implementation and 

Visualization of Results 
Although MATLAB is effective for exploring 
electric machines, Mathematica excels, particularly 
in solving differantial equations, which are crucial for 
understanding the behavior of electric machines. 
Therefore, the Mathematica implementation has 
proven effective in this paper as an educational tool. 
A steady-state speed model with dynamic rotor speed 
is solved using the "First Order" equation, based on 
the classical 3-phase IM dynamic circuit equation in 
Figure 1(a). The "Third Order" model, utilizing dq  
analysis illustrates the transient behavior of rotor 
speed in Figure 1(b), emphasizing the transient 
effects before reaching steady state. The "Fifth 
Order" model further investigates dq  analysis and its 
characteristics in Figure 1(c), focusing on the 
transient behavior prior to achieving steady state. 
Key differences between the models are highlighted 
by overlaying plots from all models on equivalent 
axes. 
(a) 
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Fig. 1: Rotor speed Characteristics (rad/s) of 3 
Phase IM for three model. 

Source:Created by the authors. 

 
 
The active power changes (Watt-P) for three models 
have been plotted by developing scrips for the three 
models in Figure 2(a), Figure 2(b), and Figure 2(c). 
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Fig. 2: Active Power (Watt-P) Characteristics of 
Motor for three models 

Source:Created by the authors. 
 

The reactive power characteristics (Q-VAR)  are 
presented in Figure 3(a), Figure 3 (b) and Figure 3 
(c) for three models. 
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(a)  
 

(b)  
 

(c)  
Fig. 3: Reactive Power (VAR) Characteristics of 

Motorfor three models. 
Source:Created by the authors. 

 
Following the determination and derivation of the IM 
parameters, we offer the formulation and 
Mathematica scripts for putting the first, third, and 
fifth-order models—Cases 1, 2, and 3. The first step 
in the investigation is to define the values of the IM 
parameters and create generic formulas based on 
them. We then derive variables in the form of 
modules and the formulas that go with them. The 
DSolve command is used to solve the differential 
equations, and the Plot command is used to visualize 
the results. The torque and speed characteristics for 
various loads are shown in the appendix section 
(Appendix B and Appendix D ). Furthermore, the 
Manipulate or Animate commands improve the 
mathematical process by enabling a deeper 

comprehension of electrical machinery. The analysis 
of IM operation at various levels, from basic to 
advanced, is covered in the parts that follow: 
A. Case 1: 

The "First Order" model assumes a steady state for 
the stator and rotor, with rotor speed being the only 
dynamic variable. Once the IM parameters are 
provided with the “NDSolveValue” command the 
problem is solved and results are given with plots. 
These steps are provided with the developed 
“module” given in Appendix A, which assists in 
constructing the circuit equation. This module 
includes both the definition of the parameters and the 
module itself.  
B. Case 2:   

Appendix B contains the script for the "Third Order 
Model." From (5) to (9) are utilized to investigate 
how non-linearities affect an IM's dynamic behavior; 
(9) explains the motor's mechanical behavior. Here, 
the rotor and stator currents must be determined. 
Since the rotor is "round," The quadrature axis 
functions just like the stator. This model assumes that 
the resistance is modest enough and that the stator 
runs in a steady condition with” modules”. The flux-
current related other motor parameters are outlined in 
the script in Appendix B in here torque characteristics 
for loaded and unloaded is given.  
C. Case 3:  

The running script in Appendix C contains the 'fifth 
model,' while Appendix D addresses the 
manipulation of the function in Case 3. This model, 
which uses equations (5) through (9) and assumes 
rotor and stator parameters under unsteady 
conditions, is employed to investigate how 
nonlinearities affect the dynamic behavior of the IM. 
It is simpler still, as it directly utilizes the previously 
defined simulation model. The results are presented 
in Mathematica, which incorporates built-in 
numerical algorithms such as the Runge-Kutta and 
explicit methods to simulate motor performance in 
both no-load and loaded states. 
 
 
4 Student Feedback 
The questionnaire was administered in person to a 
cohort of graduate students. Totally, five questions 
were asked to the Electric-Electronic Engineering 12 
master’s students in the 2024-2025 summer term 
after they had performed the script models for IM 
using Mathematica programming: 

 Is it easy to use? 
 Is it understandable and applicable? 
 The input/output variable behavior in the dq 

analysis was clearly observable. 
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 Being able to observe simulation results 
graphically was very helpful 

 Does it help you understand the subject 
better? 

Feedback from students after completing the case 
models was satisfactory, positive, and encouraging. 
 
 
5 Conclusions 
The standard and dq-axis (two-axis) models of three-
phase IMs, using Mathematica, provide an effective 
educational tool through symbolic computation and 
numerical simulation. This study aids in 
understanding motor operation principles and 
prepares students and researchers for advanced work 
in electric machines and control systems. The 
detailed models essential command, as “modules,” 
show Mathematica's versatility in education and 
research. However, dq modeling may introduce 
harmonics and imbalances when transitioning 
between dq and three-phase systems, requiring 
further analysis to improve accuracy. Additionally, 
integrating Mathematica scripts enhances the 
learning experience, allowing students to explore and 
visualize motor characteristics effectively. 
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Speed characteristics for each loaded 
condition 
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APPENDIX D 

Manipulation script of the speed characteristic 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 
 

 




