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Abstract. This article describes the development of a
low-cost, real-time simulator of several control strate-
gies for brushed DC motor drives. An educational
brushed DC motor drive test bench and an Arduino
Mega 2560 microcontroller board were used to build the
simulation system. The system can serve as a platform
for laboratory studies in which various control strate-
gies helpful for instruction and research purposes. The
interaction between MATLAB Simulink and the Ar-
duino board can be managed through the exploration
of the MATLAB Support Package for Arduino. Dif-
ferent speed control algorithms for brushed DC motors
can be easily deployed, monitored, and analysed using
the Simulink multiform library. Three different types
of controllers have been used in this study: a standard
PI controller, a fuzzy logic controller, and a fuzzy PI
controller. Finally, the system is particularly helpful in
comparing various control approaches for many other
controlled objects in addition to drives for brushed DC
motors.
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1. Introduction.

Electric drive systems can be only seen as “high-
performance” drive systems if they can accurately fol-
low a specified trajectory regardless of unknown load
variation and uncertainties of parameters [1]. An elec-
tric drive system is basically formed by an electri-

cal motor, a power electronic converter, and a con-
troller integrated to perform precise mechanical ma-
neuvers. As being controlled easily over a wide speed
range, brushed DC motors are still widely used in
various industrial and commercial applications includ-
ing electric vehicles, robotic manipulators, and precise
mechanisms. In addition, brushed DC motors can be
known as the most common controlled object for test-
ing and evaluating different single-input and single-
output (SISO) control algorithms.

The accurate mathematical model and related pa-
rameters of a specific brushed DC motor are usually
needed for designing an appropriate controller for the
motor. Additionally, the exact model of the motor can
allow the designer to predict the closed-loop dynamics
of the motor control system. This work can be only
facilitated if the motor parameters can be precisely es-
timated. Motor parameter estimation approaches can
be divided into two categories: offline estimation meth-
ods [2, 3, 4, 5] and online estimation methods [6, 7, 8].
Offline methods require the use of test inputs and the
measurement of corresponding parameters using data
acquisition (DAQ) devices. Next, measurement-based
determined coefficients are used to obtain unknown pa-
rameters by offline computer-based analysis. Mean-
while, online techniques sometimes include power con-
verters and high-speed DAQ devices. Online motor
parameter estimations can be performed by using ob-
servers, Kalman filters [3], and artificial neural net-
works [6].

Conventional controller designs for brushed DC mo-
tor drives often involve the use of constant gains for
controllers like proportional-integral-derivative (PID)
controllers, which are only useful for the control
of a narrow range of the motor speed [9, 10, 11].
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Recently, the brushed DC motor drive control has
seen widespread application of non-linear control ap-
proaches, such as sliding mode controllers [12, 13],
fuzzy logic controllers [14, 15, 16, 17], and artificial
neural network controllers [18, 19, 20].

High-performance brushed DC motor drive con-
trollers frequently need to be adaptable, so various
research have developed adaptive control methods
[21, 22, 23], in which the coefficients of controllers can
be adaptive utilizing techniques for intelligent inference
such fuzzy logic and artificial neural networks. Sev-
eral studies have suggested techniques of estimating
the speed of brushed DC motors [24, 25, 26, 27, 28, 29]
because the use of speed sensors like tachometers or
pulse encoders could degrade system reliability and ne-
cessitate periodic maintenance. Most speed estimation
techniques, however, have been developed using a pre-
cise mathematical model of the motor.

The rapid development of real-time simulation and
hardware-in-the-loop (HIL) simulation techniques can
allow researchers, lecturers, and students to conve-
niently develop laboratory setups for learning and test-
ing control systems [30, 31].

Low-cost embedded systems for controlling brushed
DC drives can be formed by using typical microcon-
trollers with the inclusion of ADC inputs and PWM
outputs such as Arduino Uno board [32], Arduino Mega
2560 board [33] and STM32 microcontroller [34, 35]. In
these systems. The use of Arduino boards can be seen
as a cost-effective solution but still have high perfor-
mances based on a lot of available libraries. One of the
famous libraries for Arduino boards is the MATLAB
Support Package for Arduino [36]. This MATLAB
package can provide a powerful library of Simulink
blocks for performing analogue/digital inputs and out-
puts of Arduino boards such as Arduino Uno and Ar-
duino Mega 2560 boards.

