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The devastating impact of Covid-19 pandemic accelerated the shift to e-
learning in the higher education. Particularly in the electrical machines’
courses, that often include laboratory experiments. However, no detailed
models of DC motors, developed in MATLAB/simulink, were reported in
literature. Hence, in this paper, a virtual laboratory consist of models of DC
motors was built for the first time. The proposed models are easy to use and
modify, and allow all machines’ parameters to be altered for students to
replicate easily to support and enhance the learning process of electrical
machines courses. Consequently, the developed models are effective tools for
educational and research purposes. Dynamic models of DC motors were
developed using MATLAB/Simulink, namely separately excited, permanent
magnet, shunt-connected and series-connected DC motors. Two different
approaches for modelling were proposed, the block diagram representation
and Simscape based models. The two modelling methods were validated
against the built-in DC machine model. The proposed models are easy to use
and modify, and allow all machines’ parameters to be altered for monitoring
and comparison purposes. Consequently, the developed models are effective
tools for research and educational purposes.
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1. INTRODUCTION

In the light of challenges posted by covid-19 worldwide spared, i.e., closing of universities
campuses, which led to a reduction in students’ physical engagement in laboratory experiments. Specifically
in electrical machines courses, where students should be able to comprehend the construction and principle of
operation and measure various quantities under different settings. An alternative active learning approach
which can take the form of a virtual laboratory is required.

Computer-aided software, like MATLAB/simulink, is important for effective learning of electrical
machines courses [1], [2], particularly dynamic models of these machines [3]-[8]. Capturing the dynamic
behaviour of electrical machines is important for many aspects, such as speed and angular control of motors
[9]-[13]. DC motors have always been used in applications where good controllability is required [3], [4],
[14], [15], such as robotic systems [16]-[19]. Simulink offers a graphical environment to model dynamic

Journal homepage: http://ijpeds.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

704 a ISSN: 2088-8694

systems easily, using block diagrams or Simscape blocks which mimic the characteristic of electrical and
mechanical components.

Several Simulink models of DC motors were reported in the literature [20]-[22]. However, these
studies generally lack sufficient details that would enable the reader to adequately rebuild the model, mainly
equations and subsystems within the model. In addition, no Simscape library-based models were presented
[23]-[26], which are more visually related to electrical circuits components that students are familiar with.

A DC machine has a stator and rotor. The stator typically accommodates field winding, while the
rotor consists of armature winding. The field and armature windings in DC machines can be supplied by
separate voltage sources (i.e. separately excited) or from the same source (i.e. self-excited). In addition, the
permanent magnet can replace the field winding in the stator, hence a permanent magnet DC machines is
constructed. In self-excited motors, the connection technique of field and armature windings form the basic
types of DC machines, such as shunt-connected, series connected, and compound-connected DC machines
[27], [28]. The majority of models presented in literature are for permanent magnet DC machines [29]-[32],
despite the desired features of other DC types. For instance, series-connected DC machines, that features high
staring torque, are used in traction system [13] and shunt-connected DC, that has relatively constant speed at
different loading levels, are used for industrial drives such as drills [27]. Consequently, the diversity of
research related to DC motor modelling and control may be affected.

The contribution of this paper is to present simple and modifiable packages for modelling and
simulation of different types of DC motors. This paper introduces, for the first time, a virtual laboratory of
dynamic models of (I) separately excited, (1) permanent magnet, (I11) shunt-connected and (IV) series-
connected DC motors developed using MATLAB/simulink, where the transient behaviour of these motors can
be investigated. Three different methods to model the four types of DC motors, in MATLAB/Simulink
environment, are presented. Firstly, the block diagram of the motor is developed using transfer function
blocks. In the second approach, blocks represent electrical and mechanical components from Simscape
library are utilized to build the model. Finally, the built-in DC machine block is used to build the model. The
third approach is used for validation of the first and second modelling approaches. In this study,
mathematical models of DC motors are developed to relate the voltage applied to the armature to the velocity
of the motor. All models were depicted clearly for undergraduate students to be replicated easily. Hence, this
paper key contribution is to present simple and modifiable packages for modelling and simulation of different
types of DC motors. Therefore, all models and simulation files are freely available online as a GitHub
repository [33]. The developed models have been successfully integrated into electrical engineering courses
at Middle Technical University, Baghdad, Irag.

