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Abstract
This work is a proposal of a finite element model to obtain the electromagnetic performance of a squirrel cage motor considering the 
magnetic wedges and radial vents. To analyze the electromagnetic performance at the design stage, without the need to build a pro-
totype, the paper proposes a simple two dimensions finite element model, which includes components as magnetic wedges used to 
hold the windings in the stator slots, radial vents in the core, which are part of motor cooling system, and edge effects to improve the 
model. The stator and rotor cores are modeled with an equivalent homogeneous permeability, obtained from the combination of the 
radial air vents of rotor and stator and the magnetic core material. The permeability of magnetic wedges is also considered. Edge 
effects considered are the end winding leakage inductance, representing the leakage flux in the end coils of the stator, and an equi-
valent impedance between rotor bars due to conductivity and leakage flux in the rings of the squirrel cage. The results obtained are 
compared with experimental tests performed in steady state to validate the model. Furthermore, no-load and blocked-rotor tests are 
simulated to estimate the equivalent circuit parameters and draw the typical induction motor torque-speed curve, which is compared 
with the obtained curve by means of Thevenin’s theorem. With this proposed model, the results are close to the ones obtained ex-
perimentally. The implementation of a 3D model is complex, and the computational cost can be much higher, compared to the 2D 
model developed here.
Keywords: Electromagnetic performance, numerical simulation, squirrel cage motor, magnetic wedges, radial vents.

Resumen
Este trabajo es una propuesta de un modelo de elementos finitos para obtener el desempeño electromagnético de un motor jaula de 
ardilla que cuenta con cuñas magnéticas y ventilaciones radiales. Para el análisis del desempeño electromagnético, en la etapa de 
diseño, evitando la necesidad de construir un prototipo, se propone un modelo simple de elementos finitos en dos dimensiones que 
incluye componentes como cuñas magnéticas utilizadas para mantener los devanados en las ranuras del estator, ventilaciones radia-
les en el núcleo, que son parte del sistema de enfriamiento del motor, y efectos de borde para complementar el modelo. Los núcleos 
del estator y del rotor se modelan con una permeabilidad homogénea equivalente, obtenida de la combinación de las salidas de aire 
radiales del rotor y el estator y material del núcleo magnético. También se considera la permeabilidad de las cuñas magnéticas. Los 
efectos de borde que se consideran son: la inductancia de dispersión en el cabezal del devanado, el cual representa el flujo disperso 
al final de las bobinas del estator, y una impedancia equivalente entre las barras del rotor debido a la conductividad y el flujo disper-
so en los anillos de la jaula de ardilla. Para validar el modelo, los resultados obtenidos se comparan con pruebas experimentales 
realizadas en estado estable. Adicionalmente, las pruebas de rotor bloqueado y sin carga se simulan para estimar los parámetros del 
circuito equivalente y obtener la curva par-velocidad del motor inducción, la cual se compara con la curva obtenida mediante el 
teorema de Thévenin. Los resultados del modelo propuesto son cercanos a los obtenidos en el laboratorio. La implementación de 
un modelo 3D es compleja y el costo computacional puede ser alto comparado con el modelo 2D desarrollado en este trabajo.
Descriptores: Desempeño electromagnético, simulación numérica, motor jaula de ardilla, cuñas magnéticas, ventilaciones radiales.
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Introduction

The electromagnetic characteristics of the squirrel cage 
motor make it the most used prime mover in industry. 
Methods to estimate motor performance, like equiva-
lent circuits, analytical or numerical representation, are 
used and techniques to compute some electrical para-
meters as genetic algorithm and differential evolution 
are examples of different tools. In any case, it is impor-
tant to analyse the design and to determine the perfor-
mance and the motor parameters before manufacture.

Maxwell’s equations describe the relationship bet-
ween electromagnetic variables enabling the temporal 
and spatial analysis in energy conversion devices. 
However, due to the motor geometry and the non-li-
near characteristics of materials, the analysis and de-
sign using analytical methods is not an easy task.