As Simulink diagrams with the use of MATLAB Sup-
port Package for Arduino can be utilised to easily ob-
tain real-time simulation environments for many con-
trol systems, the study is undertaken to contribute a
detailed procedure of developing and evaluating real-
time advanced control algorithms for DC motor drives
including PI controller, fuzzy logic controller and fuzzy
logic PI controller. Based on details stated in this
paper, readers can conveniently simulate and develop
their own control systems.

The rest of this paper is divided into the subse-
quent sections. The mathematical representation of a
chopper-fed brushed DC motor is discussed in Section
2. , along with a straightforward but efficient technique
for estimating the parameters of brushed DC motors.
The conventional PI controller, fuzzy logic controller,
and fuzzy PI controller are the three types of brushed
DC motor drives controllers that are presented in Sec-

tion 3. . In Section 4. , a real-time simulation system
based on three different controller types and a labo-
ratory test bench for the brushed DC motor drive are
discussed. Finally, Section 5. is the conclusions of
this research.

2. Brushed DC Motors

The speed of a brushed DC motor can be easily con-
trolled by using a DC chopper converting a fixed DC
voltage to variable DC voltage applied to the armature
circuit of the motor. For decreasing the ripple of the
motor current and avoiding the discontinuous conduc-
tion, the DC chopper is usually required to operate at a
high frequency. In this study, a separately excited DC
motor is controlled by an IGBT based DC chopper.

2.1. Motor Mathematical Model

For brushed DC motors, a DC voltage can be directly
applied to the terminal of the armature circuit. Using
Kirchhoff’s law for the armature circuit gives:

vt (t) = Raia (t) + La
dia (t)

dt
+Kω (t) . (1)

Based on Newton’s law, the torque equation can be
derived as follows:

Kia (t) = J
dω (t)

dt
+Dω (t) + TL (t) , (2)

whereK, Ra, La, J and D are the back-EMF constant,
the armature resistance, the armature inductance, the
rotor mass moment of inertia, and the damping con-
stant, respectively. ω(t), ia(t), vt(t), and TL(t) denote
the rotor angular velocity, the armature current, the
terminal voltage, and the load torque, respectively.

At the steady-state, equation (1) yields:

ω =
Vt
K

− RaIa
K

= ω0 − ∆ω, (3)

in which

ω0 =
Vt
K
, (4)

∆ω =
RaIa
K

. (5)

In equations (4) and (5), is the no-load rotor angu-
lar velocity and ∆ω is the drop of the rotor angular
velocity when a load torque is applied to the motor.
Obviously, the back-EMF constant can be determined
through the terminal voltage and the no-load rotor an-
gular velocity as follows:

K =
Vt
ω0
. (6)
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When a load torque is applied to the motor shaft, the
measured armature current can be used to calculate the
armature resistance as follows:

Ra =
Vt −Kω

Ia
. (7)

According to equation (7), if Vt is kept to be a con-
stant, ω can be easily measured using a tachometer
or an encoder, and Ia can be measured using a DC
ammeter, then the value of Ra can be conveniently
computed.

The Laplace transforms of equations (1) and (2) have
the following forms:

Vt (s) = RaIa (s) + LasIa (s) +Kω (s) , (8)
Jsω (s) = KIa (s) −Dω (s) − TL (s) , (9)

where s is the Laplace operator. Vt(s), Ia(s), ω(s) and
TL(s) are the Laplace transforms of the terminal volt-
age, the armature current, the rotor angular velocity,
and the load torque, respectively.

2.2. Motor Parameter Estimation

The motor parameter estimation is useful for design-
ing model-based controllers. This section describes the
procedure for obtaining parameters of a brushed DC
motor based on experimental tasks in a laboratory.

From equations (8) and (9), the relationship between
the rotor angular velocity (the system output) and the
terminal voltage, and the load torque (the system in-
puts) can be expressed as follows:

ω (s) =
KVt (s) − TL (s) (sLa +Ra)

s2LaJ + s (RaJ + LaD) + (RaD +K2)
.