The remaining sections of the paper is organised as follows; in section 2, the basic equations of DC
motors are presented. Sections 3, 4, 5 and 6 present the modelling of each of the four types of DC motors
using the three aforementioned methods. Simulation results of all models are depicted and discussed in
section 7. Finally, a summary of this study was presented in the conclusion section.

2. FUNDAMENTAL EQUATIONS OF DC MOTORS
The Dynamic behaviour of DC motors can be derived from electromagnetic equations of the system.
Equations of armature and field voltages are [28]:

dLaa

v, = (ra + T) g + wrLapis (D)

v = (rf + d%) iy )

where

rs, ra: self-resistance of the field and armature windings.

Ler, Laa: self-inductances of the field and armature windings.

it , ia: currents flowing through the field and armature windings.

wr: rotor (armature) speed.

Lar: mutual inductance between the field and armature coils.
The electromagnetic torque (Te) can be expressed as:

T, = LAFifia (3)

The electromagnetic torque and load torque (T.) are related by:
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dwr

Te =]+ Bnor + T, 4)
where
J: inertia of the rotor (plus any connected mechanical load).
Bm: damping coefficient associated with the mechanical rotational system of the machine.
The equivalent circuit of different types of DC motors is shown in Figure 1.

vl

() (d)

Figure 1. Equivalent circuit of (a) separately excited, (b) permanent magnet, (c) shunt-connected
and (d) series-connected DC motors (adopted from [28]).

3. MODELLING OF SEPARATELY EXCITED DC MOTORS
The equivalent circuit of separately excited DC motors is shown in Figure 1(a). The field and
armature circuits are fed from deferent (separate) voltage sources.

3.1. Modelling using block diagrams
The transfer function of linear, time-invariant, differential equations systems can be found using the
four following steps [34]:

a) Finding the equations that describe the system.

b) Identifying the system input and output variables. Since speed-controlled DC motors have common
applications, rotating speed is set to be the output variable. While, armature and field voltages and
the load torque are set to be the input variables.

c) Taking Laplace transform of these equations, assuming zero initial conditions.

d) The transfer function of the system is the ratio of the output to the input variables.

A representation of the motor using transfer function blocks can be developed from the differential
equations given in. 1, 2, 3 and 4. Taking the Laplace transform of these equations, and considering the initial
conditions to be zero, gives the following equations which can be simply put into blocks diagram form:

Va(8) = 1ala(s) + sLaala + @ Laplp(s); = Io(s) = o +sLAA) (Va(s) — w,Lapls(s)) (5.3)
Ve(s) = (17 + sLeg)Ip(s); = Ip(s) = (rfmw) Ve (s) (5.b)
Te(s) = (s] + B m) Wy (s) +Ti(s) , Te(s) = Laplp(s)a(s)

- 0r() = g (Larlp()1a(s) = Tu(s)) (5.0)

Figure 2 shows a representation of a separately excited DC motor using blocks diagram.
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Figure 2. A model of a separately excited DC motor using transfer function blocks in Simulink.
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3.2. Modelling using Simscape blocks

SEDC motors can be represented by electrical and mechanical components provided by Simscape,
which mimic the electrical and mechanical characteristic of the machine. Figure 3(a) shows a separately
excited DC motor model in Simscape/Simulink.

3.3. Modelling using the built-in DC machine block

Simscape/specialized technology library provides a ready to use block, which represent DC
machines. The block inputs are the armature, field windings terminals and the load torque. Hence, it can
model different DC machine types, when armature and field voltage sources are connected to its terminal
differently. The built-in block was used to simulate a separately excited DC motor, as shown in Figure 3(b).
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Figure 3. A model of a separately excited DC motor using (a) Simscape blocks
(b) the built-in DC machine block in simulink.

