GASE E ‘ CoED Colef JM, Colef G. PSpice Model of a Shunt DC Motor for Transient Performance
]ournal Simulation and Its Use in Teaching. ASEE COED. 2024;14(2):78-95.

RESEARCH

PSpice Model of a Shunt DC Motor for Transient Performance

Simulation and Its Use in Teaching
John-Michael Colef, Ph.D.'®, Gabriel Colef, Ph.D.

1 Marine Engineering, United States Merchant Marine Academy

Keywords: PSpice, Shunt DC Motor, Transient Response, Electric Machines

ASEE Computers in Education
Vol. 14, Issue 2, 2024

PSPICE is an electric circuit simulation software package. A free version of
PSPICE is provided to students and professors. The library of devices used in
this paper is included with this version of PSPICE. This paper introduces a
complete model of the shunt DC motor for the investigation of its transient
response and presents the application of the model in teaching the behavior of
the shunt DC motor in an Electrical Machines course to facilitate a more
thorough understanding of the topic by students. This model is introduced to
students in the laboratory portion of the Electric Machines course and is used
to describe the transient behavior of a practical shunt DC motor. The model
uses a novel circuit which allows one to get a voltage proportional to the
product of two currents in a circuit. The effects of (1) adding resistance in the
field winding, (2) adding resistance in the armature winding, and (3) decreasing
the load torque are investigated both separately and simultaneously using the
equivalent circuit. The results are then compared with a laboratory experiment.
The students were then assessed to determine how well the new circuit model
improved their understanding of the behavior of the shunt DC Motor. The

results of this assessment are provided in the penultimate section of this paper.

Introduction

Teaching electrical machines to engineering students is a challenging task,
and hands-on experimentation in the laboratory greatly enhances their
understanding of the theoretical concepts. Extensive studies have been
conducted in the application of virtual reality (VR technology to engineering
education.>? Simulation programs as well as plant simulators have been used
to enhance the understanding of difficult engineering topics. Research shows
that VR and simulation based technology enhance learning by providing a
fully immersive, hands-on experience which enhances the traditional learning
approach.1 Furthermore, VR and simulation based learning extend the
educational reach of the university by providing distance learning and equal
educational opportunities to students with special needs. From an economical
perspective, these methods provide an alternative to purchasing large
amounts of expensive laboratory equipment. In some cases, VR and
simulation based learning can be used to supplement real laboratory
experiments.1
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In this paper we explore the use of the simulation program PSPICE to
enhance the understanding of the transient behavior of the DC shunt motor.
The DC motor is an energy conversion device which converts DC electrical
energy into mechanical energy. DC motors have two sets of windings, one
on the stator and the other on the rotor. The winding on the stator is called
the field winding and produces the magnetic field necessary for motor action.
The winding on the rotor is called the armature winding. Depending on how
the two windings are connected, one could have a series motor, for which
the armature is connected in series with the field winding; a shunt motor,
for which the armature is connected in parallel with the field winding; or a
compound motor, for which the field winding has two parts, one connected
in series with the armature and one in parallel with the armature. The shunt
motor is the most common arrangement and is still utilized in electrical
propulsion systems on board of smaller ships.

Most power/electrical engineering curricula present the analysis of DC
motors at steady state, with little discussion on the transient behavior. It is
important to know the transient behavior of the shunt DC motor in order to
have a complete understanding of its performance. Attempts to describe the
transient behavior of DC motors have been made in Hubert? and in some
cases, they are erroneous and misleading.

Simulations of the transient behavior of DC motors using Matlab have
been completed for changes in the torque or applied voltage in.4¢ PSPICE
is a powerful simulation program that is readily available to students and
professors at no cost. While PSPICE has a model in its library for a Brushless
DC Motor, the model is not suitable for modification to investigate the
behavior of any other types of DC motor. In Burroughs7 PSPICE was used
to investigate the transient behavior of DC motors, however the study only
investigated changing one variable at a time.

