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Abstract - Permanent Magnet Direct Current (PMDC) motors  constant. These assumptions of the current conditions provide
have been broadly used in mechanical and electrical fields that special speed control results for PMDC motors in a wide range
in-tegrate several applications. This type of motor is SUbjeCted to of the desired Speedsy the main purpose of these app“cations is
disturbances or sudden changes in loads, and motor speed {4 gpserve the speed by holding the performance speed at the
control is necessary under these conditions. In this paper, we correct pace and to reach the desired speed [2]. To control the

have implemented traditional controllers’ Proportional Integral .
Derivative (PID) and advanced controllers Super-Twisting speed of PMDC motors, a variety of controllers can be used

sliding Mode Control (STSMC) and Sliding Mode Control ~ Such as PID, adaptive fuzzy algoritthm and SMC [4]. The
(SMC) through tuning Particle Swarm Optimization (PSO) that earliest controllers that can be used for PMDC motors speed
used to control the speed of the PMDC motor. According to the  control are the PID controllers. Because of their simplicity,
results that appeared in the simulations in the it was used in a huge scope of applications. Many new methods
MATLAB\Simulink software, STSMC has superiority compared can be used to tackle the tuning problem of many design
to other controllers in improving the performance of the speed parameters for controlling the PMDC motors', such as PSO,
control for PMDC motors. An experimental setup for PMDC Genetic-Algorithm (GA) and Simulated-Annealing  (SA)
motor by proposed controllers to validate the simulated results in methods and other methods [1]. Traditional controllers are
the real environment based on the Arduino UNO interface . . . S .

incapable of dealing with real-time systems that exhibit

device. Experimental results confirmed the advantages of - :
employing the STSMC technique over other controllers in nonlinear behaviour. To ensure the good performance of the

improving the performance of speed control for PMDC motorsto  control system, an advanced control system is required. SMC
attain the required speed in the least amount of time and rapid is a useful method for controlling complex and dynamic

rejection of disturbances in the load. systems because it has a low sensitivity to system parametric
Keywords: Speed control, PMDC motor, PID, SMC, STSMC, PSO.  changes and disturbance effects. Furthermore, it can operate in
. INTRODUCTION the face of unpredictability, which is a typical occurrence in

PMDC motors have been broadly used within mechanical and modern techno]ogy [5] The SMC could provide numerous
electrical fields that integrate with several applications like great equities; for examp'e, rapid response and quick powerful
robotics, air conditioners, computer peripherals, air cleaners,  reaction to parametric perturbations, external disturbances.
and other industrial applications [1]. The main characteristics  These benefits of SMC have been utilized in velocity control of
and features that make using PMDC motor so widely spread  pMDC motors, the fundamental disadvantage of SMC is
and much popular in modern applications are low cost, high  chattering, which is caused by discontinuous controllers. To
efficiency, ease of speed control, ease in maintenance and the  avoid this constraint and to get more accurate results STSMC
structure is very simple [2]. Practically, the PMDC motors are s used [6]. As a result, optimization approaches may be more
used with variable speed drive applications due to the higher  appropriate as a tool for tuning parameters design, resulting in
power that is used to drive the nonlinear loads, these types of  greater stability and performance. The PSO technique has been
motors are subjected to disturbances or suddenly changes in proposed as an optimal tuner in the optimization field. This
loads, the speed control of these motors under these conditions research has made two major contributions, the first is to solve
represent the main difficult challenge. Therefore, the optimal  the problem associated with the chattering in control signals
design of the speed control system under variable speed drive  and the second is to tune parameters design to achieve optimal
conditions must consider the disturbances during the design  performance.

process [3]. To control the speed of the PMDC motor, the  Therefore, the aim of this work can be stated as follows:
armature voltage is changed and during the speed control e Control law development for the PID, SMC and
operation of the DC motors, usually, the armature current is STSMC based on PSO optimization technique.
variable while the field winding current is assumed to be
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e Comparative study conducted between traditional
controllers and advanced controllers in terms of
robustness and dynamic performance.

e MATLAB based experimental verification results of
the simulated interface with Arduino UNO are
obtained.