4. MODELLING OF PERMANENT MAGNET DC MOTORS

A Permanent Magnet (PM) DC motor has no field circuit; instead, the permanent magnet produces a
constant field flux, which is analogous to a SEDC motor with a constant K,. The armature voltage and
electromagnetic torque equations are rewritten as follow:

dLaa\ ;
Uy = (ra + ﬁ) o+ w.K, (6)

T, = K, i, (1)

The equivalent circuit for this type of machine is shown in Figure 1.b.
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4.1. Modelling using block diagrams

A PMDC motor model can be derived from Laplace transform of equations in (4), (6) and (7),
assuming zero initial conditions. The following equations can be represented by transfer function blocks, as
shown in Figure 4:

Vo(s) = Tala(8) + sLaaly + 0Ky 1y(s) = ———— (Vu(s) — w,K,,) (8.2)

(ra+sLaa)

1
(sJ+Bm)

Te(S) = (S] + Bm)wr(s) + Tl(s) ) Te(s) = Kvla(s); wr(s) = (Kvla(s) - Tl(s)) (Sb)
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Figure 4. A model of a permanent magnet DC motor using transfer function blocks in simulink.
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4.2. Modelling using Simscape blocks

Permanent magnet DC motors can be represented by electrical circuits (i.e. inductors and resistors),
in addition to components mimic the mechanical characteristic of the machine (i.e. inertia, rotational
dumper), as shown in Figure 5(a).

4.3. Modelling using the built-in DC machine block
The built-in DC machine block of the Simscape /specialized technology library was utilised to
simulate a permanent magnet DC motor as shown in Figure 5(b).
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Figure 5. A model of a permanent magnet DC motor using (a) Simscape blocks
(b) the built-in DC machine block in simulink.
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5. MODELLING OF SHUNT-CONNECTED DC MOTORS

When field and armature windings may be connected in parallel as shown schematically in Figure
1©, it is called a shunt-connected DC machine.

Since the field winding is connected between the armature terminals,

Uf =V, (9)

And the total current (ly) is

le=1,+1I (10)
5.1 Modelling using block diagrams

To build a shunt-connected DC motors model, laplace transform of (1)-(4) and (9) is considered,
under zero initial conditions. Consequently, the following equations are represented by blocks diagram, as

shown in Figure 6.

Vf(s) = Va(s); a(s) = Talo(s) + sLpaly + wrLaply
s o (s) = (Va(s) — wrLyrly) (11.a)

(rq+SLaa)

Vi(s) = (7 + sLep) 1 (s); = I;(s) = Vi (s) (11.b)

(Tf+SLpF)

Te(s) = (s] + Bm)wr(s) + T1(5), Te(s) = Laplfla(s)
@ w(s) = Larlpla(s) = Ti(s) ) (11.c)
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Figure 6. A model of a shunt-connected DC motor using transfer function blocks in simulink.

5.2 Modelling using Simscape blocks
A shunt-connected DC motor model can built using Simscape blocks as demonstrated in Figure
7(a).

5.3 Modelling using the built-in DC machine block

To validate the early presented models, a ready to use DC machines model in Simscape / specialised
technology library was used. Both armature and field windings were connected to the same voltage source, as
shown in Figure 7(b).
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Figure 7. A model of a shunt-connected DC motor using (a) Simscape blocks
(b) the built-in DC machine block in simulink.

6. MODELLING OF SERIES-CONNECTED DC MOTORS

When the field circuit is connected in series with the armature circuit, as shown in Figure 1(d), the
machine is referred to as a series-connected DC machine or a series DC machine. Hence, both circuits are fed
from the same DC voltage source (v;) and the current flows through both circuits is the same:

Ve = Vg + Vf; lg = i

6.1. Modelling using blocks diagram

(12); (13)

A series DC motor can be represented using blocks diagram through the differential equations given
in (1) to (6) and (2) to (5). Taking the Laplace transform of these equations, considering the initial conditions
to be zero, gives the following equations, which were put into block diagram form shown in Figure 8.

Vo = 1alq + sLaply + wrLyrly
Vf = (Tf + SLFF)If
If = Ia

Ve =Vo+ Vs = (ry + 15 + SLag + SLpp)ly + @, Lypl,
1
) (Vt - wTLAFIa)

], =—
a (Ta+Tf+SLFF+SLAA
_ 1

T, = (s] + Bpw, + T, Tp = Laply?; + w, = (sJ+Bm)

(LAFIa2 -

T)

(9.9)

(9.b)
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Figure 8. A model of a series-connected DC motor using transfer function blocks in simulink.

6.2. Modelling using Simscape blocks

Series DC motors can be represented by electrical and mechanical components to mimic the
characteristic of the machine. Figure 9(a) shows a representation of a series-connected DC motor in Simscape
/ simulink.

