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The MATLAB/Simulink realization of DC motor speed control methods is achieved here by
controlling the voltage applied to the armature circuit using various controlled and uncontrolled
power electronic converters. The power electronic converters used in simulation models include full-
bridge diode rectifier, half controlled rectifier and pulse width modulated (PWM) chopper. These
simulation models are developed as a part of a software laboratory to support and enhance
undergraduate electric machinery courses at Nigde University, Turkey.
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INTRODUCTION

THE RECENT STEADY DECLINE in enroll-
ment and interest in electric machinery courses has
led to concerted efforts to address various factors
and to find possible solutions. Educators agree
that many engineering students consider the elec-
tric machinery courses old-fashioned and unexcit-
ing, and this lack of interest, in turn, seriously
limits their ability to understand and appreciate
the wide-ranging applications of electric machines
[1]. Therefore, electric machinery courses are
facing particularly strong pressure for change,
and need to be restructured and modernized to
attract more students. One convenient and yet the
powerful way is to integrate up-to-date computer
hardware and software tools in both lecture and
laboratory sections of the machinery courses [1, 2].
Such a machinery course also meets the expecta-
tions of today’s students who want to use compu-
ters and simulation tools in every aspects of a
course. For this reason, computer modelling and
simulation tools have been extensively used to
support and enhance electric machinery courses
[2-8].

MATLAB with its toolboxes such as Simulink
[9] and SimPowerSystems [10] is one of the most
popular software packages used in electrical en-
gineering education to enhance teaching of electric
machines [1-3], [6-8], [11-13], real-time control of
DC motors [14, 15] and power electronic circuits
[16].

Simulation models of transformer and induction
motor’s tests have already been developed using
MATLAB/Simulink and successfully integrated
into electric machinery courses at Nigde University
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[6, 7]. A software laboratory has been designed to
incorporate the simulation models into the labora-
tory section of the course. The software laboratory
enables students to simulate the no-load and short
circuit tests of transformers, and DC, no-load and
blocked-rotor tests of induction motors. It has
been reported that the simulating transformer or
induction motor tests before the hardware experi-
ments help students to clearly understand the
experimental procedure, and simulation models
complement laboratory practices [6, 7]. In order
to have a complete set of simulation tools for
electric machinery experiments, simulation
models of speed control experiments of DC
motors, namely field resistance control, armature
voltage control and armature resistance control
methods have been developed and included in the
previously designed software laboratory [8]. It has
been shown that simulation models correctly
predict the effect of field resistance, armature
voltage and resistance on the torque-speed char-
acteristic of the DC motor.

However, in developing the simulation models
of speed control experiments, ideal DC voltage
sources have been used to drive both the field
and armature circuits of the DC motor [8]. When
a DC motor is driven from an ideal DC voltage
source, the torque-speed characteristic becomes
linear [8, 17]. In practice, DC motors are driven
from a power electronic converter such as a
controlled or uncontrolled rectifier rather than a
DC voltage source, thus, nonlinear torque-speed
characteristics might be observed in the motor
performance. To reflect true characteristics of the
motor operation, the simulation model of the
armature voltage speed control method that uses
power electronic converters to drive the DC motor
needs to be developed. To the best of our know-
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ledge, there is only one study in the literature that
develops a PC-based CAD program called PC-
DCM to investigate the impact of various drives
such as DC voltage source, chopper and semi-
converter phase controlled drives on the linearity
of the torque-speed characteristics of DC motors
[18].

Our purpose was to develop simulation models
of the armature voltage speed control method with
various drive types using MATLAB/Simulink and
to illustrate how the linearity of torque-speed
characteristics is affected by different drives. The
realization of Simulink models was the first main
contribution. The following drive types were used
to supply the armature voltage:

1) Full-wave bridge diode rectifier with and with-
out a filter,

ii) Half-controlled rectifier with and without a
filter,

ii1) Pulse width modulated (PWM) chopper drive.