The article is organized as follows: The model of the PMDC
motor is presented in the second section. The third section is a
description of the controllers (PID, SMC, STSMC), and the
utilization of the PSO algorithm to find the optimal design
parameters of the suggested controller. A simulation study and
comparison are conducted to ensure that the suggested strategy
is effective as mentioned in the fourth section. In the fifth
section, real-time results have been conducted to validate the
results of a simulation. The conclusion of this work appears in
the sixth section.

I1. Mathematical Model of PMDC Motor

PMDC motors are the most widely used machine drives, the
motor consists of two main parts, the electrical part and the
mechanical part. A rotational speed can be obtained by
combining these parts together. The equivalent circuit of
PMDC motor as shown in Fig.1.The goal of modelling the
PMDC motor is to find the differential equation that describes
the relationship between an input voltage and output speed [7,
8].
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Fig.1. Equivalent circuit of PMDC motor [9].

Since the field winding of the PMDC motor is a permanent
magnet, air gap flux density is constant. The electrical
equations of the PMDC motor can be expressed as:

Va (£) = € () # R i (t) #Lq - iq (£) €y
ep (£) = kp wn(t) )
where:

k, = BAN

B: Flux density (Wb/m?).
A: Cross-section area of the rotor (m?).
N: Number of conductors of the rotor.

T (£) = Jn 5 Om() + Braom(®) + T, ®)
where:

Ty ® = Keig(t) (4)
where:

ke =ky

The motor is considered to operate in one direction within the
stated speed range, hence zero crossing non-linearity is
ignored. The following Laplacian transfer function can be used
to characterize the PMDC model in this scenario.

wm(s) — ke
Vq (s) Jm LaS? +(JmRq +BmLg ) S+BmRg +k¢ kp

®)

I1l. CONTROL ANALYSIS FOR PMDC MOTOR

A. PID Controller
The PID controller is one of the most common controllers
available. The PID controller is used to improve dynamic
response while also reducing or eliminating steady-state error
[9]. PID controllers, on the other hand, account for over 90%
of all systems control utilized in industrial environments. The
PID algorithm has the benefit of having a little number of
design parameters and being able to readily tie controller
parameters to performance measures. In this controller the
error signal is send to the PID controller. The proportional,
integral and derivative of this error signal are computed by the
controller. It transforms the error signal e(t) into the control
signal u(t). Equation (6) represents the general equation of
the PID controller[10]:
u(t) = Kye(t) + K, f, e(t)dt + K, =2 (6)
where:
K, : The proportional gain, K;: The integral gain, K, : The
derivative gain.

B. Sliding Mode Control
There may be problems with the use of classical control
techniques. One of the factors leading to this is inconsistencies
between the actual plant and the mathematical model
established for controller design. This mismatch may prevent
the required level of performance from being achieved. To
eliminate any disparity, a set of reliable control procedures
was devised. One approach to robust control design is the
SMC methodology [11]. The most prominent property of
SMC is that it is fully immune to parametric uncertainty and
external disturbances [12]. SMC is divided into two parts. Fig.
2 depicts the reaching and sliding modes, as well as their
phase portraits. The SMC method tried to pull the system
states from the sliding surface to the origin. Movement in
sliding the surface refers to SM which is a stage from the
starting point to SM is called the reaching mode. The purpose
of SMC is for an output to be traced the reference and for a
control signal u(t) to be produced, which lowers error tracking
[5]. Signal u(t) can be demonstrated as in equation (7) which
are consisted of two parts. The first part represents an
equivalent control signal u.,(t), whereas the second part
represents a switching control signal u,, (t).

u(t) = Ueq ® + usw(t) (7)

e(t)

Sliding surface
s(t)=0
Sliding mode

Fig.2. SMC phase portrait [5].



