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Abstract—This article describes the use of software tools and
didactic equipment of electrical machines applied to the teaching
in Electrical Engineering, specifically in the realization of an
application work consisting of the characterization of the three-
phase induction motor.

Several studies have explored the effectiveness of teaching
activities, which encompass different learning tools in the same
work, from the use of didactic materials to the use of professional
computer tools.

The objective is the simultaneous use of didactic equipment
and the calculation methodologies through specific software of
industrial applications in engineering studies.

In addition, to observe whether performing application work
that implementing different techniques at the same time fosters
the critical spirit among students.

The activities students must do in the application work
proposed in the subject of rotating electrical machines is to
determine all the constructive variables of an induction motor,
draw it, simulate its electromagnetic behavior by finite elements
method with a freeware available 2D program, test the motor in
the laboratory following the guidelines of the current standards
and, finally, compare the results obtained from the tests and the
simulation, by making a critique of the results and the calculation
methodology used.

The application work presented in the article has been
implemented during several courses in the subject of electrical
machines for Electrical Engineering students, with satisfactory
results.

Index Terms— Software tools, didactic equipment, electrical
engineering, finite element method simulation, evaluation rubric.

1 INTRODUCTION

N the process of students learning in the field of

Engineering, different practical activities are complemented
by using material for didactic purposes, industrial equipment,
measuring equipment or computer tools, such as simulation
programs and spreadsheets, among other possibilities [1] [2].

In the particular case of Electrical Engineering, there is
practically consensus among the educational community that
the realization of laboratory practices is a must for student’s
training. Even so, in many occasions, the economic limitations
for the acquisition of material, the limitations of laboratory
availability, the necessary safety conditions during the use of
laboratory material when working with electrical voltage and
the little time flexibility in the academic calendar of students,
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makes practices be carried out in a limited duration and
controlled extension within excessive rigid sessions, an issue
limiting the realization of extensive practical work within the
subject regulated classroom schedule [3] [4].

Of equal interest is the introduction of simulation practices
using computer programs, which are more flexible in their
implementation than laboratory practices, since students can
supplement these simulations out of their strict in-person
schedule. This has, sometimes, caused the danger of abusing
of simulation practices to the detriment of laboratory practices
with real material [5] [6] [7].

This article presents an application work proposed to
students and within the same activity, it includes the
experimental realization of tests in the laboratory, the
realization of simulations through computer programs, the
need to consult current standards, the elaboration of
calculation spreadsheets to obtain results and the criticism of
those results to be developed in a final report of marked
technical nature.

In order to be able to implement this work, of considerable
temporary dedication by the student within the framework of a
subject, it is necessary to schedule some face-to-face sessions
during the course, both in the laboratory and in computer
sessions; and also within the assigned hours in the classroom,
in addition to the personal work that students must devote out
of their classroom hours [8] [9].

This paper is organized as follows. After this introduction,
in Section 2, a description of the used induction motor is
shown, with the results obtained in the laboratory tests, the
finite element simulations and the characteristic curves from
the circuit equivalent analysis. The implementation work
presented and applied in the Electrical Engineering studies is
exposed in Section 3. Students feedback and the evaluation
rubric of the application work in several courses is reported in
Section 4. Finally, in Section 5, the main conclusions are
presented.

2 CHARACTERIZATION OF THE THREE-PHASE INDUCTION
MOTOR

The scope of the application work proposed to students is
the characterization of a three-phase induction motor [10],
using didactic equipment of electrical machines available in
the laboratory. That didactic equipment, by means of the
assembly of different pieces and coils, allows to set up
different types of rotating electrical machines and different
windings for the same type of machine [11].



In this section, the different parts of the application work
and the results that can be obtained during its realization are
shown. Section III specifies how these application work parts
are implemented during the course.

2.1 Induction Motor Used

In Figure 1, a photograph of the parts of the induction motor
used for didactic purposes is shown. The first activity is to
write down all the main dimensions of the motor, with the
help, in some cases, of the equipment user’s manual. The main
dimensions are shown in Table 1 [12]. The second activity
consists of assembling the motor parts, making a three-phase
stator winding, double-layer, four poles and a star connection,
Figure 2.

Figure 1. Stator and rotor of the induction motor corresponding to the didactic
equipment [7].

TABLE 1
MAIN DIMENSIONS OF THE MOTOR

Dimensions Quantity
Stator exterior diameter 237.4 mm
Stator inner diameter 101.5 mm
Rotor exterior diameter 100.5 mm
Induced length 33.5 mm
Number of stator slots 12
Number of rotor slots 17
Number of turns in the stator coils 195
Magnetic sheet Ferrosil 216
Axis diameter 20.5 mm

Figure 2. Three-phase stator winding, four poles, star connection [7].