6.3. Modelling using the built-in DC machine block
Simscape /Specialized Technology library provides a ready to use model of series DC machine.
Figure 9(b) shows a representation of a series-connected DC motor in Simscape /simulink.
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Figure 9. A model of a series-connected DC motor using (a) Simscape blocks
(b) the built-in DC machine block in simulink.
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7.  SIMULATION RESULTS

Models presented in earlier sections are simulated and their start-up characteristics are depicted and
discussed in this section. Machine’s parameters used in simulation are presented in Table 1. All models were
built and simulated using MATLAB 2018a.

Table 1. DC motors parameters used in the simulation

Parameters Separately excited [21]  Permanent magnet [28]  Shunt-connected [21]  Series-connected [35]
ra(Q) 0.013 7 0.013 15
Laa (H) 0.01 0.12 0.01 0.12
Vi (V) 12 - 24 100
Va (V) 24 6 24 100
Ti(N.m) 2.493 0.003 2.493 10
J (Kg.m?) 0.21 1.61x10® 0.21 0.02365
B (N.m/rad/sec) 1.074x10° 6.04x10 1.074x10 2.5x10°%
i (Q) 1.43 - 1.43 0.7
Lee (H) 0.167 - 0.167 0.0.3
Lar (H) 0.004 - 0.004 0.0675
Ky (V.sec/rad) - 0.0141 - -

7.1. Simulation of separately excited DC motors’ models

Parameters presented in Table 1 were fed to the separately excited DC motors’ model shown in
Figure 2, the armature and field currents, electromagnetic torque and rotor angular displacement were
depicted in Figure 10(a). As shown in Figure 10(b), velocity signals were used to validate the first and second
modelling approaches by comparing it to the third modelling approach. The three models produced identical
outputs when it fed by the same input.

7.2. Simulation of permanent magnet DC motors models

Machine parameters listed in Table 1 were fed to the permanent magnet DC motors’ model shown
in Figure 4, the armature current, electromagnetic torque and rotor angular displacement were depicted in
Figure 11(a). In order to validate the first and second modelling approaches, its velocity signals were
compared to that of the third modelling approach (shown in Figure 11(b)). The three models produced
identical outputs when it fed by the equal input.

7.3. Simulation of shunt-connected DC motors models

The shunt-connected DC motor parameters listed in Table 1 were fed to the machine model shown
in Figure 6, the armature and field currents, electromagnetic torque and rotor angular displacement were
depicted in Figure 12(a). Again, velocity signals from the first and second modelling approaches were
compared to that of the third modelling approach for validation purpose, as shown in Figure 12(b). The three
models produced identical outputs when it fed by the equal input.

7.4. Simulation of series-connected DC motors models

Parameters presented in Table 1 were fed to the separately excited DC motors’ model shown in
Figure 8, the armature current, electromagnetic torque and rotor angular displacement were depicted in
Figure 13(a). As shown in Figure 13(b), velocity signals were used to validate the first and second modelling
approaches by comparing it to the third modelling approach. The three models produced identical outputs
when it fed by the same input.

Simulation results depicted in Figures 10, 11, 12 and 13 show clearly that all output signals, i.e.
armature and field currents, velocity and electromagnetic torque, of developed models effectively match the
output singles of the built-in model. Hence, the developed models can be an integrable part of variety of
systems for different studies and analysis.
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Figure 10. (a) start-up characteristics of a separately excited DC motor modelled
(b) the velocity a separately excited DC motor modelled in three different approaches in Simulink
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Figure 13. (a) start-up characteristics of a series-connected DC motor modelled
(b) the velocity a series-connected DC motor modelled in three different approaches in simulink.

8. CONCLUSIONS

A virtual laboratory of models representing DC motors for undergraduate education and research
purposes was developed. Dynamic models of separately excited, permanent magnet, shunt-connected and
series-connected DC motors developed using MATLAB/simulink were presented. These developed models of
the four DC motors types are beneficial for research and educational purposes, hence, all models are made
accessible via a publicly available GitHub repository. A block diagram modelling approach was used that
allows model modification for various applications, such as speed control of DC motors. The second
modelling approach utilise Simscape library components, which mimic electrical and mechanical parts of DC
machines, to construct models. All developed models allow all machine parameters to be changed for
monitoring and evaluation purposes, hence an enhanced learning environment is created. In the third
modelling approach, the Simulink built-in DC machine block was adopted, which provide a benchmark for
the first and second modelling approaches to be validated. This study is part of an ongoing research on the
modelling and control of DC motors.
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