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Abstract— The dynamic behavior of a PID-type fuzzy logic
control depends on the appropriate choice of its scaling factors.
Fixed scaling factors cannot provide adequate control
performance under a wide range of operating conditions. This
paper proposes a control strategy for separately excited dc
motor (SEDCM) speed control based on fuzzy logic and neural
networks. The function of the neural networks is to adapt the
scaling factors at the inputs and output of the fuzzy logic
controller. Using MATLAB/Simulink, the performance of the
proposed controller is highlighted in comparison with anti-
windup proportional-integral (PI) and sliding mode controllers
under variable speed reference, disturbances, and armature
resistance variation.

Keywords—Separately Excited DC Motor, Speed Control,
Fuzzy Logic Control, Artificial Neural Networks, Scaling
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I. INTRODUCTION

DC motors are widely utilized in various applications,
including electrical mills, electric trains, robotic systems,
electric cranes, elevator systems, household appliances, and,
more recently, electric automobiles, due to their high
reliabilities, flexibility, and low prices. [1], [2], [3]. In most
of these applications, DC motors require speed control to
perform their task. [4], [S]. Separately excited DC motors
(SEDCMSs) are probably the most studied types of motors in
the field of automation and control. Because of theirs precise
speed control, adjustable torque, and simplicity, SEDCMs
have long been the most suitable configurations for variable
speed applications. [4]. The inherent decoupling between the
torque equation and the speed equation of SEDCMs makes
them an excellent choice for applications requiring a broad
range of speed variations.

For DC motor speed control systems, traditional control
methods such as proportional-integral-derivative ( PID) are
extensively employed in the industry [6]. According to
reports, PID controllers account for more than 90% of
controllers used in industrial process control applications
since no other controller compares to the PID controller's
simplicity, unambiguous functionality, adaptability, and ease
of use [4], [7]. However, conventional controllers such as
PI, as well as PID, perform poorly under all conditions,
including load changes, parameters variation, and
disturbances [6], [8], [9]. Furthermore, determining and
optimizing the PID parameters remains a difficult issue, and
considerable work is required to achieve a satisfactory
system response utilizing the commonly used tuning
methods of hand-tuning and the Ziegler-Nichols frequency
response approach [1], [8]. The electrical parameters ofa DC
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motor are affected by temperature, current and voltage
oscillations, and a time-varying loading condition [10]. As a
result of these changes, the DC motor now exhibits nonlinear

characteristics. Therefore, nonlinear control is necessary
[10].

Many advanced control techniques have been proposed
in the literature to ensure robust speed control of DC motor
under conditions of disturbances, parameters variation, and
variable speed reference. These advanced control include
sliding mode control (SMC) [10], [11], fuzzy logic control
(FLC) [12], [13], neural networks controllers [3], [14],
neuro-fuzzy controllers [8], [15], adaptive backstepping
controllers [16], and model reference adaptive controllers
[17], [18]. To furthermore increase the robustness of these
advanced control techniques, some researchers have
proposed hybrid technique control such as neuro-fuzzy based
dual PID controllers [19], fuzzy self-tuned PID controllers
[4], [20], [21], sliding mode with FLC [22], PI-neural
network control [23], fuzzy model reference adaptive
control [24], adaptive backstepping SMC approach
[25].etc.... In most of the above-cited works, the robustness
against parameter variation, disturbance rejection, and

variable input reference of the proposed controllers was not
highlighted.