2.2 Laboratory Tests
Once the different parts have been assembled and the

windings are connected, the motor is tested in the laboratory
of electrical machines. First, the existence of the rotating
magnetic field generated by the stator windings is checked by
a compass. The speed is measured as shown in Figure 3.

Figure 3. Check and speed measuring of the rotating magnetic field.

Subsequently, we proceed to determine the parameters of its
equivalent circuit according to Figure 4, where:
R = stator resistance
R’ =rotor resistance referred to stator
Xd1 = stator reactance
X’a2 = rotor reactance referred to stator
Xy = magnetizing reactance
Rfe = iron loss resistance
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Figure 4. Equivalent circuit used in the induction motor.

The tests are carried out by following the indications of the
IEC60034-2-1 standard [13], and the students should consult
and apply. Specifically, the measurement of the stator
resistance, the no load test for different stator voltages and the
short-circuit test are carried out. From the instructions in the
manual for the use of the didactic equipment, a nominal
voltage of 200V and a nominal current of 1A are established.
The assembly carried out in the laboratory, with the motor and
measuring equipment, is shown in Figure 5 [14].



Figure 5. Measuring equipment to perform the tests on the assembly
induction motor.

By applying the calculation procedure of the standard, the
parameters of the equivalent circuit obtained, for the
frequency of 50 Hz, are shown in Table 2 [15].

TABLE 2
EQUIVALENT CIRCUIT PARAMETERS OBTAINED FROM THE LABORATORY
TESTS

Parameter Value
Stator resistance 16.45Q
Rotor resistance referred to stator 15.58Q
Stator reactance 2143 Q
Rotor reactance referred to stator 2143 Q
Magnetizing reactance 106.16 Q
Iron loss resistance 3352.71 Q

2.3 Finite Elements Method Simulation

Based on the knowledge of all constructive variables and
materials of the motor, simulations are carried out using the
finite elements method [16] [17]. The FEMM (Finite Element
Method and Magnetics) program is used, freeware 2D
simulation program [18].

The simulations that must be done are:

- Ferromagnetic material in the stator and in the rotor, and
nominal current in one phase of the motor, Figure 6. This
simulation allows to obtain the magnetizing inductance and
the longitudinal resistance of the stator.

- Ferromagnetic material in the stator and air in the rotor, and
nominal current in one phase of the motor, Figure 7. This
simulation allows, in an approximate way, to obtain the stator
leakage inductance.

- Ferromagnetic material in the rotor and air in the stator, and
nominal current in a bar of the rotor cage, Figure 8. This
simulation allows, in an approximate way, to obtain the
leakage inductance and the longitudinal resistance of a rotor
bar.

- Cross section to determine the effect of coil heads, and
nominal current in a stator coil, Figure 9. Giving the figure the
expected depth of the coil head effect, this simulation
approximately allows to obtain the leakage inductance and
resistance of coil heads.

Figure 6. Simulation to determine the mnetizing inductance.
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Figure 7. Simulation to determine the leakage inductance of the stator.

Figure 8. Simulation to determine the leakage inductance of a rotor bar.



Figure 9. Simulation to determine the leakage inductance of the stator coil
head. In this case, the Kelvin transform is applied to improve the contour
effect.

In the simulation of Fig. 8, the current in a rotor bar is
calculated from equations (1) (2) and (3).
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Where:

I> = rotor current

I’2 = rotor current referred to stator

1 = current transformation ratio

N1 = number of turns per phase in the stator
N2 = number of turns per phase in the rotor
m1 = number of the stator phases

m2 = number of the rotor phases

kw1 = winding factor of the stator

kw2 = winding factor of the rotor

Ir = rotor bar current

p = number of the pole pairs

The parameters of the equivalent circuit of the rotor referred
to the stator (R’2 and X’a) are calculated from the impedance
transformation ratio (riz) which is obtained according to the
equation (4).
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To determine the iron loss resistance, losses in the iron
should be approximately estimated. Equation (5) is used,
based on the data of the magnetic sheet manufacturer and the
induction values obtained in the simulation with finite
elements method shown in Figure 10, simulation that is

carried out under the same conditions of Figure 6.
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Where:
Perdpe iron losses

= additional losses coefficient due to the manufacturing
process (between 1.5 and 2)
Perdreo = specific iron losses (W/kg) given by the magnetic
sheet manufacturer
f = operation frequency
fo = frequency in the conditions given by the magnetic sheet
manufacturer
Wa = stator teeth weight
Ba = maximum flux density in the stator teeth
Bo = maximum flux density in the conditions given by the
magnetic sheet manufacturer
Wee = stator yoke weight
Bee = maximum flux density in the stator yoke

From the simulations carried out according to the Figures 6-
9 and the corresponding calculations carried out, the
parameters of the equivalent circuit are obtained as shown in
Table 3.
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Figure 10. Simulation to determine the maximum flux densities.