An equivalent control signal can be found by determine the
parameters and transfer functions of the PMDC motors.
Switching control sign signals can be found through the
sliding surface. The equation mostly used for the sliding
surface is as follows

s()=CX, + X, =Ce(t) + e(t) (8)
S =CX, + X, =Cé(t)+ é(t) 9)
e(t) = Wref — Wqct (10)
where:

C: Performance parameter, w,.: Reference speed.

Wqcr: Actual speed from dc motor.

It is shown that sliding surface is action, which is related to
tracking error for any difference between reference here
output. In here € >0 is a performance parameter that
guaranteed the stability of the system on the sliding surface.
Both a sliding surface and its derivative a sliding surface is
equal to zero as s(t) =0 and $(t) = 0. To ensure sliding
mode motion on the surface. After found the sliding surface it
can be written the equation of the switching control signal as
follows:

usw(t) = K sgn(s) (11)
+1,ifs(t)>0

Sgn(s@®) =14 0,ifs(t) =0 (12)
-1,ifs(t) <0

where:

K: Positive design parameters.

sgn(s): Presents signum function.

After simplifying the equation (5), the design of SMC for
PMDC motor.

ke
Vg (s) 2 Rg  Bm BmRqg +kt kp
. $ +( La ]m)S+(La]m La]m)
Let
ke Rq Bm k¢ kb
A = , A, =—, A;=—7 A, =
17 Il 2 Lq 37 Jm 7 LaJm
wm(s) _ Aq

Vo (s) ~ S2 +(Ap+A43) S+(Az. Az+ Ag) 4

In time-domain equation (14) can be written as:
W () + (A2 + Az)im (t) + (4245 + A wy () = A, V,(£) (15)
The state-space depiction of the model is

X = w(t) (16)
X, = o (t) @an
X =ow)=X, (18)
X, = @ (t) (19)
y= () (20)
Xp =, (t) = —(4y + A3)ay, () — (4243 + Apwp, (B) +

Ay vy (t) (21)

Equivalent control can be found by substituting equation (18)
and equation (21) into equation (9).

$(t) = CX, — (Ay + A3)X, — (AA5 + ADX, + A v, () (22)
To assure SMC motion on the surface, $ should be equal to
zero, and the corresponding control will be achieved by
employing the aforementioned condition.

g = 5 (A2 + A= O)o + (eds +AD K] (23)
u(t) control signal will produce as

u(t) = —[(A; + A3 — €)X, + (AA; + A)X, ] + ksgn(s)(24)

1

A change in signum function as shown in (25) where ¢ is a
small positive design constant also called as tuning parameter
used is done to reduce processing load and relieve chattering.

u(t) = —[(A, + A3 — €)X, + (A,A; + A) X, 1 + K [|s|s+6](25)

A
where: 0<d<1.

C. Super Twisting SMC

Super-twisting is a new hypothesis in SMC design that has
been shown to be effective for electromechanical systems
[12]. SMC is a technology that has been widely employed in
real-world applications, particularly because of its
complicated and simple control structure, which has a wide
range of applications in mechanical systems. However, in
terms of chattering minimization and enhanced performance,
the fundamental disadvantage of SMC is the chattering signal.
One method to get around this constraint is to use the SMC
with a higher-order control structure. The STSMC is a second-
order control structure. It is possible to exhibit signal u(t) as
(26) which are made up of two sections. The first part
represents an equivalent control signal u.4(t), it is similar to
SMC and it can be found by parameters and transfer functions
of the PMDC motor. Whereas the second part represents a
switching control signal uy,, (¢) [13].

u(t) = Ueq(6) + ugy () (26)
Equation switching control signal is

U, (t) = k J|s| sgn(s) + w [ sgn(s) dt 27
where:

k, w: Positive design parameters, s: Sliding surface,
sgn(s): The signum function.
S)=CX, + X, =Ce(t)+ ét) (28)