The Finite Element Method (FEM) is a tool of great 
help to solve systems of differential equations in many 
areas (Castañeda et al., 2020). The essential idea of FEM 
is to geometrically divide a domain or a body in small 
subdivisions or elements that are joined by nodes and 
form an assembly called mesh. The task is to postulate 
simple equations and assemble the information that co-
mes from each element generating an algebraic system 
of equations to get the solution of the proposed model. 

The study of electromagnetic devices with FEM gi-
ves a very close representation of their steady state 
(Guzman et al., 2015) and transient (Qiu et al., 2020) be-
haviour. It also helps to visualize and obtain the distri-
bution of magnetic flux density, leakage flux, magnetic 
field strength, among other variables.

This work includes design elements that have been 
considered by researchers to tackle different problems. 
The examined elements are: the pack of ferromagnetic 
laminations with radial ventilation channels in rotor 
and stator (Cha et al., 2017; Tong et al., 2018), the magne-
tic wedges to close slots of the stator pack (Frosini & 
Pastura, 2020; Yang et al., 2020; Verucchi et al., 2017), the 
edge effects of the stator winding and of the rotor rings 
that short-circuited the squirrel cage bars (Jimenez et 
al., 2016; Kumar et al., 2020). These elements of the squi-
rrel cage motor are all included in the simple 2D FEM 
model proposed in this paper.

The motivation of this work is to have a methodolo-
gy to obtain the parameters and simulate the behaviour 
of large squirrel cage motors (medium and high volta-
ge) using FEM in the design phase, before performing 
the usual electrical laboratory tests determined by in-
ternational standards (IEC, 2007; IEEE, 2004). Experi-
mental tests can represent a high mechanical stress and 
an increase of the motor temperature. In addition, there 

must be a high level of safety to avoid damage to the 
motor and to not affect the security of the personnel 
that performs the tests.

The paper is organized in the following manner. 
Section 2 gives a brief description of the squirrel cage 
motor, the equivalent circuit and the elements included 
in the FEM model. In Section 3, the FEM applied to elec-
tromagnetism is presented. Section 4 shows a simple 
2D model. Section 5, the electrical characteristics, geo-
metry, boundary conditions and the electromagnetic 
field periodicity in the motor for the 2D model are com-
mented. In Section 6 several simulations are performed 
and in order to verify the obtained results are compa-
red with the laboratory tests and finally, section 7 the 
conclusion of the paper.

Squirrel cage motor

The squirrel cage motor is a device that uses electro-
magnetic fields to convert electrical energy into mecha-
nical. The stator has a laminated ferromagnetic core 
with slots where windings are placed and fed with 
three-phase voltages. The rotor has a squirrel-cage in-
serted in its slots. The cores are normally constructed 
with non-grain-oriented silicon steel. 

When the motor is loaded, the three phase stator cu-
rrents produce a magnetic field that rotates at synchro-
nous speed (Ns). The mechanical rotor speed lags the 
rotating magnetic field and produces a slip (s) proportio-
nal to the percentage of the relative speed between syn-
chronous and mechanical speed (Nm). The frequency of 
the voltages induced in the rotor winding or bars is called 
“slip frequency”, denoted by fr, obtained by the product of 
the slip and the stator frequency fe:

fr = s ⋅ fe	  (1)

Figure 1 shows the steady-state equivalent circuit of the 
squirrel cage motor. The resistances of stator (R1), rotor 
(R’2) and the equivalent resistance to magnetic loss (Rc) 
and the inductances of stator (L1), rotor (L’2) and mag-
netization (Lm) are the parameters that represent the 
presence of electromagnetic field linkages and current 
in conductors. V1 represents the phase voltage.

Figure 1. Single-phase equivalent circuit (referred to the stator) 
of a balanced three-phase squirrel cage motor

https://doi.org/10.22201/fi.25940732e.2021.22.4.025
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The proposed method relates the physical variables of the 
motor with the equivalent circuit parameters. It uses the 
FEM to calculate the circuit parameters as well as the equi-
valent circuit currents.

