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Abstract: Previously, a dynamic model and a simulation program for series wound DC motors
(SWDCM) were developed in MATLAB/Simulink for modelling them in electric vehicles and mecha-
tronic systems. The electromagnetic characteristics of the motor (electric resistances, dynamic induc-
tances), which serve as input parameters of the program, were also measured. Additionally, locked
rotor response measurements were performed to test the accuracy of the measured electromagnetic
characteristics. This paper presents the experimental procedure and the results of dynamics test
measurements that were performed on the same motor, including the procedure for the determination
of the necessary input dynamic parameters for the simulation. While the motor spins up from rest,
the intensity of the electric current and the angular speed of the rotor are measured. Finally, the
simulation and dynamic test results are compared to check the proper operation of the simulation
program.

Keywords: series DC motor; dynamic simulation; MATLAB; dynamic test measurement

1. Introduction

The different types of electric- and hybrid-powered vehicles have a rapidly increasing
role in modern road transport. Thus, research on electric powertrains applied in them
is becoming more and more important, not only in vehicle industry but also in research
institutes and universities [1–3]. In Reference [1], a general review of modern vehicle
powertrains and their modelling and simulation in MATLAB/Simulink is presented, while
in References [2,3], a comprehensive review is given on hybrid electric vehicles and electric
vehicle drives. In the framework of the Thematic Excellence Programme—launched by
the Hungarian Ministry of Innovation and Technology in 2019—a research group was
established in the field of automotive industry.

The research group has long-term experience in vehicle dynamics, modeling, and
the simulation of prototype race cars designed and constructed by student teams at the
University of Debrecen Faculty of Engineering [4–6]. In Reference [4], the dynamic model
and simulation program for a pneumobile is presented, while in References [5,6], an electric
race car is presented, driven by a series wound DC motor (SWDCM) [5] and a brushless
DC motor (BLDCM) [6], respectively. These teams participate in different competitions for
vehicles with alternative (usually pneumatic or electric) drives (Pneumobile Race, Shell
Eco-marathon, Széchenyi Race, MVM Energy Race) [5,7,8]. In reference [5,7], information
about the MVM Energy Race and Shell Eco-marathon is presented respectively, while
in reference [8], a review about the participation of our Faculty in the Pneumobile com-
petitions is presented. As a part of the above activity, a program for vehicle dynamics
simulation has been realised in MATLAB/Simulink [5] which is applicable for calculating
the driving dynamics functions (e.g., covered distance-, velocity- and acceleration-time
functions) of a vehicle from its technical data and characteristics, including the ones of its
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powertrain. Applying the above simulation program—complementing it with an optimis-
ing procedure—the optimal technical parameters and characteristics of a vehicle can be
computed for a given task [9].

An important part of the program above is the modelling and simulation of the electric
(or pneumatic) motor. In references [1,10], a general review of the modelling and simulation
of different types of electric motors (SWDCM, BLDCM, IM, SM, SRM) is presented. In
References [11–15] and [16], examples are given for the modelling and simulation of series
wound DC motors.

In the last few years, models and simulation programs have been developed by us
for different electric motor types [6,11,17]. In References [6,11,16], models and simulation
programs for a SWDC motor, while in reference [6] for a BLDC motor, is presented. One of
the analysed motors was a 4 kW SWDC motor [11] which was applied in the drive system
of the prototype race car that was the winner of the MVM race in 2015 [5]. For this motor,
a dynamic model and simulation program had been developed in MATLAB/Simulink,
seen in [11]. Our motor simulation program for SWDC motors can calculate the torque
and angular speed of the motor, as well as the intensity of electric current through it, from
its dynamic and electromagnetic characteristics (moment of inertia of the rotor, loading
torque on the rotor, bearing friction, electric resistances and inductances of the windings,
brush voltage) as a function of time. The electromagnetic characteristics of the motor
(electric resistances, self- and mutual-dynamic inductances of the windings, brush voltage),
which serve as the input characteristics of the simulation program were also measured [11].
Additionally, locked rotor response measurements were performed on the motor [11] to
test the accuracy of the determined electromagnetic characteristics and the appropriate
operation of the program in the given static situation.