D. Particle Swarm Optimization

In 1995, Kennedy and Eberhart developed the PSO technique
[14]. It was improved by introducing a new parameter called
inertia weight to boost its performance. The PSO has a strong
global search, a faster convergence rate, a few configurable
parameters, algorithm simplicity, and ease of implementation
as compared to other optimization methods. The PSO
algorithm is based on swarm intelligence approaches for
observing the social behavior of moving organisms like fish or
birds [15]. As it moves through the problem space, each
particle has a different velocity. The main premise of the PSO
technique is to use a random weighted acceleration to
accelerate each particle to its pbest and gbest positions at each
time step. Each PSO particle has a specific velocity in the
search space, which is dynamically adjusted based on its own
flight experience and information gathered from its peers'
velocities. The particles adjust their velocity and location
every iteration depending on their previous best position pbest
and the best position of all other particles in the swarm gbest.
Variables and dimensions exist in every particle, and these
variables are problems that must be solved. If there are
multiple variables in the problem, the particle dimension must
be chosen to be equal to these variables. Each iteration
updates the position and speed using equations [16, 17]:

Vl’](t + 1) = W. VL,] (t) + rlcl[PbeSti’j (t) - Xi,j (t)] +
TZCZ [Gbesti’j (t) - Xi,j (t)] (29)



where:
i: Particle index, j: Number dimension, t: Iteration, W: The
values of Weight inertia range [0 - 1], V;;(¢t): The instant
velocity of the particle, V;;(t + 1): The next instantaneous
velocity of the particle, X; ;(t + 1) : The next position of the
particle, X;; (t): The instant position of the particle, ry, 7;:
Random coefficient they’re between values [0 - 1], ¢y, ¢,: The
values of acceleration coefficients range [0 — 2].
However, the objective function employed in these algorithms
to mini the speed error is defined as:
ITAE = [ tle(t)] dt (31)
e(t) = (wref - wact) (32)
where T is the simulation time, w,. IS the actual speed,
and w,.s is the reference speed of the PMDC motor.

IV. SIMULATION RESULTS
Based on the optimization of PSO tune design parameters, the
performance of the PID, SMC, and STSMC controllers was
compared in this study to improve the dynamic performance of
the PMDC motor. In table (1), it can be found the values
adopted for the PMDC motor. Simulations were run to
demonstrate the performance of the PMDC motor with the
controllers proposed. Table (2) shows the parameters of the
controllers proposed based on the PSO. The parameters of the
PSO that were employed in this study are listed in the table (3).

TABLE 1. THE PERMANENT MAGNET DC MOTOR PARAMETER

The PMDC motor Parameter
Description Symbols value
Armature-winding resistance Ra 11.27Q
Armature-winding inductance La 0.0082 H
Torque constant K, 0.00556 Nm / A
Back EMF constant K, 0.00556 V — sec/rad
Viscous fractional coefficient B, 6.14 e-4 Nms/rad
Rotor inertia of the motor Jm 1.23e-3 kg.m?
Applied armature voltage Va 24 v
Load torque T, 0.01Nm
No load speed of motor Wi 3800 rpm

TABLE 2. OPTIMAL DESIGN PARAMETERS OF CONTROLLERS.

K ,
PID 2 Ki K
14.01098 6.73 0.1
K c 5
SMC
150. 45237 80.765 0.9
k Cc w
STSMC 203.67 98.456 15.023

TABLE 3. PSO PARAMETERS.