(10)

At the no-load regime (TL(s) = 0), equation (10)
yields:

ω (s) =
K

s2LaJ + s (RaJ + LaD) + (RaD +K2)
Vt (s) .

(11)

Equation (11) indicates a second-order system and
can be shorten as follows:

ω (s)

Vt (s)
=

a

s2 + sb+ c
, (12)

in which:

a =
K

LaJ
, b =

RaJ + LaD

LaJ
, c =

RaD +K2

LaJ
. (13)

The coefficients a, b, and c of equation (12) can be
obtained by acquiring the start-up motor speed with

respect to the step terminal voltage and the MATLAB
System Identification Toolbox [37]. According to equa-
tion (13), K and Ra can be determined using equations
(6) and (7). Three remaining parameters of the motor
can be computed as follows:

D =
1

Ra

(
cK

a
−K2

)
, (14)

La =
bK −

√
(bK)

2 − 4aDKRa

2aD
, (15)

J =
K

aLa
. (16)

3. Controller Design

3.1. Conventional PI Controller

The output of a conventional PI controller is given by:

u (t) = Kpe (t) +Ki

t∫
0

e (t) dt+Kd
de (t)

,
dt (17)

e (t) = r (t) − y (t) , (18)

where r(t), y(t), and e(t) are the reference rotor angu-
lar velocity, the real rotor angular velocity and the ro-
tor angular velocity error, respectively. Kp,Kt, andKd

are the proportional constant, the integral constant,
and the derivative constant, respectively. If only PI
controller is considered, equation (17) yields:

u (t) = Kpe (t) +Ki

t∫
0

e (t) dt. (19)

The Laplace transform of equation (19) is given by:

U (s) = KpE (s) +Ki
1

s
E (s) , (20)

where s is the Laplace operator. U(s) and E(s) are
the Laplace transforms of the controller output, and
the error of the rotor angular velocity, respectively.

The z-transform of equation (20) has the following
form:

U (z) = KpE (z) +KiTs
z

z − 1
E (z) , (21)

where z is the z operator and Ts is the sampling period.

Equation (21) can be re-written as follows:

U (z) = KpE (z) + P (z) , (22)

In which:

P (z) = KiTs
1

1 − z1
E (z) . (23)
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Fig. 1: The structure of a typical fuzzy logic controller.

Fig. 2: MFs of the error.

The discrete-time form of equation (22) is given by:

u (k) = Kpe (k) + p (k) , (24)
p (k) = p (k − 1) +KiTse (k) , (25)

where k labels the k-the sampling period. Equation
(25) is used to implement digital PI controllers using
microcontrollers.

3.2. Fuzzy Logic Controller

Fuzzy logic control is a heuristic technique that imi-
tates human thought processes. The theory of fuzzy
sets served as the foundation for the initial develop-
ment of fuzzy logic controllers. The mathematical
model of the controlled item is not necessary for the
process of creating a fuzzy logic controller. Fuzzy logic
controllers can therefore function while managing non-
linearity and imprecise inputs. In systems that are
complex, nonlinear, or poorly specified, fuzzy logic con-
trollers typically outperform other controllers. Figure
1 illustrates the structure of a fuzzy logic controller for
closed loop control systems.

Tab. 1: Table of fuzzy rules for FLCs.

H
HHHe

ce
NB NS ZE PS PB

PB ZE PS PS PB PB
PS NS ZE PS PS PB
ZE NS NS ZE PS PS
NS NB NS NS ZE PS
NB NB NB NS NS ZE

The main part of a fuzzy logic controller is the fuzzy
inference system (FIS), which has two inputs including
the error e (t) and the change of the error ce(t) calcu-
lated as follows:

e (t) = r (t) − y (t) , (26)

ce (t) =
de (t)

dt
, (27)

Fig. 3: MFs of the change of the error.