Radial rotor and stator ventilation ducts

In the FEM, the consideration of the complete geometry 
of a structure demands expensive computational resou-
rces. For this reason, it is convenient to simplify the mo-
tor structure. In the case of laminated magnetic cores, 
the shape of the magnetic sheets and the air between 
sheets may cause numerical problems, since there is a 
strong dimensional disproportion between the length 
of the magnetic core and the thickness of the sheets.

One solution is to model an equivalent macroscopic 
structure using a homogenization technique, this tech-
nique allows simplifying the behavior of a material. 
Starting from a heterogeneous structure that consists of 
several materials and can be determined in a homoge-
neous equivalent structure. This technique requires the 
use of the magnetic circuit concept.

The geometry of the radial package and vents of the 
stator and rotor is shown in Figure 2a. The homogeneous 
permeability is calculated considering a Cartesian system 
and assuming that the magnetic flux is in the “y” direction. 
The reluctance presented by the system is a parallel combi-
nation of the reluctances of the stack and the radial vents. 
This is shown in Figure 2b (Salon & Chari, 1999), where:

Figure 2. Equivalent homogeneous permeability of laminated 
stack (dimensions in mm)

ℜi 	= the silicon steel laminated core reluctance
ℜa = the air reluctance
φ 	 = the flux

The reluctance values for air (a) and silicon steel lami-
nated core (i) are:

ℜa = r / m0 ba	 (2)

ℜi = r / mi bi	 (3)

Where:

r 	 = radial longitude
b 	 = stack axial length
mi  and m0 = the permeability of silicon steel laminated 

core and air, respectively

Thus, the equivalent permeability (meq) being:

meq = mi bi + m0 ba / bi + ba	 (4)

It can be seen that as the rotor ducts and the stack have 
the same length (this is also valid for the stator) the 
equivalent permeability changes depend only on the 
magnetic permeability.

Magnetic materials in the core

The stator and rotor cores of squirrel cage motors are 
manufactured with lamination thicknesses of 0.27 to 
0.65 mm to avoid eddy or circulating currents. The fe-
rromagnetic laminations are mainly made with iron 
and alloys, since they offer a better cost-benefit of motor 
performance. These materials are known as electrical 
steels, since they are highly permeable. Investigations 
carried out showed that to improve the electrical cha-
racteristics of the steels, around 0.6 % to 3 % of silicon is 
added and thermal treatments such as annealing and 
recrystallization are made in order to reduce power los-
ses (eddy and hysteresis) (Liu et al., 2015).

Furthermore, magnetic wedges located in the slots 
of the stator core are used to improve the performance 
characteristics, providing a magnetic path that closes 
the slots and reduces the air gap. Core losses decrease 
under no load condition and reduce the harmonic con-
tent in the spatial distribution of the magnetic flux. It 
also helps to keep the coils in the slots, particularly du-
ring motor starting due to the electrodynamic forces 
(Verucchi et al., 2017). The magnetic wedge is shown in 
Figure 3 and its composition is often a mixture of pow-
der iron and a thermosetting resin.

Figure 3. Magnetic wedge

The magnetic B-H characteristic of the core material, as 
well as the obtained equivalent permeability and the 
magnetic wedge permeability are shown in Figure 4.

https://doi.org/10.22201/fi.25940732e.2021.22.4.025
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Figure 4. B-H curve of the motor magnetic materials

Edge effects

To have a better representation of the squirrel cage mo-
tor performance, it is important  to consider the leakage 
flux due to the overhang winding at the end of the mag-
netic steel pack (Figure 5). To obtain the total leakage 
flux, it is necessary to determine some parameters such 
as starting torque, starting current and power factor, 
among others (Schuhmann et al., 2013).

      

a) End-winding in the stator               b) Leakage flux due stator end-windings
Figure 5. Edge effects considered in the FEM model

The solid conductors or bars of the squirrel-cage rotor 
are short-circuited with end-rings that have a finite im-
pedance between each bar (Figure 6) (Escarela et al., 
2009). The inductance (Ler) basically depending on the 
geometry of the short-circuit end-rings and the resis-
tance (Rer) depending on the resistivity of the squirrel 
cage material and the dimensions of the end rings 
(Wang et al., 2014).