When compared to the above study [18], our work
included an additional drive, full-wave bridge
rectifier. In addition, the effect of LC filters
commonly used in rectifiers on the linearity of
the torque-speed characteristics also not reported
in [18] was investigated.

The proposed simulation models complete our
previous work that reported the Simulink models
of induction motors and transformers’ tests, and
speed control experiments of DC motors (arma-
ture voltage control using a ideal DC voltage
source, field resistance control and armature resis-
tance control) in a series of published papers [6-8].
Moreover, all simulation models have been
combined, and an Electric Machinery Experiment
Toolbox (EMET) has been designed using
MATLARB’s graphical user interface programming
to offer students a complete set of simulation
models of electric machinery experiments in a
single and easy-to-use software package.

The simulation models of DC motors have been
integrated into a senior level electric machinery
course to enhance the teaching of the steady-state
and dynamic analysis of DC motors. The enhance-
ment has been achieved by using the simulation
models for various educational activities such as
classroom demonstration, exercises and assign-
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Fig. 1. Equivalent circuit of separately excited DC motor.

ments. It has been observed that with the help of
simulation results, students increase their under-
standing of DC motor characteristics and dynamic
behaviour, and power electronic converters and
their effects on the torque-speed characteristics
beyond the understanding they gain from class-
room lectures and textbooks. Even though the
course is designed for power systems and electric
machinery majors only, it is observed that students
from other major areas such as control, power
electronics and systems have shown tremendous
interest in the course. As a result of this, we have
observed a 30 per cent (in average) increase in the
enrollment of the course for the last two years.

TORQUE-SPEED CHARACTERISTIC AND
SPEED CONTROL METHODS

The equivalent circuit shown in Figure 1 is used
to analyse the torque-speed characteristic of DC
motors. In this figure, V7 is the terminal voltage
applied to the motor, Ir, Rr, and Lp are the
current, resistance, and inductance of the field
circuit, respectively; 14, R4 and L4 are the current,
resistance, and inductance of the armature circuit,
respectively; F 4 is the generated speed voltage; wy,
is the angular speed of the motor; 7, and 7; are
the electromagnetic torque developed by the motor
and the mechanical load torque in the opposing
direction. The generated speed voltage, electro-
magnetic torque and volt-ampere equations of
the armature circuit are given as follows [17]:

EA = K¢Wm (1)
T, = Koly (2)
Vi=FE4+ R4I14 (3)

where K is the design constant depending on the
construction of the motor and ¢ is magnetic flux in
poles.

From these equations, we can gain an under-
standing of the torque-speed characteristics of a
DC motor. Using (1)-(3) and equivalent circuit of
Figure 1 under steady-state conditions, the torque-
speed characteristic of a shunt or separately excited
DC motor is described by [17].
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Fig. 2. Illustration of effect of armature voltage change on
torque-speed characteristic.
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As (4) indicates, the torque-speed characteristic is
represented by a straight line with a negative slope
when the DC motor is driven from an ideal DC
source. This characteristic is illustrated in Figure 2.
For the speed of the motor to vary linearly with
torque, the terminal voltage V't and the flux ¢
must remain constant as the load changes. From
(4), it is clear that the speed of a DC motor can be
varied by controlling the field flux, the armature
resistance or the terminal voltage applied to the
armature [17]. Since we are interested in a Simulink
model of speed control method by controlling the
terminal voltage applied to the armature using
various controlled and uncontrolled power electro-
nic converters, only the armature voltage control
method is briefly described.