This paper presents a complete PSPICE model of a shunt DC motor.
Furthermore, this model is used in a practical laboratory exercise to enhance
student learning in an Electrical Machines course. The PSPICE model is
used to simulate the transient behavior of the shunt DC motor under both
separate and simultaneous changes in the field, armature, and load. Students
were given a quiz before and after the introduction of the PSPICE model
to assess its effectiveness in improving their understanding of the shunt
DC motor. The results of these quizzes show a clear improvement after
the PSPICE model was taught to the students. Thus the PSPICE model
presented in this paper is of significant pedagogical value to students taking a
course in electrical machines.

Theory

The theory presented in this section is what students are exposed to in class
as part of several lectures on the topic of the shunt DC motor.
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The model of the shunt DC motor is shown in Fig. 1. The field and armature
inductances are shown in order to account for them during the transient
time. The equations describing the behavior of the shunt DC motor are
shown below (with added external resistances in the armature R, . and the
field Ry.). The Kirchhoff’s voltage law applied to the input loop is given in
Eq. (1) and Kirchhoff’s voltage law applied to the outside loop is given in Eq.
(2). As the armature windings rotate inside the field winding flux, a counter
voltage or emf (electromotive force), E,, is induced in the windings according
to Faraday’s Law, as shown in Eq. (3), where 7 is the speed of the motor
in 7pm. This equation assumes that the field flux is proportional to the field
current, which is true in the linear region of the core.

dl;

VT:Lf-E—l—(Rf—I-Rfe)-If (1)
dl,

VT:La'E"i_(Ra_FRae)'Ia'i_Ea (2)

E,=k-I;n (3)

The mechanical power developed by the motor is given below, in Eq. (4). The
developed torque is then calculated as shown in Eq. (5)

Pmech - Ea : Ia (4)

The developed torque is then calculated as shown in Eq. (5) and (6) and is
given in English units of /b-fz.
T _ 7.04- Ppeen  7.04-E,-1,
b n B n (5)
=704-k-Is-I,=K -I;-1,

K =704k (6)

The mechanical equation of motion is given in Eq (7), where J represents
the moment of inertia of the motor, Tpag represents the shaft torque of the
motor, 17, is the load torque and Tioes represents the loss in torque due to
rotational losses proportional to the speed n.

* —5, — Lshaft — TL Tshaft — TD - T'loss — TD - kloss ‘n (7)

Current Multiplier Using a Voltage-Controlled Resistor

In order to simulate the counter emf (E,), and the developed torque (Tp),
we note that they are proportional to the product of two variables as given in
Eq (3) and (5) (repeated here for convenience):

E,=k-If-n
Tp=Fk - 171,
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Figure 1. Model of the shunt DC motor
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Figure 2. Voltage controlled resistor used to multiply two currents.

In order to accomplish this task, the voltage-controlled resistor model is used

(VC_RES) as shown in Fig. 2. The first current is passed through a 1 Q

resistor and the voltage across that 1 Q resistor is proportional to that first
current. The value of the voltage-controlled resistor becomes:

RVC:CL'(11°].Q):CL'11 (8)

The second current is passed through the voltage-controlled resistor, and the
voltage across that resistor becomes:

Vo= Ryc-Ia =a- 11 -1 (9)
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Figure 3. Complete circuit of the voltage-controlled resistor used to multiply two currents.

In order not to disturb the circuit parameters, a current controlled voltage
source was used instead of the current source passing through the 1 Q
resistor. The second current source was replaced by a current-controlled
current source. The voltage output, which is proportional to the product of
the two currents, was obtained through a voltage-controlled voltage source, as
shown in Fig. 3. Figure 3 also shows the voltage across the R resistor is 13.5
V" which is the product of the two currents, 3 4 and 4.5 4.

Mechanical Equation Simulation

The mechanical differential equation is simulated via an RL circuit with the
current through the inductor being the equivalent of the speed of the motor.
The mechanical equation of motion is:

dn
= = T - k 08s ° - T 1
J g7 D ! n L ( 0)
Which becomes:
d
J-d—’ZJrkloss-n:TD—TL (11)

The differential equation that describes the current through an inductor in
an RL circuit is:
di

L-— +R-i=E 12
- TR (12)
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Figure 4. Electric circuit to simulate the mechanical equation of motion

Due to the similarity between Eqs. (11) and (12), an RL circuit can be used
to simulate the mechanical differential equation of motion. This is done by
selecting the inductance value to be equal to the moment of inertia of the
motor, selecting the resistance to be equal to ki, , and selecting two series
opposing voltage sources to simulate E = Tp — T7.