Fig. 4: MFs of the output.

where r(t) is the reference and y(t) is the output of the
controlled object. The discrete-time forms of equation
(26) and (27) are expressed as follows:

e (k) = r (k) − y (k) , (28)

ce (k) =
e (k) − e (k − 1)

Ts
. (29)

The inputs and the output of the FIS must be nor-
malized to be between [0, 1] and [−1, 1] intervals by
adding the scaling factors KE , and KCE for the in-
puts and the scaling factor KU for the output. The
discrete-time forms of the inputs of the FIS at the k-th
sampling period are expressed as follows:

x1 (k) = KEe (k) , (30)
x2 (k) = KCE [ek (k) − e (k − 1)] . (31)

If zk is the output of the FIS, then discrete-time form
of the output of the fuzzy logic controller at the k-th
sampling period is given by:

z (k) = z (k − 1) +KUu (k) . (32)

The implementation of the fuzzy logic controller for
brushed DC motor requires the following steps:

• Identification of input and output variables: The
first input is the speed error, and the second in-
put is the change of the speed error. The output
variable is the duty cycle of pulse width modula-
tion (PWM) signal generated to control the motor
speed.

• Fuzzification: The universe of information
spanned by each variable is divided into several
fuzzy subsets and each subset is assigned a linguis-
tic variable such as NB (Negative Big), NS (Neg-
ative Small), Zero (ZE), PS (Positive Small), and
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Fig. 5: The structure of a fuzzy PI controller.

Fig. 6: MFs of the error and the change of the error.

PB (Positive Big). This step needs to establish
membership functions (MFs) for fuzzy subsets.

• Configuration of the fuzzy rule base: Formulate a
fuzzy rule base by assigning several different rela-
tionships between the fuzzy inputs and output.

• Determination of normalizing and scaling factors:
Appropriate scaling factors for input and output
variables must be chosen to normalize variables
between [0, 1] and [-1, 1] intervals.

• Defuzzification: obtain a single number from the
output of the aggregated fuzzy set. This step is
used to transfer fuzzy inference results into a crisp
output.

1) Fuzzification

In this step, MFs are formed to obtain features of fuzzy
sets. A MF is a curve used to map each point in the in-
put space to a membership value in a closed unit inter-
val [0, 1]. Simple MFs widely used include trapezoidal
MFs and triangle MFs. Figures 2 and 3 show MFs of
the inputs and Figure 4 shows MFs of the output of
the FIS.

2) Fuzzy Rules

Fuzzy rules are established to provide a mapping be-
tween the inputs and the output based on linguistic
variables. Fuzzy rules work in an analogous way to hu-
man intuition. Table 1 is the table of fuzzy rules which
can be applied to the problem of brushed DC motor
drive control.

Fig. 7: MFs of the proportional gain.

Tab. 2: Table of fuzzy rules for fuzzy PI controller.

H
HHHe

ce
NB NS ZE PS PB

NB V B/S V B/M S/M S/M M/S
NS V B/B B/B S/B S/B B/B
ZE B/B M/B S/V B S/V B V B/V B
PS M/B S/B S/B M/B V B/B
PB S/S S/S S/M B/M V B/S

According to Table 1, some fuzzy rules can be ex-
pressed as follows:

• If e is PB and ce is NB, then u is ZE.

• If e is PS and ce is NB, then u is NS.

• If e is ZE and ce is NB, then u is NS.

• . . .

3) Defuzzification

Defuzzification is the process of getting a single num-
ber from the output of the combined fuzzy set. It is
used to convert the findings of fuzzy inference into a
crisp output. The center of gravity (COG) approach of
defuzzification is the most popular technique. The fol-
lowing formula is used to calculate the defuzzied value:

u∗COG =

∫
uµ (u) du∫
µ (u) du

. (33)

3.3. Fuzzy Logic PI Controller

Fuzzy PI controllers can be seen as a generalization of
the conventional PI controller. However, different from
the conventional PI controllers with the fixed propor-
tional and integral constants, fuzzy PI controllers can
be designed to adaptively derive proportional and in-
tegral gains using fuzzy logic. The structure of a fuzzy
PI controller is shown in Figure 5.

A fuzzy PI controller has two inputs (the error and
the change of the error) and two outputs correspond-
ing to the adaptive proportional and integral constants
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Fig. 8: MFs of the integral gain.

determined by a FIS. The implementation of fuzzy PI
controllers requires the following steps:

• Identification of input and output variables: The
first input is the speed error, and the second input
is the change of the speed error. The first output
variable is the proportional gain, and the second
output is the integral gain.