The main scientific goal of the recent study is to check the proper operation and
accuracy of the above-mentioned simulation program for series wound DC motors by
dynamic test measurements (i.e., under dynamic conditions) and to determine the necessary
dynamic parameters (moments of inertia of the rotor, bearing and brush friction torques on
the rotor) for the simulation.

The experimental details and results of the dynamic test measurements, together
with the experimental procedure that was applied for the determination of the dynamic
parameters, which serve as the input of the simulation program, are presented here. During
the dynamic test measurements, the motor spins up from rest to a given revolutions per
minute (RPM) while the intensity of electric current through the motor and the angular
speed of the rotor are measured. Finally, the results of test measurements and simulations
are compared to check the proper operation of the simulation program under dynamic
conditions. The tested and approved motor simulation program can be built into our
vehicle dynamics simulation program [5] as a module, enabling the accurate and precise
simulation, and the prediction of the vehicle’s performance in different race situations.

2. Modelling and Simulation of the SWDCM

The nominal values of the tested and modelled SWDCM were as follows: type: DC/T4-
48; power: 4 kW; torque: 14.7 Nm; RPM: 2800 1/min; voltage: 48 V; current: 104 A. The
latest version of our model for SWDCMs is shown in Figure 1.
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Figure 1. The applied model for the simulation of SWDCMs [6,11].

Bases of the model are the differential equations below [11,16]:
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In the equations, Vaccu is the terminal voltage of the battery during the test, �ݑ�ݎ��
is the brush voltage, ݎ� and ݑ� are the electric resistances of the rotor and stator
windings, while the resultant electric resistance of the wires, connecting the battery to
the motor, is denoted by ��圸ݎ� . Characteristics La I Lg(I)ݑ� � and ݎ� � are the
self-dynamic inductances of the stator and rotor windings, and Lga(I) is their
mutual-dynamic inductance [11,16]. The characteristics above depend on the intensity of
current flowing through the windings. The friction (bearing plus brush friction) and
loading torques on the rotor of the motor are denoted by Mload ω Mell(ω)ݑ�ݎ� and ��圸劅�
respectively, and Jm denotes the rotor’s moment of inertia. The value of ݎ� sometimes
can be found in the catalogue of the motor, while characteristics ݑ� � , ݎ� � , ݎݑ� � , and
ݑ�ݎ� have to be measured. In this research, both ݎ� and ݑ�ݎ� were measured. The block
diagram of our simulation program is presented in Figure 2. The program is based on
differential Equations (1) and (2).

Figure 1. The applied model for the simulation of SWDCMs [6,11].

Bases of the model are the differential equations below [11,16]:

Utap −
(

Ra + Rg
)
·I −

(
La(I) + Lg(I)

)
·dI
dt

− Lga(I)·ω·I = 0 (1)

Lga(I)·I2 − Mterh(ω)− Mell(ω) = Jm·
dω

dt
(2)

In the equations, Vaccu is the terminal voltage of the battery during the test, Ubrush is the
brush voltage, Rr and Rs are the electric resistances of the rotor and stator windings, while
the resultant electric resistance of the wires, connecting the battery to the motor, is denoted
by Rwire. Characteristics La(I)Lg(I)Ls(I) and Lr(I) are the self-dynamic inductances of
the stator and rotor windings, and Lga(I) is their mutual-dynamic inductance [11,16]. The
characteristics above depend on the intensity of current flowing through the windings.
The friction (bearing plus brush friction) and loading torques on the rotor of the motor
are denoted by Mload(ω)Mell(ω)Mres and Mload respectively, and Jm denotes the rotor’s
moment of inertia. The value of Jr sometimes can be found in the catalogue of the motor,
while characteristics Ls(I), Lr(I), Lsr(I), and Mres have to be measured. In this research,
both Jr and Mres were measured. The block diagram of our simulation program is presented
in Figure 2. The program is based on differential Equations (1) and (2).
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Electric resistances Ra Rg, Rr, Rwire, brush voltage Ubrush, and torques Mload, and Mres
are defined in the simulation program as constants, while dynamic inductances Ls(I),
Lr(I), Lsr(I), and battery voltage Ubatt(t) are given in the form of “Lookup Tables”. In the
following, dynamic test measurements on the SWDCM will be presented as well as the
experimental procedure for the determination of dynamic parameters Mres and Jr.

