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This study presents the improvement in the performance of the Proportional-integral-
derivative (PID) controller for position control of antenna azimuth position system
subjected to external disturbance. The design of the PID controller is developed by
adding the arc tan function of error instead of the direct error in an integral part of the
PID controller, yielding a Nonlinear PID controller (NPID). A Particle Swarm
Optimization (PSO) is used in this study to tune the parameters of the PID and NPID
controllers using the Root Mean Square Error (RMSE) cost function. The simulations
have been accomplished under the MATLAB/Simulink environment. The simulation
results show that a PSO-based NPID controller provides superior steady and transient
state performance compared to a PSO-based PID controller. In addition, the
effectiveness of the proposed controller is verified via numerical simulation compared

to the performance of other controllers with and without external disturbance.

1. INTRODUCTION

The modern world is currently reliant on control systems.
Control system concepts are used in numerous applications in
our environment. Robotics, automatic lifts, rocket fire, space
shuttle lifts off to earth, splashing cooling water, car hydraulic
pistons, and many other real-world applications are examples
of such applications. Generally, the traditional PID controller
is regarded as the industry's most advanced type of feedback
control. This is primarily due to its simplicity, transparency,
reliability, and high efficiency. However, classical controllers
have some drawbacks, such as a decrease in performance as
system order increases, sensitivity to changes in system
parameters, and poor performance with nonlinear systems.
Therefore, different control techniques can be used to
overcome these problems [1, 2].

A position control system converts an input position
command to the desired output position response. Robot arms,
antennas, and computer disk drives contain many applications
for the position control system. The antenna azimuth system is
a servo-controlled mechanism comprised of gears and feedback
potentiometers [1]. Figure 1 depicts the physical layout model
of the antenna azimuth control system [1]. Many researchers
have offered various control techniques to address the position
control problem for antenna azimuth systems. The following
literature review examines the most relevant works addressing
the problem of position control in antenna azimuth systems.

Uthman and Sudin [2] have proposed a state feedback
controller and PID controller to enhance the overall position
control of antenna azimuth position systems. The gains of the
PID controller were tuned using the Ziegler-Nichols method.
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Using the state-space representation, the state feedback
controller was derived, and the pole placement method was
utilized to guarantee that the controlled system met the
requirements for the transient response. Mahmood et al. [3]
have proposed a genetic algorithm-based FOPID controller for
the position control of the antenna azimuth system. The genetic
algorithm is used with different types of cost functions,
including Integral Time Square Error (ITSE), Integral Square
Error (ISE), and Mean Square Error (MSE).

Kumar et al. [1] have presented the design of a lead
compensator (LC), fractional order lead compensator (FOLC),
and proportional and integral (PI) controller for the position
control of the antenna azimuth system. The fractional order
calculus is crucial for the design of robust control. The
parameters of the Pl controller were tuned using the Ziegler-
Nichols method, and the LC was designed based on the desired
phase margin. Okumus et al. [4] have used the design of a
traditional PID controller, fuzzy logic controller (FLC), and a
self-tuning fuzzy logic controller (STFLC) for the position
control of the antenna azimuth system. Different types of fuzzy
membership functions and different numbers of fuzzy rules are
examined in order to obtain the best system response. The PID
controller variables are obtained using the try and error method.

Aloo et al. [5] have used the design of PID controller, Linear
Quadratic Regulator (LQR), and hybrid PID-LQR controller
for addressing the antenna azimuth position control problem.
The PID variables are determined using the Ziegler Nichols
tuning method. Fandakli and Okumus [6] have presented the
design of FLC, PID controller, and sliding mode controller
(SMC) for the antenna position control system. The PID
variables are obtained using the Ziegler Nichols tuning method.
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Figure 1. The physical layout model of the system [1]

Singh and Pal [7] have applied a Model Reference Adaptive
Controller (MRAC) and Self-tuning Controller (STC) for the
antenna position control system. These controllers are capable
of adapting to changing environmental conditions and
minimizing the antenna's deviation from its desired position.
Eze et al. [8] have used a positioning control strategy for the
antenna position control system using PID tuned compensator
(PIDTC). The PIDTC is capable of providing robust
performance in the presence of external disturbance.