The PSPICE circuit for the mechanical equation of motion is shown in Fig.
4.

The current through the inductor will represent the value of the speed of
the motor in rpm. We chose to work in English units, however the same
discussion can be made for SI units.

Complete Model of the Shunt DC motor

The complete PSPICE circuit used to simulate the shunt DC motor is shown
in Fig. S.

The voltage source E, was replaced by the circuit given in Fig. 3 with the
two input currents being Iy, from the field circuit, and n, being the current
from the mechanical equivalent circuit. The voltage source simulating the
developed torque, Tp, was also replaced by the circuit in Fig.3 with the two
input currents being I, from the field circuit, and I,,, from the armature
circuit.
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Figure 5. Complete PSPICE circuit for the shunt DC motor

Table 1. Values of parameters used in simulation.

Parameter Value Description
Vr=120V Input Voltage
R,=T760Q Armature Winding Resistance
Rineeh = kioss = 65 x 1076 1b- ft/rom Rotational Loss Resistance
Ry =1249.6 Q Field Winding Resistance
L, =46.22mH Armature Winding Inductance
k =0.163 Volt/Amp/rpm Counter emf constant
L;=182H Field Winding Inductance

Lmech =J =1.905 x 1074lbf ft . 52

Inductance that simulates moment of inertia of motor

k' =1.15 Ib- ft/A*

Torque constant

Laboratory Experiment: Parameters and Description

The motor used in the laboratory experiment portion of this paper is a
fractional horsepower LabVolt motor, which has the following parameter
values (see Table 1). The motor is loaded with a LabVolt

electrodynamometer. The values of the motor parameters were measured and
calculated from the laboratory data collected.

The rated speed was 1393 rpm at a load torque of 0.66667 1b-ft and a speed
proportional torque loss (due to viscous friction) of 0.091 lb-ft at this rated
load and speed.

The values of the field and armature currents, counter emf, and developed
and shaft torques were calculated an are given in Table 2.
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Table 2. Calculated values of variables.

I; =0.503 A
I,=134
E,=1156V

Tp =0.752 Ib- ft

Tr, = 0.66667 Ib- ft
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Figure 6. Complete PSPICE model of DC Motor with disturbances in the field, armature and torque.

Laboratory and Simulation Results

The performance of the LabVolt shunt DC motor was measured and is
shown in Table 3 below:

Table 3. Performance data on the fractional horse-power shunt DC motor

T [Ib-in] I+ [A] n[rpm] VIVl
2 10 1525 130.5
3 1.1 1493 129.6
4 1.3 1466 1285
5 14 1445 127.7
6 1.5 1431 126.9
7 1.6 1419 126.2
8 1.8 1393 125.5

The PSPICE model of the shunt DC motor was compared to the values
measured in the laboratory. The results are shown in Table 4. The percent
error in the speed is less than 2.2% and the percent error in input current is
less than 4.6%. The main sources of error were the equipment components
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Table 4. Comparison of measured versus simulated values of parameters

T[Ib- Vi I+ [A] I+ [A] % n[rpm] n[rpm] %error
in] [V] measured PSPICE error measured PSPICE
2 130.5 1.0 0.96 4.0% 1525 1492 2.2%
3 129.6 1.1 1.09 0.9% 1493 1479 0.9%
4 128.5 1.3 1.24 4.6% 1466 1466 0.0%
5 127.7 1.4 1.39 0.7% 1445 1452 0.5%
6 126.9 1.5 1.52 1.3% 1431 1438 0.5%
7 126.2 1.6 1.67 4.4% 1419 1424 0.4%
8 125.5 1.8 1.82 1.1% 1393 1410 1.2%
. n (a)
’ Eq (b)
[“ (C:I Time

Figure 7. Simulation results for a decrease of the field by 25%: (a) speed, (b) counter emf, and (c) armature current.

used: the DC motor, the Electrodynamometer as well as the belt system that
allowed the motor to drive the dynamometer. The bearings were a bit rusted
and required lubing for smooth operation. The DC ammeter used was an
analog one, which had an accuracy of £0.15A.