3. Measurements

Considering the motor simulation program in Figure 2, the following input parameters
and characteristics need to be measured for a complete simulation: Ra, Rg, Rwire, Lr(I),
Ls(I), Lsr(I), Ubrush, Ubatt(t), Jr, Mres, and Mload. Electromagnetic parameters Ra, Rg, Rwire,
Lr(I), Ls(I), Lsr(I), and Ubrush were measured previously (Section 3 in reference [11]),
while the measurement procedure of the dynamic ones Jr and Mres, together with Ubatt(t),
are presented here in Section 3.2.

3.1. The Experimental Set-Up

The applied experimental set-up and its wiring diagram are shown in Figure 3.
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module—is measured applying a voltage divider with a ratio of 1:11. All the obtained
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the angular speed of the rotor are measured. After that, the voltage is switched off, thus
the rotor runs out until it stops; meanwhile, its angular speed is measured. The dynamic
test measurements were performed applying different mechanical loads on the rotor in
the form of stainless-steel discs with precisely known moments of inertia. Figure 4
shows the results of a dynamic test measurement that was performed on the analysed
SWDCM. The applied mechanical load (��圸劅�) on the rotor was 0.0001576 kg∙m2.

Figure 3. The applied experimental set-up and its wiring diagram.

The speed of the rotor is measured by a remote optical led sensor (Model: ROS-P,
Monarch Instrument) which has 6 or 0 V output voltage sign, depending on if there is a
reflected light from the target into the ROS or not. The intensity of electric current flowing
through the motor’s windings is measured as a voltage drop on a shunt resistor with an
electric resistance of 0.0006 Ω (accuracy class 0.5). The terminal voltage of the battery—
since it is bigger than the maximum allowed input voltage of the NI 9239 module—is
measured applying a voltage divider with a ratio of 1:11. All the obtained voltage signs are
fed into an NI 9239 voltage input module, which is connected to a PC through a Compact
DAQ Chassis.

3.2. Dynamic Test Measurements

During the dynamic test measurements, the rotor spins up from rest to a given RPM,
while the intensity of electric current flowing through the motor’s windings and the angular
speed of the rotor are measured. After that, the voltage is switched off, thus the rotor
runs out until it stops; meanwhile, its angular speed is measured. The dynamic test
measurements were performed applying different mechanical loads on the rotor in the
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form of stainless-steel discs with precisely known moments of inertia. Figure 4 shows the
results of a dynamic test measurement that was performed on the analysed SWDCM. The
applied mechanical load (Jload) on the rotor was 0.0001576 kg·m2.
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3.2.1. Determination of Dynamic Input Parameters

Several different methods [16,18–20] exist for the determination of the moment of
inertia of the rotor (Jr). A well-known method is when an additional point-like load with
precisely known mass is attached to the rotor at a given distance from its axis of rotation [18].



Appl. Sci. 2021, 11, 4542 6 of 18

If the obtained system is deflected from its equilibrium position, it will be swinging. The
unknown moment of inertia of the rotor can be calculated from the measured time period.
In our case, because of the relatively high value of friction torque, the above method could
not be applied.

Without removing the rotor from the motor, the value of Jr can also be determined
from the second stage of the run-out experiments [16,19,20].