Value Value
Parameters PSO Value PID SMC STSMC

Number dimension (D) 3 3 3

Weighted inertia (W) 0.854 0.85 0.85
Coefficients of acceleration (c,) 2 1.8 1.8
Coefficients of acceleration (c;) 2 15 15
Iteration 50 50 50

Swarm size 20 20 20

The cost function of the PSO that was employed in the
controllers proposed is shown in fig.3. Fig.4 represents the best
values parameters of the controller proposed.
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Fig (5 and 6) represents the simulation results for the speed of
the PMDC motor under the load and multi-input reference
speed respectively depending on the parameters extracted by
PSO tuning for PID, SMC and STSMC controller gains. It is
noted that the speed based on STSMC controller of PSO tuning
is better than the speed based on PID and SMC controllers of
PSO tuning in terms of settling time, rise time and rapid
response to disturbance as shown in table (4).

Fig (7, 8, 9) show the control signal of the PMDC motor for
PID, SMC and STSMC respectively. The figures show the
control signal of the SMC controller has chattering, but the



control signal of the STSMC controller has no chattering. This
is why was using STSMC to avoid chattering.
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TABLE 4. THE OUTPUT RESPONSE OF A PMDC MOTOR IN MATLAB

SIMULINK.

Method Sem'(:g)t'me Rise time (t,)
PID 4.6 0.4011
SMC 0.18 0.0251

STSMC 0.04 0.0085
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Fig.7. Control signal, a) PID controller under T;, = 0.01 Nm at 10 sec, b) PID
controller under multi-input reference speed at no-load.
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V. REAL TIME IMPLANTATIONS OF PID, SMC AND STSMC FOR
PMDC MOTOR
The overall hardware platform in the experimental study was a

PMDC motor with a PC, Arduino UNO device, power supply
and drive circuits. The parameters of a PMDC motor are shown
in table (1). MATLAB software is used to carry out the control
action. A feature in MATLAB allows you to connect to an
Arduino UNO. Signals created by the MATLAB-based
controllers are sent from the Arduino UNO digital Pulse Width
Modulation (PWM) ports to drive circuits which are used to
control the armature voltage of the PMDC motor. The
feedback signal data from the tachometer is received to the
Arduino UNO input analogue port. The hardware system
includes the all components as shown in fig.10. In this figure a
real-time implementation of the PMDC motor performance
under the PID, SMC, and STSMC controllers. As can be seen
from the results of the experimental evaluation in fig. 11 by
using PID, SMC, and STSMC controllers. In these results, it
can be visually seen that the STSMC controller provides a
better performance, in transient and also, steady-state response,
and quick disturbance reaction. This indicates that a better
response of performance can be obtained by the STSMC
controller than that given by PID and SMC controller. To
assess both controllers' performance and based on the results
presented in table (5).

Fig.10. Overview of the experimental setup.
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Fig. 11. Experimental results using controllers proposed under T, = 0.01Nm
at 30 Sec. a) PID, b) SMC, c¢) STSMC .
TABLE. 5. THE OUTPUT RESPONSE OF A PMDC MOTOR IN MATLAB

SIMULINK.
Method settlmg Rise time
time (t;) (t,)
PID 8 5
SMC 4 31
STSMC 3 2.3

V1. CONCLUSION
The current study was generally dedicated to control the
PMDC motor speed. Advanced and traditional controllers are
employed in this work to increase the speed responsiveness of
a PMDC motor, which is a critical issue in control systems.
The PSO algorithm has been proved to be a feasible
alternative to classical trial-and-error approaches for optimal
tuning of design parameters in PID, SMC and STSMC
controllers. Moreover, it was confirmed that this optimization
technique confirms that the STSMC controller outperforms
the PID and SMC controller in general. According to
computer simulation results, the STSMC is more effective
than the controller PID and SMC which has been
demonstrated in practice. In terms of settling time, rise time
and quick disturbance reaction, STSMC has shown to be
successful. The STSMC controller is the most stable system
and the most effective controller in terms of achieving the
desired goals. In addition, STSMC treats the chatter that
appeared using SMC. STSMC treats the chatter that appeared
using SMC. This study can be extended for future work in
control direction. One may suggest other control schemes such
adaptive backstepping control, block backstepping control,
and model reference adaptive control to conduct comparison
in performance to SMC for DC motor [18, 19].
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