First, the simulation of the transient response to the weakening of the field
under constant load torque is performed. The expected results are an increase
in the speed of the motor, a decrease in the counter emf and an increase in
the armature current. In this paper we added a R, = 83(2 resistor in series
with the field, which resulted in an approximate reduction of 25% in the field
current. The results of the simulation are shown in Fig. 7.
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Figure 8. Simulation results for reduction in the load torque by 25% , reduction in the field by 25% and adding a 3 Q

resistance in the armature: (a) speed, (b) counter emf, and (c) armature current.

The results show that the speed goes up to 1816 rpm, the counter emf goes
down to 111.7 V and the armature current goes up to 1.82 A. However, the
overshoot in the armature current takes the value to approximately 4.45 A.
This increase in the armature current was also noticeable in the lab whenever
resistance was added to the field.

We investigated the transient response to simultaneous changes in the load
torque, field current and armature current as follows: the load torque was
reduced by 25%, the field current was reduced by 25% and the armature
resistance was increased by 3 . The results are harder to predict without
calculations and are shown in Fig. 8.

The simulation shows a behavior which results in a final speed of 1789 rpm,
a counter emf of 110 V and an armature current of 1.46 A.

The last investigation deals with a misconception that one might have when
looking at the speed equation of the shunt motor, shown here in Eq. (13):

_ E, Vr—1I,-R,

kI keI

n

By reducing the current in the field winding, Iy, we weaken the field, and
thereby increase the speed of the motor. If the field current is dramatically
lowered (Iy — 0), the speed should increase to exceedingly large values
(n — 00). This dramatic increase in speed can be experimentally observed
if the motor is unloaded or very lightly loaded, which might lead to the

destruction of the motor.
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Figure 9. DC motor with a very weak field under light load: (a) speed, (b) counter emf, (c) armature current.

However, if the motor has any significant load when its field current
approaches zero, the motor will not be able to develop any significant torque
and will consequently stall and stop—Ileading to a large armature current.

Both these scenarios are verified by the model presented in this paper. Figure
9 shows the behavior of the shunt DC motor when a large resistance is
inserted in the field circuit (simulating a low value for the field current), while
the motor is unloaded.

In this case, one can see that the loss of the field excitation can result in an
increasing speed to levels that can damage the motor. The armature current
is also increasing to levels that are, in this simulation, approximately 13 times
the rated current. So, the armature windings will most likely be damaged
before the motor over-speeds to destruction. This same behavior also occurs

if the motor is very lightly loaded.

When the motor is carrying a significant load, the drop in the field current
will make the counter emf drop significantly before the speed and the
armature current will react, thus reducing the developed torque and forcing
the motor to stall. This scenario is depicted in Fig. 10.

One can see that the speed starts decreasing towards 0 and the armature
current in only limited by the resistance in the armature, and can reach values
of approximately 13 times the rated value.
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Figure 10. DC motor with a very weak field under significant load: (a) speed, (b) counter emf, (c) armature current.

Assessment

The assessment of the use of this model in facilitating the understanding of
the behavior of the shunt DC motor in a classroom setting was conducted
for a section of 17 students as follows:

The theory of DC motors and specifically the shunt motor was
presented in the class. The traditional circuit model was introduced
and several examples of problems dealing with the operation of the
motor are solved in class.

A laboratory experiment was conducted, in which the operation
characteristics of the shunt motor are measured.

) .. i i ions,
A pre-test was administered in which several questions, some
quantitative and others qualitative were asked.

The new PSPICE circuit model was introduced and several
simulations were conducted to demonstrate that the model correctly
describes the performance of the actual shunt DC motor in the
lab. The investigation of the performance of the motor when the
field was removed was also conducted under no-load and full-load.
The simulated results using the circuit model were compared to the
actual behavior of the motor in the lab.

A post-test was administered in which some of the questions from
the pre-test were repeated.
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6. The results of the pre and post-tests were discussed.

Assessment Results

The answers to the following two questions were assessed:

Q1: How will the DC Shunt motor behave if the field excitation is completely
removed (i.e. ¢ =0, or I+ = 0 ), while the motor is unloaded?