Figure 5 shows the results of the second stage of the run-out experiments.
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The slope of the measured angular speed-time function gives the angular acceleration
(ε) of the rotor. Table 1 shows the magnitude of angular accelerations at different mechanical
loads.

Table 1. Magnitude of the rotor’s angular acceleration at different mechanical loads.

Load Jload [kg·m2] |ε| [rad/s2]

Disc 1 0.0001576 30.331
Disc 2 0.0018561 27.273
Disc 3 0.0035496 25.516
Disc 4 0.06785 6.5519

Equation (3) gives the connection between friction torque Mres (bearing plus brush
friction) and angular acceleration ε:

(Jr + Jload)·ε = Mres (3)

It can be seen that both Jr and Mres are unknown in Equation (3). Thus, the results of
two independent run-out experiments, applying different mechanical loads (load pair), can
be compared and then the values of Jr and Mres can be calculated from the obtained system
of equations, providing that Mres has the same value in both cases. The main drawback of
this method is the above assumption which can introduce systematic error in the calculated
value of Jr.

The results obtained applying the above method with different load pairs are shown
in Table 2.
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Table 2. Moment of inertia (Jr) and friction torque (Mres) of the rotor obtained from two independent
run-out experiments.

Load Pairs Jr [kg·m2] Mres [Nm]

Disc 1–Disc 4 0.01822 0.5574
Disc 2–Disc 4 0.01867 0.5603
Disc 3–Disc 4 0.0183 0.5575

In the scientific literature, there are advised methods to eliminate the above draw-
back [18]. However, for their application, the realisation/production of an additional
experimental set-up is necessary.

Another accurate method can be realised by removing the rotor from the motor
(Figure 6) and measuring Jr with an independent procedure.
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Following that, perform a run-out experiment, and then calculate the value of Mres
from Equation (3). In our case, the above independent procedure was a roll-down experi-
ment (Figure 7) on an incline made of aluminium.
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Figure 7. Parameters of the roll-down experiment.

The mass of the rotor (m), the rolling radius (r), the incline angle (α), and the position
of the centre of mass of the rotor (s) as a function of time were precisely measured. The
s(t) function was derived from a video record made by a high-resolution camera. From the
position-time function, the velocity-time function, and then the acceleration of the centre of
mass of the rotor (ac) was determined.

Since rolling friction between the rotor and the incline is not negligible, two inde-
pendent roll-down experiments are necessary in applying different incline angles (α1 and
α2). From the two experiments come two equations with two unknowns. One of them is
the moment of inertia of the rotor (Jr), and the other one is the arm of rolling friction (k).
Comparing the two equations, the moment of inertia of the rotor can be calculated by the
following formula:

Jr = mr2

(
g

tan α2 − tan α1
ac2

cos α2
− ac1

cos α1

− 1

)
(4)
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Table 3 shows the experimental data at the roll-down experiment together with the
calculated moment of inertia of the rotor. The uncertainty of the moment of inertia was
calculated applying Gauss’ Law of Error Propagation.

Table 3. Experimental data and calculated moment of inertia of the rotor at the roll-down experiment.

m
[kg]

r
[m]

α1
[◦]

α2
[◦]

12.350 ± 0.001 0.015 1.063 ± 0.0032 1.539 ± 0.0046

ac1[
m/s2] ac2[

m/s2] Jr
[kg·m2]

0.0215 ± 0.0001 0.0315 ± 0.0002 0.01987 ± 0.0006

Table 4 shows the values of friction torque obtained from the run-out experiments
applying different mechanical loads (moment of inertias) on the rotor and using the value
of Jr obtained from the roll-down experiment.

Table 4. Friction torques obtained from the run-out experiments (Jr = 0.01987 kg·m2).

Load Mres [Nm]

Disc 1 0.6075
Disc 2 0.5925
Disc 3 0.5976
Disc 4 0.5747

From the data in Table 4, it can be clearly seen that the value of friction torque depends
on the applied mechanical load on the rotor.