• Fuzzification: For the inputs, fuzzy subsets are
given the linguistic variables NB (Negative Big),
NS (Negative Small), Zero (ZE), PS (Positive
Small), and PB (Positive Big). Fuzzy subsets
are given the linguistic variables S (Small), M
(Medium), B (Big), and VB (Very Big) as inputs
for the outputs. For the fuzzy subsets displayed in
Figures 6, 7, and 8, membership functions (MFs)
must be created in this stage.

• Configuring the fuzzy rule base: Create fuzzy rules
by designating various connections between the
fuzzy inputs and fuzzy outputs, as illustrated in
Table 2.

• Determination of normalizing and scaling factors:
To normalize variables between [0, 1] and [-1, 1] in-
tervals, suitable scaling factors for input and out-
put variables must be selected.

• Defuzzification: take two numbers from the com-
bined fuzzy set’s outputs. This process converts
the outcomes of fuzzy inference into crisp outputs.

In defuzzification, the fuzzy inference results are
transferred into the crisp outputs. Like fuzzy logic
controllers, the center of gravity (COG) method is also
used to obtain crisp outputs as follows:

k∗p =

∫
kpµ (kp) dkp∫
µ (kp) dkp

, (34)

k∗i =

∫
kiµ (ki) dki∫
µ (ki) dki

. (35)

Fig. 9: The experimental setup.

4. Experimental Results

This section describes a procedure of developing a real-
time simulation system for different control algorithms
of a brushed DC motor drive in laboratory as shown
in Figure 9. The system has been constructed by the
following specifications:

• A 175W separately excited DC motor manufac-
tured by Lab-Volt company.

• Two separated DC voltage sources: a fixed DC
voltage source of 220V supplied to the excitation
circuit and an adjustable DC voltage source rang-
ing from 0 to 220V applied to a DC chopper con-
nected the armature of the motor in series.

• A dynamometer working as a changeable load
torque.

• An Arduino Mega 2560 board with a default PWM
frequency of 980 Hz for a PWM output pin used
to control the speed of the motor.

• A PC/laptop with the pre-installed MATLAB
Support Package for Arduino.

Ra(Ω) La(H) K(V/rad/s) J(kg.m2) D(N.m.s)
24.2674 1.1752 1.8884 0.0383 7.6639 ×

10−4

Tab. 3: Estimated parameters of the motor

4.1. System Identification

Figure 10 shows the Simulink model for applying a step
terminal voltage to the armature circuit and measuring
the rotor speed. The Simulink model is configured for
the real-time simulation of different controllers. The re-
sponse of the rotor angular velocity with respect to the
step terminal voltage at the no-load scheme as shown
in Figure 11 can serve as the input information in the
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Fig. 10: Simulink model to obtain the step response of the motor.

Fig. 11: Response of the rotor angular velocity with respect to
the step terminal voltage at the no-load regime.

MATLAB System Identification Toolbox to derive the
transfer function of the motor. To eliminate noises in
the measured speed, a Butterworth filter is used.

Based on the speed response in Figure 11 and the
MATLAB System Identification Toolbox, the DC mo-
tor transfer function at the no-load scheme is obtained
as follows:

G (s) =
ω (s)

U (s)
=

a

s2 + bs+ c
=

41.97

s2 + 20.67s+ 79.67
.

(36)

The terminal voltage was kept being 220(V ) and
the steady-state rotor angular velocity is 116.5(rad/s).
Then, the back-EMF coefficient is given by:

K =
Vt
ω0

=
220

116.5
= 1.8884 (V/rad/s) . (37)

With the load torque of 1.5(N.m), the measured ar-
mature current Ia = 1.105(A) and the rotor angular
velocity ω = 102.3(rad/s). Ra and D can be computed
as follows:

Ra =
Va −Kω

Ia
= 24.2674 (Ω) . (38)

Three remaining parameters of the motor are deter-
mined as follows:

D =
1

Ra

(
cK

a
−K2

)
= 7.6639 × 10−4 (N.m.s) ,

(39)

La =
bK −

√
(bK)

2 − 4aDKRa

2aD
= 1.1752 (H) , (40)