                                     
Figure 6. Equivalent circuits representing the squirrel-cage

There is technical literature (Pyrhonen, 2013) and (Bol-
dea, 2020) that describes how to determine the end win-
ding leakage inductance and to determine the end ring 
impedance parameters, which are an extension of the 

model of the stator winding and of the end ring squirrel 
cage.

Finite element method applied  
to low-frequency electromagnetism

In electromagnetism, the Maxwell’s equations for elec-
tric and magnetic fields are expressed as follows:

∇ × E = - ∂B / ∂t

∇ × H = J + ∂D / ∂t	 (5)

∇ ⋅ B = 0

Where:

E	 = Vector of electric field strength
B 	 = Vector of magnetic induction
H 	 = Vector of magnetic field intensity
D 	 = Vector of electric displacement or electric induction
J 	 = Vector of electric current density

Maxwell’s equations are complemented with the cons-
titutive relations that establish the characteristics of the 
medium: The presence of nonlinearities, remaining in-
ductions, and the behaviour of the fields in the interface 
between different media, among others. 

D = εE	
B = µH	 (6)
J = σE

Where: 

ε 	 = Electrical permittivity
σ 	 = Electric conductivity
m 	 = Magnetic permeability

In this work, all media are considered isotropic.
There are equivalent formulations, based on vector 

and scalar, magnetic and electric potentials to implicitly 
solve the Maxwell’s equations. The solution of the diffe-
rential equations in partial derivatives, in terms of the 
potentials, represent the solution of the Maxwell’s 
equations. In this problem, the displacement current is 
negligible as compared to the main current for low fre-
quency operation and therefore it can be omitted (Bas-
tos & Sadowski, 2003).

[∂D / ∂t << J] ⇒ ∇ × H ≅ J		  (7)
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In this case, the formulation used is the magnetic vector 
potential (A), and the electric scalar potential (V), for-
mulation A - V, which leads to a simple 2D way to esta-
blish the coupling between electrical circuits and the 
magnetic field equations in the induction machine:

∇ × (1/µ ∇ × A) + σ [∂A/ ∂t + ∇V] = 0	 (8)

Simple 2D model

The squirrel cage motors have intricate geometries that 
require a detailed analysis. Research performed in (Pe-
chlivanidou et al., 2019; Fireţeanu et al., 2019) compares 
2D and 3D FEM models showing the differences in the 
results. Substantially 3D models require much more 
computing time than 2D models and the size of the files 
used in 3D analyses is 10 times greater than the 2D 
analyses files. The results of both techniques have a per-
centage error that seems to be significant only for a few 
electromagnetic quantities, like the torque and the air-
gap total flux density where the error is around 8 % bet-
ween 2D and 3D analyses. A simple 2D model is 
proposed to reduce the computing time, simplify the 
problem, and accomplish a detailed representation of 
the geometry. Hence, the magnetic vector potential and 
the current density have only one component in the 
axial direction (z) of the machine (Bastos & Sadowski, 
2003), such that:

A = A (x,y) k
	 (9)
J = J (x,y) k

Where k is the unit vector in the z direction. With this 
consideration, the equation (8) can be written in Carte-
sian coordinates as:

	 (10)

Equations for conductors

Two types of conductors, of different dimensions, are 
considered in this work: Solid conductors that, due to 
their large dimensions and the skin effect, do not have 
a uniform distribution of the current in their cross-sec-
tion and the filamentary conductors in the winding 
coils where the current is considered uniformly distri-
buted.

Solid conductors: By modifying equation (10) for so-
lid conductors we get the following relation:

	
(11)

	  (12)

Where:

Vm 	 = the potential difference between the conductor 
terminals

Rm 	 = the DC resistance of the conductor 
Im	 = the total current in the conductor
S 	 = the cross-section of the conductor 
Γ 	 = the length of the conductor

Figure 7 shows the solid conductor. 