In the armature voltage control method, the
voltage applied to the armature circuit, Vr is
varied without changing the voltage applied to
the field-circuit of the motor. Therefore, the
motor must be separately excited to use armature
voltage control as shown in Figure 1. Typically a
power electronic converter or a motor-generator
set is required to provide the controlled armature
voltage for the motor. The effect of increasing the
armature voltage on the torque-speed characteris-
tic is illustrated in Figure 2. Observe that the no-
load speed of the motor increases while the slope of
the curve remains unchanged since the flux is kept
constant in this method. By the armature voltage
control method, it is possible to control the speed
of the motor for speeds below base speed but not
for speeds above base speed. In order to achieve
more than the base speed, an excessive armature
voltage is required, which can damage the arma-
ture circuit [17].
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MATLAB/SIMULINK MODELS OF SPEED
CONTROL METHODS

The following power electronic converters are
used to drive the armature circuit in the armature
voltage control speed method:

i) Full-wave bridge diode rectifier with and with-
out a filter,

i1) Half-controlled rectifier with and without a
filter,

iii) PWM chopper.

For each converter used, the torque-speed char-

acteristics are determined. A 5-HP DC motor of

240-V rating 1220 rpm is used in the simulation

models. The equivalent circuit parameters of the

DC motor used in the simulation are Rp = 2409,
= 120H, R4, = 0.6Q), L, = 12mH.

Speed control method using full-wave bridge diode
rectifier

Figure 3 shows the Simulink realization of the
armature voltage speed control method using full-
wave bridge diode rectifier. The armature circuit is
supplied from full-wave bridge rectifier (universal
bridge in the Simulink model) without a filter. The
field circuit is separately excited from an ideal DC
voltage source as Vg = 240 V. A DC motor block
of SimPowerSystems toolbox is used. An access is
provided to the field connections (F+, F—) so that
the motor model can be used as a shunt-connected.
The field circuit is represented by an RL circuit,
(Rr and Ly in series) and is connected between the
ports (F+, F—). The armature circuit consists of
an inductor L4 and resistor R4 in series with an
electromotive force E, and is connected between
the ports (A4, A—). The load torque is specified by
the input port 77. The electrical and mechanical
parameters of the motor could be specified using
its dialogue box. The output port (port m) allows
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Fig. 3. MATLAB/Simulink realization of armature voltage speed control method using full-wave bridge diode rectifier.
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Fig. 4. Full-wave bridge rectifier input and output waveforms
with 300 V mean value.
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Fig. 5. Torque speed characteristics for three different armature
voltages.

for the measurement of several variables, such as
rotor speed, armature and field currents, and
electromechanical torque developed by the
motor. Through the scope and display block, the
waveform and steady-state value of the rotor speed
can be easily measured in radian per second (rad/
s), or the corresponding data can be written to
MATLAB’s workspace using the data box to
employ other graphical tools available in
MATLAB.

To investigate the effect of armature voltage
on the torque-speed characteristic, three different
armature voltages with average values V' = 180,
240 and 300 V were applied while the voltage
applied to the field circuit is kept constant at its
nominal value Vg = 240 V. Full-wave bridge
rectifier input and output waveforms for mean
value of 300 V are given in Figure 4.

Figure 5 compares the torque-speed character-
istics for the motor driven from a full-wave bridge
rectifier without a filter. The simulations are run
for several values of load torque in the range of
T =0—300 Nm to determine the steady-state
value of the speed at each load level. Figure 5
clearly illustrates that the torque-speed character-
istics are virtually linear and equally spaced similar
to the case where the DC motor is driven from a
constant DC voltage source [8, 17]. Moreover, it is
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Fig. 6. Output voltages of bridge rectifier with LC filter.
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Fig. 7. MATLAB/Simulink model of half-controlled full-wave
bridge rectifier.

shifted upward by increasing the armature voltage
while the slope of the curve remains unchanged.