FLC has recently caught the interest of many researchers
and engineers from various sectors due to its superior
capacity to deal with the nonlinearities and uncertainties of
any system, its simplicity of design, and the possibility of
incorporating human skills in the control process. For DC
motor speed control, various FLC topologies are developed
and thoroughly investigated in the literature. FLC
outperforms traditional controllers [26], as demonstrated by
the work of [20], [27], [28], where fuzzy self-tuned PID
performance is compared to that of PID controllers. The
PID-type FLC is another FLC structure for the speed of
SEDCMs that are commonly encountered in the literature.
This structure uses scaling factors at the fuzzy controller's
inputs and output and does not employ an additional
controller. The PID-type FLC has the features of a traditional
PID controller [29]. The main disadvantage of the PID-type
FLC structure is the difficulty in determining their scaling
factors, and the controller's dynamic behavior is determined
by the appropriate choice of these scaling factors [26], [29],
[30]. In [1], [5], [31], and [32], a PID-type FLC is proposed
to control the dc motor speed. Furthermore, the proposed
fuzzy controllers' performance was highlighted compared to
a PID controller. However, fixed scaling factors cannot offer
suitable control performance under various operating
conditions. In [33] and [29], a particle swarm optimization
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(PSO) algorithm was employed to find the optimal scaling
factors of a PID-type FLC for a SEDCM. The PSO technique
used in [33] does not make the scaling factors adaptive
because their values are fixed in the control scheme
following a system's step response. As a result, the control
system suffers from the same disadvantage as when the
scaling factor is fixed. Moreover, the proposed controller
presented a longer settling time. In [29], the scaling factor
tuning problem is formulated as a constrained optimization
problem, with the cost function selected as the minimization
of the maximum overshoot and the integral of absolute error.
Finding a cost function to optimize based on scaling factors
may be difficult. Furthermore, PSO has two major flaws:
early convergence and being stuck in local minima [34]. In
the same perspective of optimal choice of fuzzy controller
scaling factors, both [30] and [35] have employed genetic
algorithm (GA) . The authors in [36] have utilized a GA to
find the optimal fuzzy rules, memberships function, and
scaling factors. Genetic algorithm is computationally
intensive and may require more time to provide good results.
In [26], cuckoo search algorithm, ant bee colony algorithm,
and firefly algorithm were used to tune the scaling factors of
a PID-type FLC for SEDCM speed control. Furthermore, the
performance of the fuzzy logic controller, with its gain
optimized by the three heuristic algorithms mentioned above,
was compared to that of a firefly optimized PID controller.
The heuristically optimized fuzzy controller had a longer
settling and rising time, and it outperformed the firefly
optimized PID controller only in terms of disturbance
rejection. Although heuristic algorithms have the advantage
of being easy to understand and implement in complex
optimization problems, they cannot provide an optimal
solution in most cases, and they are dependent on initial
conditions and randomness. In [34], a new hybrid PSO
search strategy called PSOSCALF, combining Sine Cosine
Algorithm and Levy Flight distribution, was proposed for a
PID-type FLC to optimize not only the scaling factor but also
the membership function and the rule base. The proposed
search technique is too complex and requires fast processing
unit.

The optimization of PID-type FLC in terms of scaling
factors is recently being explored [26], [34], [37], [38]. As
far as the authors of this study are aware, the scaling factors
of PID-type FLC have not yet been optimized using an
artificial neural network (ANN). Hence, this paper proposes
a PID-type FLC scheme for a SEDCM speed where
feedforward neural networks optimize the scaling factors.
Each scaling factor consists of a fixed gain and another
adaptive. A neural network with two inputs (reference and
actual speed) and one output makes each scaling factor
adaptive. Trial-and-error procedures were used to obtain
training data for neural networks. Furthermore, the
performance of the fuzzy-ANN controller was compared to
that of anti-windup PI control and SMC. The proposed
fuzzy-ANN control scheme exhibits dynamic and static
performance and less sensitivity against disturbances and
armature resistance variation.

The remainder of the paper is organized as follows: the
motor model is presented in Section II. Section III describes
the fuzzy-ANN controller. The development of the anti-
windup PI control and SMC are given in section IV. Section
V presents and discusses the simulation results. Finally, in
section VI, concluding remarks are provided.

II. SEPARATELY EXCITED DC MOTOR MODEL

SEDCM has mainly two independent sections: the field and
armature sections. In such a motor, the speed control is
commonly achieved by the armature voltage (V). The latter
causes a current to flow in the armature circuit, which
creates an electro-mechanical force, which is directly
proportional to the rotational speed [20]. The electrical
circuit of the motor is shown in fig. 1.

A;.
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O
Fig. 1. Schematic illustration of a separately excited DC motor

The mathematical equations which describe the DC motor

are given by the following:
dig(t)

va () = e, () +Ryi, (O + L, = (1)
e, = Kw(t) @)

‘“;Et) =T, —T, — Fw(® 3)
T,m = Ki,(®) “)

Where R, and L, represent armature resistance [Q2] and
inductance [H], respectively. T,,, stands for the electro-
mechanic torque developed [N.m], and T} is the load torque
[N.m]. F is friction coefficient [N.m.s], j is the momentum
of inertia [K, /m?],and w(t) is the angular velocity [ rad/s].
K represent both back electro-mechanical force constant
[V.s/rad] and motor torque constant [N.m /A]. e, (t) is the
back electro-mechanical force.