TABLE 3
EQUIVALENT CIRCUIT OBTAINED FROM THE FINITE ELEMENTS METHOD
SIMULATIONS

Parameter Value
Stator resistance 16.81 Q
Rotor resistance referred to stator 153 Q
Stator reactance 2591 Q
Rotor reactance referred to stator 254 Q
Magnetizing reactance 13424 Q
Iron loss resistance 2381.94 Q

2.4 Characteristic Curves

From the parameters of the equivalent circuit, it proceeds to
implement the operating equations of the motor in a
spreadsheet, a procedure that allows students to solve the



electrical circuit of the motor and to apply the power balance
[19].

In addition, since the equivalent circuit has been obtained by
two methods, laboratory tests and simulations with finite
elements method, the results obtained by applying the two
methods can be shown in the same graph. As an example,
Figures 11, 12, 13 and 14 shows the torque-speed
characteristic curve, the current-speed characteristic curve, the
efficiency curve and the power factor curve, respectively [20].

From the characteristic curves shown in Figures 11, 12, 13
and 14, we can highlight the following aspects:

- the differences between the curves obtained are mainly due
to the differences between the equivalent circuit parameters
resulting from the laboratory tests with respect to those
obtained from the simulations (differences ranging between
1.7% and 20%. These differences they are caused, mainly, by
the approximations in the simulation process, such as
simulating in 2D, the existence of parasitic air gaps in the
assembly of pieces due to the structure of the didactic
equipment,...).

- These differences are greater at specific operating points,
such as at start-up (17%) and at the maximum torque point
(11%), being smaller in the operating zone around the rated
current (minors to the 1%).

- Due to the fact that a motor with didactic purposes is used
and, therefore, with a structure that is not optimized, the
efficiency results and the power factor values are low
compared to those would be obtained in the case of using an
industrial motor.
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Fig. 11. Torque-speed characteristics obtained with equivalent circuit

parameters from laboratory tests and from simulations with finite elements
method.
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parameters from laboratory tests and from simulations with finite elements
method.
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Figure 13.  Efficiency characteristics obtained with equivalent circuit
parameters from laboratory tests and from simulations with finite elements
method.
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parameters from laboratory tests and from simulations with finite elements
method.

3 IMPLEMENTATION OF THE APPLICATION WORK IN THE
SUBJECT

This section presents, in an orientative way, how the
different parts of the application work shown above are
implemented in the development of the subject. Table 4 shows
the estimated dedication time for each of the tasks associated
with the application work, distinguishing among classroom



activities, laboratory tests and activities that the student must
do without the presence of the teacher. Obviously, the time of
the latter is an approximate estimate, since the time needed to
perform these activities may vary from one student to another.
Carrying out these works in groups of two students has been
considered convenient. As shown in Table IV, the total time of
dedication estimated to the completion of the application work
is 17 hours.

As it is specified, students must elaborate a technical
document with the results obtained in the realization of the
application work, document that must include the following
sections: introduction and objectives, measurements made in
the laboratory and derived calculations, simulations through
the finite elements method, the characteristic curves obtained,
analysis of results, conclusions and bibliography.

In addition, students must prepare an oral presentation of
approximately 15 minutes in length. In the classroom, some
students will execute the above mentioned presentation and,
together with all students of the course, they will participate in
a later debate on aspects related to the results obtained and on
the realization of the application work.

Within the framework of the subject of electrical machines,
and in the curriculum of Graduate in Electrical Engineering (in
Escola Politécnica Superior d’Enginyeria de Vilanova i la
Geltra, Universitat Politécnica de Catalunya), where this
application work is currently being implemented, the relative
time of dedication turns out to be 6 hours out of a total of 60
programmed hours (10%) in terms of scheduled classroom
activities, that is to say, activities in class and in the
laboratory. Whereas the relative time for the student’s
personal work turns out to be 11 hours out of a total of 90
estimated hours (12.22%).