To realize a more practical speed control
method, an LC filter is implemented at the
output of the rectifier shown as a universal
bridge in Figure 3. Choosing appropriate values
of LC filter, the rectifier output could be easily
smoothed with a desired ripple factor. Figure 6
shows waveform of rectifier output with a mean
value of approximately 300 V for the load torque
Ty = 200 Nm. As can be seen from Figure 6, the
voltage applied to the armature circuit is much
smoother when compared with the one shown in
Figure 4. Torque-speed characteristics for different
armature voltages with average values V' = 180,
240 and 300 V are obtained to investigate the filter
effects on the torque-speed characteristics. It is
observed that the torque-speed characteristic is
approximately the same as that for the case with-
out a filter shown in Figure 5. For this reason,
these characteristics are not given here. Such a
result is expected since mean values of the voltage
applied to the armature are virtually the same for
both cases even though the waveforms are signifi-
cantly different (see Figures 4 and 6).
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Input and Cutput Valtages (V)

Fig. 8. Input, output waveforms and output voltage average of
half-controlled full-wave bridge rectifier without filter.

Speed control method using half-controlled
rectifier

In this case, a single phase half-controlled recti-
fier [19] is used to drive the motor. The half-
controlled rectifier contains two diode and two
silicon  controlled rectifiers (SCR). The
MATLAB/Simulink model of the half-controlled
full wave bridge rectifier is given in Figure 7. A
Pulse Generator block is used to fire the SCRs.
SCR1 is triggered at a firing angle while SCR2 is
triggered at a firing angle 7+ «. The universal
bridge in Figure 3 is replaced by the Simulink
model of half-controlled full-wave bridge rectifier
shown in Figure 7.

Similar to the full-wave bridge rectifier case,
torque-speed characteristics were obtained for
three different armature voltages with mean
values Vr =180, 240 and 300 V. The corres-
ponding firing angles are o = 60°, 45°, and 30°.
As an example, for the mean value of 300 V at T =
300 Nm input, output waveforms and the average
of output voltage are in given Figure 8.

Figure 9 compares the torque-speed character-
istics for the motor driven from the half-controlled

w {rad's)

Load Torgue (MNm})

Fig. 9. Torque-speed characteristics using half-controlled rec-
tifier.

Output Voltages (V)

Fig. 10. Output voltages of half-controlled rectifier with LC
filter.

full wave bridge rectifier without a filter. Observe
that the torque-speed characteristics are highly
non-linear in the light loading region of
T =0—75 Nm while they become linear for
load Ty > 75 Nm. Moreover, the nonlinearity
also increases when firing angle increases or the
armature voltage decreases. It must be mentioned
here that armature current is continuous in time in
regions where the torque-speed characteristic is
linear, but it is discontinuous in areas where the
torque-speed characteristic is non-linear.

An LC filter is also inserted in the output
terminal of half-controlled rectifier to smooth the
voltage applied to the armature circuit. Figure 10
shows waveform of rectifier output with a mean
value of 300 V for the load torque Ty, = 200 Nm.
As can be seen from Figure 10, the voltage applied
to the armature circuit is always positive, which
implies that armature current is always continu-
ous. It is expected that such a continuous opera-
tion will remove the nonlinearity observed in the
torque-speed characteristic shown in Figure 9. In
fact, it is noted that the torque-speed character-
istics are linear and almost the same as that for the
case of full-wave bridge rectifier given in Figure 5.
For that reason, they are not repeated here.

Speed control method using a PWM chopper drive

In this section, the performance of the DC motor
driven from a PWM chopper drive is analyzed.
Figure 11 shows the Simulink realization of this
method. A gate turn-off (GTO) thyristor is used as
an electronic switch and a freewheeling diode is
used to solve the stored inductive energy problem
in the circuit. A constant 350 V DC voltage is
applied to the input of the chopper. The average
value of the chopper output voltage is controlled by
changing the duty ratio (D) of the PWM chopper.
A pulse generator is used to change the duty ratio,
and the switching frequency is initially selected as
50 Hz. The following duty ratios are used to obtain
180, 240 and 300 V average output voltages:
D = 0.514, 0.685, and 0.857.