A Simulink model representing the DC motor can be
obtained by conducting some mathematical manipulation
and applying Laplace transforms to the preceding equations.

Va(8) — Eq(s)
Rgq + LgS

1,(8) = (5)

Tem(S)-TL(5)

w(s) =
JS+F

©)

Where S is the Laplace transform operator. The transfer
function of the DC motor can be written as follows:

wis) K/LqJ )
(5 — Rg F]. RgF+K2
Va'S Sz+[L_ZE+J]S+JW

The motor model in MATLAB Simulink is shownin fig. 2
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Fig. 2. Simulink model of a separately excited DC motor

II. FuZZY LOGIC CONTROL AND SCALINGFACTORSADAPTION
TECHNIQUE BASED ON NEURAL NET WORKS

A.  Fuzzy logic controller Developpement

FLC is a control method based on a linguistic control
approach that attempts to account for human understanding
of how to govern a system without the need for a
mathematical model. The fuzzy set theory introduced by
L.A. Zadeh in 1965 is one of the emerging intelligent
techniques that have been developed and extensively used to
control issues of nonlinear, insecure, or poorly defined
systems [26]. A fuzzy logic controller is made up of four
main components which are fuzzification (the process
through which sensed crisp inputs are converted into
linguistic variables), knowledge base (A set of expert
control rules required to achieve the control objective),
Inference mechanism ( It performs fuzzy logic operations,
resulting in control action based on the control rules and
fuzzy inputs), and defuzzification ( conversion of the control
actions into crisp values).

In this paper, the error (e¢) and the change in error (ce) of
speed are the inputs of the fuzzy controller. Z-shaped
membership function (zmf), triangular membership function
(trimf), Pi-shaped curve membership function (pimf), and
Two-sided Gaussian membership function (gauss2mf) are
used to represent both linguistic variable e and ce.
Trapezoidal and triangular membership functions are
employed for the output linguistic variable. The FLC
membership functions are acquired by a trial-and-error
process. The linguistic variables are denoted as NB, NS, ZE,
PS, and PB, where NB stands for negative big, NS stands for
negative small, ZE stands for zero, PS stands for positive
small, and PB stands for positive big. The membership
functions of the Fuzzy controller are depicted in Fig. 3, and
Table I shows the 25 fuzzy rules. These rules are generated
from the general PID fuzzy rule base [34]. The control rules
presented in table I work as follows: for the first rule, if the
error e (difference between the reference and actual speed) is
negative big (NB) and the variation of the error ce is NB, the
fuzzy controller's output will be NB. For the tenth rule, if e is
PB (the reference speed is greater than the actual speed) and
ce is NS ( the speed declines at a slow rate. ), then the output
is PS (which means a small increase in the armature voltage
to reach the reference speed without overshoot). For the last
rule, if e is PB and ce is also PB, then the fuzzy controller's
output is PB (which means a significant increase in the
armature voltage to attain the reference speed quickly). The
other rules work in the same way as the ones described
above.

The properties of the Mamdani fuzzy inference system
used are summarized below:

AndMethod: "min"

OrMethod: "max"
ImplicationMethod: "min"
AggregationMethod:

DefuzzificationMethod: "centroid"
Inputs: [1x2 fisvar]

Outputs: [1x1 fisvar]

Rules: [1x25 fisrule]

08 [
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Fig. 3. (a) Normalized input membership functions for error and
changein error. (b) output membership function

TABLE L Fuzzy RULES
e
NB NS ZE PS PB
ce

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

B. development of the Artificial Neural Networks

Artificial neural networks (ANNs) are new technologies
that work with learning patterns based on training data to
provide successful results [2]. Feed-forward neural networks
are among the most basic ANN architectures and have a high
predictive capability [39]. In this study, each scaling factor is
made up of a fixed gain and an adaptive gain. The adaptive
gains are optimized by ANNs. The trial-and-error method is
used to find the value of the fixed gains, which provide the
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optimum compromise over a wide range of operations. Fach
ANN has two inputs (reference and actual speed) and one
output that adds to the fixed gains to achieve better speed
control performance.