To gain information about the accuracy of the measured value of moment of inertia in
Table 3, two independent roll-down experiments were performed with a homogeneous
stainless-steel cylinder with a precisely known moment of inertia. The experimental data is
shown in Table 5.

Table 5. Experimental data and experimentally and theoretically determined moment of inertia of
the homogeneous stainless-steel cylinder.

m
[kg]

r
[m]

α1
[◦]

α2
[◦]

2.304 ± 0.001 0.025 0.4797 ± 0.0014 1.2021 ± 0.0036

ac1[
m/s2] ac2[

m/s2] Jr (experimental)
[kg·m2]

Jr (theoretical)
[kg·m2]

0.0485 ± 0.0003 0.1316 ± 0.0007 0.000702 ± 0.000023 0.00072

The percentage of accuracy of the experimentally determined moment of inertia
relative to the theoretical value is 97.5%.

3.2.2. Comparison of Measured and Simulated Results

In Reference [11] and Section 3.2.1, all the input parameters and characteristics were
determined that are necessary to run the simulation for the SWDCM (Figure 2). The value
of loading torque (Mload) was zero during the test measurements, thus it was also chosen
to be zero in the simulation program. In Figures 8–11, the results of the first stage (when
the rotor is spinning up from rest) of the test measurements and simulations are compared
at different mechanical loads applied on the rotor.
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On the basis of Figures 8–11, it can be stated that in the initial short time period, the
values of angular speed and current intensity are increasing rapidly. After that, the
current intensity reaches its maximum value (between 170–250 A depending on the
loading moment of inertia on the rotor) in the form of a sharp peak and then
approaching a constant value of about 20 A. After the initial intensive increase, the
angular speed of the rotor gradually approaching its top speed, at higher values of
loading moment of inertia, this process is significantly more slowly than at lower ones.
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On the basis of Figures 8–11, it can be stated that in the initial short time period,
the values of angular speed and current intensity are increasing rapidly. After that, the
current intensity reaches its maximum value (between 170–250 A depending on the loading
moment of inertia on the rotor) in the form of a sharp peak and then approaching a constant
value of about 20 A. After the initial intensive increase, the angular speed of the rotor
gradually approaching its top speed, at higher values of loading moment of inertia, this
process is significantly more slowly than at lower ones.
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Considering the percentage error of the electric resistance of the shunt resistor (0.5%)
and the one of the measured voltage by the NI 9239 module (0.3%), the estimated percentage
error of the measured electric current intensities and angular speeds is less than 1%. It must
be emphasised that wire heating can introduce additional error in the measured values of
current intensity.

The measured and simulated functions are in a good agreement, which confirms that
our simulation program works properly, and the dynamic and electromagnetic parameters
of the motor were measured accurately. At lower loading moment of inertia (0.000158–
0.003549 kg·m2), the percentage of accuracy of the simulated angular speeds relative to the
measured one is varied between 98–99% while at higher moment of inertia (0.06785 kg·m2)
is between 96–99%. In case of the current intensities, at lower loading moment of inertia
(0.000158–0.003549 kg·m2), the percentage of accuracy of the simulated current intensity
relative to the measured one is varied between 93–98% while at higher moment of inertia
(0.06785 kg·m2) is between 94–99%.

4. Summary

In the recent study, the proper operation and accuracy of our simulation program for
series wound DC motors were checked by dynamic test measurements. Additionally, the
necessary dynamic parameters (moments of inertia of the rotor, bearing and brush friction
torques on the rotor) for the simulation were measured, applying a novel procedure. The
percentage of accuracy of the simulated current intensities related to the measured ones is
varied between 93–99%, in all cases, while regarding the angular speed between 96–99%,
which validate our simulation program.

The motor simulation program block can be built into our vehicle dynamic simulation
program, enabling the precise dynamic simulation of vehicles driven by a series wound
DC motor. Our vehicle dynamic simulation program is a useful tool for prototype race
car developers to predict the performance of a car in a given race situation. Moreover,
applying our program—complementing it with an optimising procedure—the optimal
technical parameters and characteristics of a vehicle can be computed for a given task in a
competition.