Similar to the previous cases, torque-speed char-
acteristics are obtained for three different armature
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Fig. 11. MATLAB/Simulink realization of armature voltage speed control method using PWM chopper drive.
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Fig. 12. Torque speed characteristics using a PWM chopper
drive at 50 Hz switching frequency.

voltages with mean values V7 = 180, 240 and 300
V. Figure 12 shows the torque-speed characteris-
tics. It is clear that these characteristics contain
both linear and non-linear regions of operation.
The linear region of operation for 300 V approxi-
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a) Discontinuous operation.

mately starts at Ty, = 150 Nm and a perfect
linearity begins at Ty = 225 Nm. For 240 V, the
torque-speed characteristic is linear for Ty > 150
Nm. Finally, torque-speed characteristic becomes
linear for Ty > 175 Nm for 180 V. For the same
reasons as stated in the previous section, discon-
tinuous armature current results in a highly non-
linear torque-speed characteristic. Figure 13 shows
armature voltage and current obtained at 50 Nm
(in the non-linear region) and 250 Nm (in the linear
region) for average value of 180 V to clearly
illustrate the continuous and discontinuous opera-
tion of the PWM chopper drive.

EDUCATIONAL USE OF MODELS

The Department of Electrical and Electronics
Engineering at Nigde University offers two
machinery courses. These are EEM 308 Electric
Machinery I and EEM 435 Electric Machinery II,
each of which is a three-hour course. The former
mainly covers steady-state analysis of transformers
and induction motors. These analyses include the

350

Load Current (A) and Load Voltage (V)

Time (s)

b) Continuous operation

Fig. 13. Continuous and Discontinuous operation of PWM chopper drive.
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computations of losses, voltage regulation, effi-
ciency, induced torque, torque-speed characteris-
tics, etc. using per-phase equivalent circuits [17].
The latter is a control orientated electric machinery
course that offers both steady-state and dynamic
operation principles, and mathematical models of
DC machines. For the steady-state analysis, the
topics covered by the course include the structure
of DC machines, equivalent circuit model, torque-
speed characteristics and speed control methods by
varying the field flux, the armature resistance and
the armature applied voltage. In the dynamic
analysis, the course covers the fundamentals of
linear control theory and feedback control
design, dynamic models of DC machines such as
transfer function or state-space equation models,
and power electronic converter based DC motor
drives.

The proposed simulation models were exten-
sively used in EEM 435 Electric Machinery II
course. After the steady-state equivalent circuit
model, operation principle, torque-speed charac-
teristics, fundamentals of power electronic conver-
ters and speed control methods are covered in the
class, the instructor uses Simulink models to
demonstrate the effects of equivalent circuit para-
meters such as field resistance and armature
voltage, and converter parameters such as firing
angle and switching frequency on the motor speed
under a wide range of loading conditions. After the
demonstration, students are asked to obtain the
torque-speed characteristics for each control
method and compare them with the theoretical
results learned from the lecture. Students through
this exercise should have a basic understanding of
the steady-operation of DC motors, various speed
control techniques and applications of various
power electronic converters into DC motor speed
control. Moreover, after having enough experi-
ences with the simulation models, the following
exercises are assigned to students:

1) Using the half-controlled rectifier, obtain the
plot of the motor speed in rpm vs. the arma-
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Fig. 14. Torque speed characteristics using a PWM chopper
drive at 500 Hz switching frequency.

ture voltage at a given load level in a linear
region of operation, say Tp=100 Nm and
using Matlab curve fitting tool, find an equa-
tion that describes motor speed as a function
of the armature voltage.

il) Replace the universal bridge rectifier in Fig. 3
by a fully-controlled thyristor rectifier, obtain
torque-speed characteristics for various values
of the firing angle, and observe how the vari-
ation in firing angle affects the linearity of the
torque-speed characteristic.

iii) Using PWM chopper drive in Fig. 11, obtain
the torque-speed characteristics for the follow-
ing switching frequencies: 100, 200, 300, 400,
and 500 Hz; and observe how an increase in
the switching frequency affects the linearity of
the torque-speed characteristic and continuity
of the armature current.