J =
K

aLa
= 0.0383

(
kg.m2

)
. (41)

The estimated parameters of the motor are shown in
Table 1.

num = 41.97;
den = [1 20.67 79.67];
G = tf(num, den)
pidtune(G,’pi’)

Tab. 4: MATLAB script to determine Kp and Ki of the PI con-
troller

4.2. Conventional PI Controller
Simulation

Figure 12 is the Simulink diagram of a conventional PI
controller. Based on the function of tuning gains for
conventional PI controllers in MATLAB for the trans-
fer function of the system at the no-load mode as shown
in Table 4, the proportional constant Kp and the inte-
gral constant Ki are determined to be 3.06 and 17.89,
respectively.

The increase response of the motor speed is depicted
in Figure 13. Figure 14 is the decrease speed response
of the motor.

4.3. Fuzzy Logic Controller
Simulation

Figure 15 is the Simulink diagram of the fuzzy logic
controller. After several trials, the scaling factors for
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Fig. 12: The Simulink model of the conventional PI controller.

Fig. 13: Increased speed response with the conventional PI con-
troller.

Fig. 14: Decreased speed response with the conventional PI
controller.

both inputs are chosen to be 10-4, and the scaling fac-
tor for the output is selected to be 350. The increase
speed response of the motor is shown in Figure 16 and
the decrease speed response of the motor is illustrated
in Figure 17.

4.4. Fuzzy PI Controller Simulation

The Simulink model of fuzzy PI controller is shown in
Figure 18. The scaling factors for both inputs are cho-
sen to be 10−3. The scaling factor for the first output is
selected to be 0.9 and the scaling factor for the second
output is set to be 1.35. The increase speed response
of the motor is shown in Figure 19 and the decrease
speed response of the motor is depicted in Figure 20.

According to Table 5, the PI controller can result in
the lowest overshoot in the low-speed range. The PI
controller can also give the shortest rise time and set-
tling time. As shown in Table 6, in the high-speed
range, the fuzzy PI controller can give the smallest
overshoot and the PI controller can also result in the
smallest rise time and settling time.

Controller type Rise time
(s)

Settling time
(s)

Overshoot
(%)

PI controller 0.7897 4.7868 1.6300
Fuzzy con-
troller

1.0238 4.9308 2.7733

Fuzzy PI con-
troller

0.9778 4.8648 6.4945

Tab. 5: Comparison of performances of different controllers at
the low-speed range (400 rpm).
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Fig. 15: The Simulink model of the fuzzy logic controller.

Fig. 16: Increased speed response with the fuzzy logic con-
troller.

Fig. 17: Decreased speed response with the fuzzy logic con-
troller.

Controller type Rise time
(s)

Settling time
(s)

Overshoot
(%)

PI controller 0.5933 1.4300 2.3866
Fuzzy con-
troller

0.7649 1.7222 2.5216

Fuzzy PI con-
troller

1.1220 1.7311 0.7434

Tab. 6: Comparison of performances of different controllers at
the high-speed range (800 rpm).

5. Conclusions

This research performs the implementation and evalu-
ation of the conventional PI controller, the fuzzy logic
controller, and the fuzzy PI controller for tracking the
speed trajectory of a laboratory brushed DC motor
drive based on the combination of a widely used Ar-
duino Mega 2560 and the MATLAB Package for Ar-
duino. Based on an experimental system, all the pa-
rameters of the motor can be precisely estimated using
the no-load motor speed response and the MATLAB
System Identification Toolbox. In addition, the de-
ployment of Simulink-based control algorithms can fa-
cilitate researchers and students to quickly analyze con-
trol strategies for the brushed DC motor drive. From
analyses in the previous section, the PI controller can
be used to obtain a high performance of the system if
the motor parameters can be exactly determined. If
the estimation of the motor model is difficult or im-
possible, the fuzzy PI controller should be used for the
high reference speed. If the reference speed varies in a
relatively wide range, then the fuzzy controller could
be an optimal choice.
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Fig. 18: The Simulink model of the fuzzy PI controller.

Fig. 19: Increased speed response with the fuzzy PI controller.

Fig. 20: Decreased speed response with the fuzzy PI controller.
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