Figure 7. Solid conductor

Filamentary conductors: Let Γ be the length, If the cu-
rrent and Nc the number of turns. The conductor has a 
small cross-section (s) so as to avoid the skin effect. Fi-
gure 8 shows the filamentary conductor. 

Figure 8. Filamentary conductors

Similarly, as it was for solid conductors, the equation 
(10), for filamentary conductors is:

	 (13)

	 (14) 

Finally, the system of equations for the analysis of low 
frequency electromagnetic problem is as follows:

	 (15)                                                       

	 (16)
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	 (17)

An additional term has been introduced in (17): L dIf / dt, 
to take into account the leakage flux in the end-win-
dings, shown in Figure 5.

Squirrel cage motor modeling

This section presents the finite element model of a squi-
rrel cage motor. The considered model assumptions 
are:

1.	 Three-dimensional effects are incorporated using a 
2D model of the electromagnetic system comple-
mented with resistances and inductances represen-
ting those effects.

2.	 In a simple 2D model, an isotropic media is assu-
med, but nonlinear, which means that the satura-
tion phenomenon is considered. 

3.	 The dielectric and conductive characteristics are li-
near, therefore, the permittivity of the material (∈) 
and the conductivity (σ) are constants.

Main specifications of simulated motor

Table 1. Specifications of the motor

Motor type Three phases
Rated power, Pn 1400 hp
Nominal supply voltage, Vfn 7200 V (Line voltage)
Connection type Star
Electrical frequency, fe 60 Hz
Length of the stator and rotor 
magnetic core 830 mm

External diameter of the stator 
magnetic core 690 mm

Internal diameter of the stator 420 mm
Length of the air gap 2.4 mm
Pole pairs number 2
Number of stator sots 48
Number of rotor sots 58
Parallel branches 2
Turns in series in a stator coil 8
Stator slot pitch 12

Slots dimensions

Figure 9 shows the stator and rotor slots with their di-
mensions.

Figure 9. Stator and rotor slots dimensions (mm)

Periodicity and boundary conditions

In the studied motor, it is used a periodicity condition 
due to its symmetry that delimits the boundaries of pe-
riodic portions with equal potential values, and  to solve 
equation (10), boundary conditions must be considered. 
The boundaries that define the selected domain are the 
stator core outer periphery and the rotor core inner pe-
riphery. The evaluation of the electromagnetic field in 
all FEM simulations considers the magnetic vector po-
tential Az as unknown in the whole domain. The Diri-
chlet condition is considered in this boundary as no 
magnetic flux is crossing it: Az = A0 = 0. 

Simulations results

The simulations presented in this work result from a 
time-harmonic analysis performed in a commercial 
FEM software (Altair, 2016) at constant slip values (ro-
tor speed constant values) and do not consider the mo-
vement of the rotor with respect to the stator. It is 
important to point out that the results do not depend 
on FEM software used, the important thing is to consi-
derer the characteristics mentioned in this paper to ob-
tain accurate results close to the real motor.

The frequency in the rotor circuit is adjusted accor-
ding to equation (1). In Figure 10 the results are shown 
graphically for a complete speed range.

Figure 10. Curve of the power balance

f z
f f f

dI A
V R I L N

dt t
∂

= + + Γ
∂



7Ingeniería Investigación y Tecnología, volumen XXII (número 4), octubre-diciembre 2021: 1-10 ISSN 2594-0732 FI-UNAM

Aragon-Verduzco David Antonio, Escarela-Perez Rafael, Olivares-Galvan Juan Carlos, Campero-Littlewood Eduardo, Maximov Serguei, Hernández-Ávila Jose Luis

https://doi.org/10.22201/fi.25940732e.2021.22.4.025

Full load simulation

These simulations contain the motor characteristics for 
a steady-state operation. In Table 2, electrical parame-
ters as the nominal current (I1n), nominal rotation (nn), 
nominal slip (sn), nominal torque (Th) and nominal 
power factor (cosθn) are presented and the results 
show a good accuracy (less than 1.2 % relative error) 
between the simulations and the laboratory values. 