A. The motor will accelerate

B. The motor will run at the same speed

C. The motor will continue to run but at a lower speed
D. The motor will stop

Q2: How will the DC Shunt motor behave if the field excitation is completely
removed (i.e. ¢ = 0, or Iy = 0 ), while the motor is fully loaded?

A. The motor will accelerate

B. The motor will run at the same speed

C. The motor will continue to run but at a lower speed
D. The motor will stop

The pre-test results show that 47% of the students answered question 1
correctly and 17.6% answered question 2 correctly.

The post-test results show that 89% of the students answered question 1
correctly and 94% answered question 2 correctly.

The students were then surveyed to gauge the effectiveness of the PSPICE
model in enhancing their understanding of these three key aspects of the
behavior of the shunt DC motor:

Q1. The PSPICE model and the PSPICE simulation enforced the
understanding of the operational performance of the DC shunt motor when
the field was weakened by adding resistance in the field winding.

A. I tully agree

B. I partly agree

C. I am neutral

D. I somewhat disagree
E. I fully disagree

Q2. The PSPICE model and the PSPICE simulation enforced the
understanding of the operational performance of the DC shunt motor when
the field circuit was opened while the motor was load.
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A. T tully agree

B. I partly agree

C. I am neutral

D. I somewhat disagree

E. I tully disagree

Q3. The PSPICE model and the PSPICE simulation enforced the
understanding of the operational performance of the DC shunt motor when
the field circuit was opened while the motor was unloaded.

A. T fully agree

B. I partly agree

C. I am neutral

D. I somewhat disagree
E. I tully disagree

The results of the survey are presented in the figure below.

Assessment Questionaire

50.00%
45.00%
40.00%
35.00%
30.00%
25.00%
20.00%
15.00%
10.00% I
5.00%
0.00% . .
Strongle Agree  Partly Agree Neutral Somewhat Fully Disagree
Disagree
mQl mQ2 mQ3

Figure 11. Assessment questionnaire results

The results show that more than 70% of the students agree that the PSPICE
simulation contributed to an improvement of their understanding of the
concepts presented. The results are expected to increase in the next iteration
of the class, since the students will have the opportunity to run the PSPICE
simulation themselves and investigate different scenarios in the operation of
the shunt DC motor.

The results of the DC Motors Section of this year’s final exam (AY 2023)
were compared to those of last year’s final exam (AY 2022). The questions
were identical for both this year’s and last year’s exams. The actual questions
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are given in the Appendix. The results, given in Table 5 below, show the
percent of correct answers to the same questions given to both sections.
Column 1 shown the number of the question and column 2 and 3 show
the percentage of correct answers given by the section for which PSPICE was

used (AY 2023) and the percentage of correct answers given by the section for
which PSPICE was not used (AY 2022).

Table 5. Comparison of answers to the same questions on the final exam between the section which was introduced to
PSPICE and the section which was not introduced to PSPICE

Question # % Correct Answers (no PSPICE) % Correct Answers (PSPICE)
2 94 100
3 61 100
11 78 91
12 89 100
30 94 100
33 94 100

The results of the comparison show that the section for which the PSPICE
model was introduced performed better in all the six DC shunt motor
questions than the section which was not introduced to the PSPICE model.

This shows that the understanding of the topic improved with the
introduction of the PSPICE model.

Conclusions

In this paper we have presented a new circuit model using PSPICE that
provides students with an improved understanding of the transient behavior
of the shunt DC motor. Furthermore, this new circuit model allows for
the investigation of the transient behavior of the shunt DC motor under
different disturbances in the field circuit, armature circuit, and load torque,
both separately and simultaneously. The model uses a novel circuit which
produces a voltage proportional to the product of two currents and allows for
the introduction of different disturbances at the same time. The efficacy of
this PSPICE model was evaluated and proven to be pedagogically significant
through assessment in the laboratory portion of an undergraduate level
electrical machines course.