The results of the recent study in details are as follows:
An experimental set-up was developed for dynamic test measurements on electric

motors. Applying the set-up, the intensity of electric current through the motor, the speed
of the rotor, and the terminal voltage of the battery can be measured in real time, while
the rotor is spinning up from rest and then slowing down after the voltage is switched off
from it.

Our simulation program for series wound DC motors was upgraded by taking the time
dependence of the terminal voltage of the battery into account. Experimental procedures
were developed for the measurement of the dynamic parameters of the motor, which
serve as input parameters of the simulation program. Namely, two different experimental
methods were developed for the measurement of the moments of inertia and friction torque
of the rotor, and then their advantages and drawbacks were discussed.

Dynamic test measurements were performed applying different mechanical loads
(moment of inertia) on the rotor. During the measurements, voltage was switched on the
motor, and the electric current intensity through the motor and the speed of the rotor were
measured as a function of time. Following that, simulations were performed applying the
same input parameters, and then the results of the test measurements and simulations were
compared. The measured and simulated functions are in a good agreement, which con-
firms that our simulation program works properly, and the dynamic and electromagnetic
parameters of the motor were measured accurately.

Previously, a program for BLDC motor simulation had been developed [6]. To deter-
mine the input parameters of this program, we intend to measure the electromagnetic and
dynamic parameters of a given BLDC motor in the near future with our recently developed
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measurement system. Following that, we plan to perform dynamic test measurements on
the motor and compare their results with the ones of the simulation.

Previously, we applied our vehicle dynamic simulation program for the simulation of
the race car which was the winner of the MVM Energy Race in 2015 [5]. In the near future,
we intend to measure the vehicle dynamic functions (position-, velocity-, and acceleration-
time functions of the vehicle, angular velocity- and acceleration-time functions of the driven
wheels) of the same car and compare the results of the measurements and simulations. This
way, we intend to check the proper operation and accuracy of our simulation program.

Determination of dynamic parameters using deterministic artificial intelligence ap-
plied to DC motors [21] can be also an interesting follow-on research. The authors of this
article recommend it to the experts in the above field as an interesting research topic.
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Abbreviations

Abbreviation Meaning
AC alternating current
BLDCM brushless DC motor
DC direct current
e.g., for example
MVM Hungarian Electrical Works Ltd.
NI national instruments
PC personal computer
RPM revolutions per minute
SWDCM series wound DC motor
IM induction motor
SM synchronous motor
SRM switched reluctance motor

Nomenclature

Symbol Definition SI unit
α incline angle [◦]
ε angular deceleration [rad/s2]
I current ampere [A]
Jload moment of inertia of the mechanical loading [kg·m2]
Jr moment of inertia of the rotor [kg·m2]
k arm of rolling friction [m]
Lr self dynamic inductance of the rotor winding henry [H]
Ls self dynamic inductance of the stator winding henry [H]
Lsr mutual dynamic inductance henry [H]
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Symbol Definition SI unit
m mass of the rotor [kg]
Mload loading torque on the rotor of the motor newton [N]

Mres
bearing plus brush friction torque on the rotor of
the motor

newton [N]

ω angular velocity radian per second [rad/s]
r rolling radius [m]
Rbatt internal resistance of the battery ohm [Ω]
Rr electric resistance of the rotor winding ohm [Ω]
Rs electric resistance of the stator winding ohm [Ω]
Rshunt resistance of the shunt resistor ohm [Ω]

Rwire
resultant resistance of the wires connecting the
motor to the battery

ohm [Ω]

s
covered distance by the centre of mass of the
rotor

[m]

t time of rolling [s]
Ubatt electromotive force of the battery volt [V]
Ubrush voltage drop on the carbon brushes volt [V]
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