Table 2. Comparison of values obtained from simulation and 
laboratory data

Parameters I1n 
(A)

nn 
(rpm) sn Tn 

(Nm) cosθn

Simulation 
values 99.0 1789.7 0.0057 5590 0.86

Laboratory 
values 99.8 1789.6 0.00577 5597 0.87

Percent relative 
error 0.8 0.005 1.2 0.12 1.1

 
In Table 3, the power balance in the squirrel cage motor 
motor is shown. Specifically, the electrical input (P1n), 
Joule losses in stator winding (Pj1n), core loss (Pmn), 
Joule losses in rotor winding (Pj2n) and efficiency (ηn) 
are presented. In almost all the calculated values, the 
obtained relative error is low (less than 1.7 %). Only for 
the case of core losses the relative error was 4.16 %, in 
this work the Berttoti formula (Bertotti, 1998) was used 
to calculate them.

Figure 11 shows the lines of the magnetic field for-
ming two poles. The machine under study is a 4 pole 
(for symmetry only two poles are shown).

Figure 11. Magnetic field lines for the steady-state operation of 
the machine with rated load (s=0.0057)

Blocked-rotor simulation

The blocked rotor operation is simulated with a slip s=1 
and the motor is supplied with a reduced voltage from 
15 % to 30 % of the nominal value. For the rated current 
98.4 A, an applied voltage of 866 V corresponds to an 
active power of 30747 W.

The distribution of the magnetic field density can be 
seen in Figure 12. As the slip is equal to one, the fre-
quency of the rotor is the same as the frequency of the 
source. Therefore, the skin effect in the rotor bars is 
more pronounced in this condition than when it opera-
tes at full load.

Figure 12. Magnetic flux density operating at locked rotor 
(s=1.0)

In Figure 13, the current density in the bars is shown. 
As the currents are induced in the rotor bars, a secon-
dary magnetic field is produced which opposes the pri-
mary magnetic field due to the skin effect.

Figure 13. Density of current in the rotor bars at locked rotor 
(s=1.0)

No-load simulation

The simulation at no-load is performed with s=0.001, 
since it represents a slip value much less than the nomi-
nal slip. The objective of this simulation is to calculate 

Table 3. Comparison of values obtained from simulation and laboratory data

Parameters	  P1n (W)  Pj1n (W)  Pmn (W)  P2n (W)  ηn (%)

Simulation values 1074853 9596 11000 1045589 97.56

Laboratory values 1087580 9700 10560 1044180 96.01

Percent relative error 1.17 1.07 4.16 0.13 1.61
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the currents at no-load, when the motor is fed at nomi-
nal voltage. For a slip value s=0.001 at no-load the stator 
current corresponds to Ioc=34.7A and the value of the 
power loss in the magnetic core is Poc=11,111 W.

Calculation of the parameters of single−phase  
equivalent circuit of the three-phase squirrel cage motor

The equivalent circuit parameters of the motor are cal-
culated from the results of simulations at no-load and 
blocked rotor (Umans, 2014). From the simulation of 
the motor operation at no-load, the magnetization reac-
tance and the equivalent resistance due to the losses in 
the iron can be calculated. From the locked rotor simu-
lation, the rotor resistance and the leakage inductance 
referred to the stator are obtained.

Table 4 presents the values of the parameters of the 
equivalent circuit of the modelled induction machine.

Table 4. Equivalent circuit parameters of the simulated induction 
machine

Parameters R1 (Ω) L1 (mH) Rc (kΩ) Lm 
(mH) R’2 (Ω) L’2 

(mH)

Values 0.33 11.6 4.67 318 0.73 11.64

Since the parameters that were obtained from the simu-
lations performed by the FEM (Table 4) and the analysis 
of Thevenin’s theorem applied to the equivalent circuit 
of the induction machine (Umans, 2014), the obtained 
speed-torque curves are shown in Figure 14 

Figure 14. Speed-torque curve

In Figure 14 it can be observed an appreciable differen-
ce between electromagnetic torque obtained by FEM 
and with the equivalent circuit. This is mainly due to 
the fact that the curve obtained with the FEM considers 
the non-linearity of magnetic materials and does not 
neglect the effects of eddy currents.