Examples of simulation results obtained by
students for the third assignment are presented in
Figures 14 and 15. Figure 14 shows torque-speed
characteristics for a 500 Hz switching frequency.
When compared with Figure 12, it is clear that for
all voltage values, the linear region of operation
extends when the switching frequency is increased.
For example, the region between 0 and 175 Nm
was nonlinear for 180 V armature voltage when a
50 Hz switching frequency is selected. For 500 Hz,
the size of nonlinear region shrank to between 0
and 25 Nm. This is because armature current
becomes continuous and smoother when the
switching frequency is increased, as shown in
Figure 15 for 75 Nm loading. Such simulation
exercises enable students to investigate the changes
in the torque-speed characteristic and armature
current as the switching frequency is increased.
Moreover, they can easily identify voltage and
current waveforms associated with different DC
motor drives and to understand how the wave-
forms affect the linearity of the torque-speed
characteristic.

The use of the proposed simulation models was
assessed both formally with student evaluations
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and informally from discussions with students.
Since the models were introduced to all students
within a course, no good control group is available
to make a meaningful statistical assessment. The
student responses to the use of the models have
been very positive. Their opinions can be summar-
ized as follows:

1) The majority of students indicate that having a
tool that is easy-to-use allows them to com-
prehend torque-speed characteristics and
speed control methods.

i) They appreciate that phase controlled and
chopper drives significantly affect the linearity
of the torque-speed characteristic.

i) A great deal of students feels that they increase
their understanding of steady-state and
dynamic behaviour of DC motors beyond
the understanding they gain from classroom
lectures and textbooks. Therefore, they think
that simulation models complement the theo-
retical part of the lecture.

iv) Most of the students believe that the use of
simulation models in the classroom and in the
given assignments helped them improve their
exam grades.

v) They appreciate the integrative teaching
approach that combines traditional steady-
state analysis of DC motors with dynamic
approaches (power electronics converters)
that are supported by simulation models.

vi) Students suggest that MATLAB and Simu-
link/SimPowerSystems should be integrated
into other power system and control courses
as well.

viii) With the extensive use of simulation models,
students indicate that they have become famil-
iar with the widely used numerical simulation
environment of MATLAB and Simulink,
which they will be able to use subsequently
for their senior design projects or research.

CONCLUSIONS

Simulation models of power electronic conver-
ters based DC motor speed control methods have
been developed using MATLAB/Simulink. Using
various controlled and uncontrolled power electro-
nic converters, torque-speed characteristics have
been obtained and effects of converter parameters
such as firing angle, filter and switching frequency
on the linearity of the torque-speed characteristics
have been thoroughly investigated. It has been
shown that simulation models correctly predict
the effect of the armature voltage on the torque-
speed characteristics of the DC motor. It has been
observed that torque-speed characteristics become
linear when full-wave bridge diode rectifier (with
and without a filter) and half-controlled rectifier
with a filter are used to drive the motor. On the
other hand, non-linear regions in the characteris-
tics have been occurred when a half-controlled
rectifier without a filter and a PWM chopper
drive are used. The non-linearity is because of
the discontinuity observed in the armature current.
It has been also noted that the torque-speed
characteristics have become more linear as the
switching frequency of the PWM chopper drive is
increased.

The simulation models have been successfully
integrated into an undergraduate electric machin-
ery course to enhance the teaching both the steady-
state and dynamic analysis of DC motors. It has
been observed that students generally find the
machinery course easier to understand with
hands-on experience gained through the simulated
examples and they increase their understanding of
fundamentals of dynamic system controls and its
application into DC motor speed control, provid-
ing them a complete view of a controllable DC
machine and drive systems. More importantly,
such an integration results in an increase in enroll-
ment of the machinery course.

10.
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