The PSPICE model provided students with a more interactive approach to
learning about the shunt DC motor. By allowing them to modify parameters
and observe the resulting effects on motor behavior, students gained a deeper
understanding of the motor. This is demonstrated by our assessment results,
which mirrored the findings of previous research.l2

While all students engaged with the physical motor in the lab, the limited
number of machines meant that not everyone had sufficient time for hands-
on learning. The PSPICE model compensated for this by offering students
more individual opportunities to explore the motor’s operation. Additionally,
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the virtual model fostered active learning, enabling students to interact with
the circuit and receive immediate feedback without the risk of damaging
costly equipment. Moreover, understanding the circuit model of the motor
enhances comprehension of the physical machine, as grasping a concept from
multiple perspectives is a hallmark of deeper learning.

Submitted: June 13, 2023 EST, Accepted: September 24, 2024 EST

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0
International License (CCBY-4.0). View this license’s legal deed at http://creativecommons.org/licenses/
by/4.0 and legal code at http://creativecommons.org/licenses/by/4.0/legalcode for more information.

ASEE Computers in Education

93



PSpice Model of a Shunt DC Motor for Transient Performance Simulation and Its Use in Teaching

REFERENCES

1. Soliman M et al. The Application of Virtual Reality in Engineering Education. Applied Sci.
2021;11:2879.

2. Chernikova O et al. Simulation-based learning in Higher Education: A Meta-Analysis. Review
of Educational Research. 2020;90(4):499-541. doi:10.3102/0034654320933544

3. Hubert CI. Electric Machines: Theory, Operation, Applications, Adjustment and Control.
Second Edition. Prentice Hall; 2002:389-466.

4. Mohammed AJ. An Appraisal of the Transient Response of a D.C. Shunt Motor Using
MATLAB/Simulink under No Loading and Full Loading Conditions. Diyala Journal of
Engineering Sciences. 2011;4(2):130-140. doi:10.24237/djes.2011.04210

5. Widyan MS et al. Transient Analysis and Output Characteristics of DC Motors Fed by

Photovoltaic Systems. Published online January 2010. http://www.jjmie.hu.edu.jo/files/v4n1/
26.pdf

6. Bandana SG. Electrical Machine Fundamentals with Numerical Simulation Using MATLAB/
SIMULINK. In: ; 2021:349-399. d0i:10.1002/9781119682684.ch5

7. Burroughs M. AB-025: Using Spice to Model DC Motors. Precision Microdrives. June 28,

2022. http://www.precisionmicrodrives.com/ab-025

ASEE Computers in Education

94


https://doi.org/10.3102/0034654320933544
https://doi.org/10.24237/djes.2011.04210
http://www.jjmie.hu.edu.jo/files/v4n1/26.pdf
http://www.jjmie.hu.edu.jo/files/v4n1/26.pdf
https://doi.org/10.1002/9781119682684.ch5
http://www.precisionmicrodrives.com/ab-025

PSpice Model of a Shunt DC Motor for Transient Performance Simulation and Its Use in Teaching

Appendix

The Final Exam Questions that were used to show the impact of using
PSPICE to strengthen the understanding of DC motors are given below:

2. Which of the listed types of motor, when operated under load, will run
away if it suddenly becomes unloaded?

A. shunt

B. series

C. induction
D. synchronous

3. Which of the listed conditions will occur if the polarity of the field coil
and the current through the armature coil of the DC motor were reversed?

A. The motor would not start

B. The direction of rotation of the armature would be reversed.

C. The direction of rotation of the armature would be unchanged.
D. The field pole windings would become overheated

11. To run a shunt DC motor above its base speed

A. remove resistance in series with the armature
B. add resistance in series with the armature

C. remove resistance in series with the field

D. add resistance in series with the field

12. In DC motor construction, commutating windings are wound on

A. opposite main poles

B. interpoles in the magnetic neutral plane
C. adjacent main poles

D. the rotor core

30. The purpose of the commutator on a DC generator is to

A. make a smooth surface for the brushes to ride on

B. transfer the generated DC current to the load

C. convert the internally generated AC voltage into DC for external load
D. produce radio frequency interference (RFI)

33. Brushes in a DC motor must be positioned in the neutral plane to avoid
sparking between the brushes and the

A. yoke
B. armature winding
C. field pole windings

D. Commutator
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