Furthermore, a MATLAB code is created to find the
optimum number of neurons in the hidden layer for each
neural network. The number of neurons in the hidden layer is
chosen based on the root mean square (rms) training and
validation error. The ANN for the error (NN1) and the
change in error (NN2) have 7 and 11 neurons in the hidden
layer. The ANN responsible for the output adaptation scaling
factor (NN3) has four neurons in the hidden layer. The
training data are obtained based on trial-error methods. The
architecture of the ANNs is presented in fig. 4. Fig. 5 shows
how well the ANNs learned the training data and how well
they generalize. All the ANNs were trained using the
Levenberg-Marquardt algorithm

Hidden Output
Input i i Output
7 1
(a)
Hidden Output
Input - Output
i g e
n 1
(b)
Hidden Output
.Inpul (_)utpxt
2 _1]
4 1
©

Fig. 4. Architecture of the ANNs : (a) NNI1, (b) NN2, (c) NN3

The adaptive gains associated with the NN1 and NN2
have a range of [0.001 0.003] and [0.075 0.1], respectively.
The range of the adaptive output gain is [100 200]. The
fuzzy-ANN controller scheme is shown in fig. 6.
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Fig.5. Demonstration of trained neural networks performance
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Fig. 6. Simulink model of the fuzzy-artificial neural network controller

IV. DESIGN OF THE ANTI-WINDUP PI AND SLIDING MODE
CONTROLLERS

The PI and SMC controllers are described as follows:

A. Design of anti-windup PI Controller

Although a PI controller may eliminate errors or
disturbances in a system, it is vulnerable to fluctuating
response, significant overshoot, and a long settling time
[40]. Anti-windup was a typical control system technique
for resolving system performance and stability issues,
particularly in linear systems [40]. The transfer function of a
PI controller can be written as:

6 ) =2 (s + 1) ®)

Where K, and K; are the proportional and integral gain of
the PI controllers respectively. The denominator of equation
(7) can be written as:

RoF +K?

624 [(f_;z+]f)]s+—= S+P)S+P,)

LaJ
(©)]

Where P, and P, are the poles of the dc motor transfer
function. Ifthe pole P, is compensated by the zero of the PI
transfer function, then one can write:

Ky
P, =—
1 Kp
(10)
The whole transfer function ( motor + PI controller)
becomes:
KpK/La]
Gsystem (S) = 52+P25
(11

By identification of equation 11 with a general second-
order transfer function, the expression of W, (Natural
frequency) and K, can be obtained.

_ P2
Wo =720
12)
_ Wr%La]
Kp ="
13)

732
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Where  is the damping factor of the system and its value i

1 .
set to —to ensure a good compromise between response

time and overshoot. The value of the K is given by:

K, =K,P,
(14)

The Simulink model of the anti-windup PI controlis shown

Relerence speed ko>

in fig. 7.

T L

Load torque

DC Motor

Fig. 7. Simulink model of the anti-windup PI controller

B. Design of Sliding Mode Controller

The SMC Method is a nonlinear control method that
makes the system insensitive to modelling errors, external
disruptive effects, and system parameter changes [41].

The SMC is carried out by the use of two control
signals, namely the switching control (ug,(t)) and the
equivalent control (u,, () [41]. The switching control is in
charge of bringing the system's state to a sliding surface,

whereas the equivalent control is in charge of maintaining TABLE IL SIMULATION PARAMETERS
the system's state stable on the sliding surface. The SMC
signal is given by: Parallznetets Values
a 4[Q]
uSMC(t) = Uy, ® + Ueq @® L, 0.072
(15) [H]
] 0.0607
.. . . . . [N.m.s]
The sliding surface and its derivative are given as follows F 00087
[10]: [Ky/m?]
s = Kgap (Wref - W) + Wref -w o [1426V.s/
© il
s = Kstab (Wref - W) + Wrer — W ,[4] m/
K, 3.9889
(17) K; 30.8753
Where K, (a positive number) is a parameter that ensures sz“lb fgo
the system's stability. =
Equation 7 can be written in time Domaine as [10], [41].
i ® + (2 +5) 0 + (L) wo) = O L ay) ”
Lq Ya JLg .10 —
IS
On sliding surface, s and $§ should be zero [41]. By Z 8
replacing (18) in (17), with s 0, and taking into s 6
consideration the fact that the derivatives of the reference of s
setpoint signal are zero, the u,, (t) is expressed as follows: % 4
S 2
—Jta|(Ra  F _ RaF+K®
U0 = [(La+] Kstap ) WO + (R ) ®] a9 )
0 2 4 6 8
The Simulink model of the SMC is given in fig. 8. The Time [s]
switching control in (20) is employed to eliminate the (a)
chattering effect [10], [41].
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Fig. 8. Simulink model of the SMC

V. SIMULATION RESULTS AND COMP ARISONS

To show the performance of the proposed fuzzy-ANN
control approach, the anti-windup PI and SMC controllers,
previously developed, were imp lemented in
MatLab/Simulink. The simulation parameters are given in
Table II. The performances of the three controllers were
compared under disturbances, variable speed reference, and
armature resistance variation.
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A. Simulation Results with Normal Value of Armature
Resistance.