TABLE 4
ESTIMATED TIME DEDICATED TO THE WORK (IN HOURS) BY TASKS
.. f
Activity In class Outo
class
Taking measurements and laboratory tests 2
Study of the IEC60034-2-1 standard 2
Determination of the equivalent circuit 1
with spreadsheet
Finite element program management 2
Simulations with finite elements program
Determination of characteristic curves
with spreadsheet
Elaboration of the report 2
Preparation of the presentation 1
Presentation and discussion of results 2
TOTAL 6 11

4 STUDENTS FEEDBACK

This application work has been done in several courses,
although it has been carried out with different variations from
one course to another, or even through different activities with
a similar methodology. Table 6 shows the number of students
who have submitted the application work in the last 5 courses,
with its resulting average taking into account the qualifications
obtained in the work and the maximum and minimum marks

given. The percentage of the qualification obtained in the
application work on the final mark for the subject being
applied is 12%.

Table 5 shows the work evaluation rubric, a rubric being
provided to students before carrying out their work [21] [22].

TABLES
EVALUATION RUBRIC OF THE APPLICATION WORK

Quality level Criterion

Introduction and objectives (0.5 points)
What is intended with the completion of the work in all
important aspects is clearly indicated.

Outstanding

Passing Some important aspect of the work is not properly
reflected, although the main ones are.
Failing What is intended with the work is not indicated.

Laboratory measurements and derivative calculations
(3 points)

All the measures carried out are clearly and coherently
displayed, making use of the corresponding diagrams and
figures. The parameters derived from the tests are
correctly calculated.

Outstanding

Passing The measures taken are displayed, neglecting some
important scheme and/or figure. The parameters derived
from the trials are mostly correctly calculated.
Failing Variables, schemes and/or important figures are neglected

in relation to measurements made. Most of the parameters
derived from the tests are incorrectly calculated.

Finite element method simulations (2 points)
Geometry and materials are correctly introduced in the
simulation model, properly applying the different
conditions in each simulation to obtain results.

Outstanding

Passing The simulation model is mainly correctly introduced, as
well as the conditions and the obtaining of results.
Failing Incorrect application of the model and/or simulation

conditions, with unsatisfactory obtained results.

Characteristic curves obtained (1.5 points)

The calculation procedure for obtaining the characteristic
curves is correctly applied, properly indicating the results
(graphs,...) so that they can be satisfactorily interpreted
(good scales selection, appropriate size, units,...).

Outstanding

Passing The calculation procedure is correctly applied, but the
results obtained are not satisfactorily interpreted.
Failing Predominantly incorrect calculations, and poor results

presentation.

Analysis of results and conclusions (2 points)
A reliable criticism of the results obtained is made and the
conclusions are consistent with said results.

Outstanding

Passing The criticism about the results obtained is scarce and the
conclusions present inconsistencies with those results.
Failing There is no criticism of the results obtained and no

conclusions are drawn.

Oral presentation (1 point)
Good synthesis in the preparation of the transparencies to
prepare the presentation. Active and coherent
participation in the discussion of results.

Outstanding

Passing Neglect of important aspects in the transparencies, little
elaborated synthesis and little participation in the
discussion of the results.
Failing Chaotic and/or incomplete presentation. No participation

in the discussion of the results.




TABLE 6
RESULTS OBTAINED FROM THE APPLICATION WORK EVALUATION (MAXIMUM
QUALIFICATION: 10 POINTS)

Course Number of A\{eragg l\l\//llgl):lrzquulz
students Qualification Qualification
1 15 7.15 6/8.75
2 17 6.95 5/9
3 22 6.82 55/85
4 35 7.17 4/8.25
5 21 6.43 3/9.25

5 CONCLUSIONS

For the authors, the accomplishment of an application work
in Engineering studies, in which different activities must be
carried out in the same work (laboratory tests, simulations,
study of standards, spreadsheet use, presentation and criticism
of results) is an activity of great formative interest.

In the particular case of Electrical Engineering, and more
specifically in the field of electrical machines, it allows to
cover concepts of a certain complexity, not in an isolated way
but in an inclusive and complementary way, stimulating the
critical capacity of students during their realization.

The use of didactic material in the laboratory is compatible
with the application of regulations and industrial simulation
tools.

The preparation of an oral presentation allows the teacher to
stimulate students in the need to think about the correct
transmission and the criticism of the results.

Preparing a good rubric for the evaluation of the application
work allows to adequately guide students on the main aspects
to be developed during its realization.
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