Thevenin’s theorem can be used to calculate some 
values of the motor starting parameters such as the 
electromechanical torque and the starting current. 
However, in order to obtain more precise parameters 

values, that actually catch the start-up phenomenon, 
authors suggest performing a transitory analysis.

Conclusion

This paper provides a model of a three-phase squirrel 
cage motor of 1400 hp using the finite element method. 
Several simulations were carried out at the frequency 
domain which made possible to obtain the accurate 
electromagnetic performance and reliable parameters 
of the motor equivalent circuit. In the proposed quasi-
3D FEM model important physical aspects such as ra-
dial ventilation ducts, magnetic wedges and edge 
effects of the machine were considered. Periodicity and 
boundary conditions were also selected keeping in 
view the efficiency of the program.

The theory behind the method was developed using 
a deep analysis of the electromagnetic equations that 
made possible to perform the modelling of the squirrel 
cage motor. Using valid assumptions, a formulation 
with the vector magnetic potential was obtained (non-
linear diffusion equation). In principle, this equation 
cannot be solved directly since it has two unknowns: 
the vector magnetic potential and the scalar electric po-
tential. However, to obtain the scalar electric potential, 
the equations of the massive and filamentary conduc-
tors were used that allow the interconnection with ex-
ternal devices, thus solving a circuit-field problem.

The analysis performed includes a complete over-
view of the input-output variables of a squirrel cage 
motor as well as the equivalent circuit parameters, i.e. 
voltages and currents in stator and rotor. Also, internal 
variables, such as the magnetic field and the magnetic 
field density are obtained at different operation charac-
teristics and using a shorter computing time than a 3D 
model. Obtained results were validated with experi-
mental data, which show acceptable percentages of 
error. This work can help design engineers to calculate 
the operational properties and features of the induction 
machine with a high reliability and without the need to 
build a previous prototype.

Nomenclature

3D 	 = Three dimensions
2D 	 = Two dimensions
FEM	= Finite Element Method
Ns 	 = Synchronous speed
s 	 = Slip
Nm	 = Mechanical speed
fr 	 = Slip frequency
fe 	 = Electrical frequency	
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R1 	 = Resistance of stator
R’2 	 = Resistance of rotor
Rc 	 = Equivalent resistance to magnetic loss
L1 	 = Inductance of stator
L’2 	 = Inductance of rotor
Lm 	 = Inductance of magnetization
ℜi 	 = Reluctance of silicon steel laminated core
ℜa 	 = Reluctance of air
φ 	 = Magnetic flux
r 	 = Radial longitude of the laminated core
b 	 = Axial length of the laminated core
μi 	 = Permeability of laminated core
μ0 	 = Permeability of the air
μeq 	 = Equivalent permeability of the whole core
Ler 	 = Equivalent inductance of rotor
Rer 	 = Equivalent resistance of rotor
E 	 = Vector of electric field strength,
B 	 = Vector of magnetic induction,
H 	 = Vector of magnetic field intensity 
D 	 = Vector of electric displacement or electric induc-

tion
J 	 = Vector of electric current density
ε 	 = Electrical permittivity of the material
σ 	 = Electric conductivity of the material
μ 	 = Magnetic permeability of the material
A 	 = Magnetic vector potential
V 	 = Electric scalar potential
A(x,y) or Az = Magnetic potential in axial direction
J(x,y)= Current density in axial direction
Vm 	 = Potential in solid conductor
Rm 	 = Resistance in solid conductor
Im 	 = Current in solid conductor
S 	 = Cross-section of the conductor
Γ 	 = length of the conductor
Vf 	 = Potential in filamentary conductor
If 	 = Current in filamentary conductor
Rf 	 = Resistance in filamentary conductor
Nc 	 = Number of turns of the filamentary conductor
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