A variable speed reference is applied to show and
compare the performances of the three controllers. The dc
motor operates in the no-load and loaded condition in each
speed reference level. The load torque profile and the speed

are shown in fig. 9.
Fig. 9. (a) load torque. (b) DC motor speed for the three controllers

All three controllers have zero steady-state errors. The anti-
windup PI controller has the lowest rise time; however, it is
also the only one that exhibits an overshoot. Both anti-
windup PI and the fuzzy-ANN controller have almost the
same settling time; however, the fuzzy-ANN has a
somewhat shorter settling time in terms of speed return to
reference under loading. Both SMC and fuzzy-ANN control
have better insensitivity of disturbances than the anti-
windup PI controller. The performances of the three
controllers are summarized in Table IIL

Speed [rad/s] Speed [rad/s]

Speed [rad/s]

200 : Fuzzy-ANN
f L
0 —Wref
Ra
77777777 R_+100%R,
-200 . T L
2 4 6 10
SMC
200 T T T
[J |L
0 ’ Wref
R
a
,,,,,,,, R,+100%R
-200 ! ! !
0 2 4 6 10
Anti-windup PI
200 r P
y | N
0 Wref ; i
R, +100%R,
________ Ra
-200 ! !
2 4 6 10
Time [s]

TABLE IIL PERFORMANCE COMPARISON

Rise Time [s] Settling time [s] Maximum
Typ:es (;lf overshoot
°°2rrs° Wreslrad/s] Woflrad/s

150 100 150 100
Anti- 6.1%
windup | %9 | 0.0618 0.161 0.1747

9

PI
SMC 0'1939 0.1138 0.2566 0.2141 0%
Fuzzy- 0.137 0
ANN 1 0.0754 0.276 0.1448 0%

B. Robustness Analysis Against Variation of Armature
Resistance

In this section, the simulation results with the normal
value of the armature resistance and when it is augmented
by 100% of each controller are compared. The same profile
of load torque as in fig. 9. (a) is applied. Fig. 10 shows the
simulation results, and the robustness performances against
armature resistance variation for a reference speed of 150
rad/s are given in table IV. The fuzzy-ANN controller is the
most robust against armature resistance variation because its
speed curves (for Ra and Ra augmented by 100%) are the
closestto each other.

Fig.10. Robustness analysis against armature resistance variation

TABLE IV. ROBUSTNESSPERFORMANCES AGAINST

ARMAT URE RESISTANCE CHANGE

Types of  Difference  Difference
controllers in rising in settling
time [s] time [s]
Anti- 0.095 0.0456
windup PI
SMC 0.1826 0.1993
Fuzzy- 0.0597 0.0578
ANN

VI. CONCLUSION

The response of each controller is satisfactory in both
loaded and unloaded conditions. The entire analysis reveals
that the proposed fuzzy-ANN controller is the controller
with the shortest response time, no overshoot, and is less
sensitive to variations in armature resistance. The SMC is
superior to the anti-windup PI control in the sense that it has
no overshoot and is less susceptible to disturbances;
nonetheless, it has a longer settling and rising time.
Furthermore, the anti-windup PI and SMC controllers are
more sensitive to armature resistance fluctuation than the

200 - - - fuzzy-ANN controller because their control law directly
. depends on the armature resistance value. This proposed
150 [ v = 1 approach has two main limitations. The first limitation is
100 ( ( ~ . that it cannot be applied to other sorts of systems directly. A
—T v training process of the neural networks is required for each
50 [ T ' 1 new system. The second barrier is the time-consuming trial-
my ol _ and-error technique utilized to build fuzzy-membership
0 / 1A ] functions and training data. The real-time imp lementation of
“l == the proposed control scheme is recommended for further
S0 e e e | research. Also, metaheuristic algorithms such as PSO are
100 F|— W i recommended to obtain the training data for the neural
Anti-windup P networks.
-150 SMC
Fyzzy-ANN Control ACKNOWLEDGM ENT
-200 ‘ The authors gratefully acknowledge the contributions of the
0 2 < 6 10 . . .. . . .
. African Union Commission for their supportin this study.
Time [s]
(b)
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