The motivation of this work is that the problems facing the
antenna azimuth positioning control have been the subject of
recent continuous and rigorous research for researchers.
Therefore, the need for a high-performance controller for the
antenna azimuth positioning control is a challenging control
problem. To enhance the dynamic response of the closed-loop
system, a nonlinear PID (NPID) controller is considered in this
work. The selection of the PID parameters using a trial-and-
error method does not give an optimal solution. Therefore,
different optimization algorithms can be utilized to tune these
parameters, such as Spider Monkey Optimization (SMO),
Firefly algorithm (FA), Grey Wolf Optimization (GWO), Sine
Cosine Algorithm (SCA), Genetic Algorithm (GA), Whale
Optimization Algorithm (WOA), etc. In this work, the PSO
algorithm is utilized to determine the optimum gains of the PID
and NPID controllers because of its fast convergence, the
efficiency of computation, and its capability to reach global
solutions [9, 10].

The main contributions of this study are highlighted by the
following points:

» Improve the performance of the PID controller for the
position control of the antenna azimuth system. This
improvement has been made by adding the arc tan function of
error instead of the direct error in an integral part of the PID
controller to form the NPID controller.

» Design of PSO algorithm to optimally tune the parameters
of the PID and NPID controllers in order to enhance the
dynamic performance of the controlled system.

This paper is structured into six sections: Section 2 describes
the derivation of the system’s transfer function. Section 3
discusses the proposed NPID controller design. Section 4
discusses in detail the PSO technique to find the optimal gains
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of the PID and NPID controllers. In section 5 the simulation
results of control techniques are discussed. Finally, the
conclusions are highlighted in section 6.

2. MODELING OF THE SYSTEM

This system is divided into five major subsystems. The
power amplifier serves as the motor’s drive circuit, and
potentiometers are utilized to convert to voltages the azimuth
angles (in degrees). The motor and the load are combined into
a single system, and its formula includes all of the required
parameters. Finally, the gearbox increases the applied torque
while decreasing the speed and vice-versa by changing the
gear ratio [3]. Figure 2 depicts the schematic diagram of the
physical subsystems with their parameters and internal
connections [3].

The derivation of the antenna’s DC motor transfer function
is taken from the research [11]. Therefore, the motor and load
transfer function can be expressed in Eq. (5) using Eqns. (1)-

.
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The power amplifier block’s transfer function can be
defined as follows [2]:
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Figure 3. The physical layout model of the system [3]

Table 1. The antenna schematic diagram parameters [5]

The gear ratio in Eq. (7) increases the motor’s speed while

Parameter and Symbol

Value and Unit

decreasing its torque [2].

Power Amplifier Pole (a)

100

N.
Motor and Load Pole (am) 1.71 K, = N—l (7
Dampening Constant of The 0.01(Nms/rad) 2
__Motor (Da) Multiplying the power amplifier block, motor and load
Dampening Co(nstsnt of The Load 1(Nms/rad) block, and gear ratio block and using the values of their
; : = parameters in Table 1 gives the open-loop transfer function of
Equwcacl)t;?fti :ilgﬁ?lzg f;lctlon 0.02(Nms/rad) the systems. Thus, the open-loop transfer function between the
m o . . .
Motor Inertial Constant (J) 0.02(Kgm?) angular position and the input voltage is defined in Eq. (8) [5].
Load Inertial Constant (J. 1(Kgm?
Equivalent moment of inegtia?(.]) O.O(S(gKgn:Z) Do (5) — 20.83 (8)
Power Amplifier Gain (K1) 100 V() s3+101.71s2+171s
Preamplifier Gain (K) -—-
Back emf Constant (Kn) 0.5(V/radls) The value of the preamplifier gain "K" can be obtained using
Gear Ratio (Kg) 0.1 the Routh-Herwitz stability criterion that achieves the
Motor and Load Gain (Km) 2.083 system’s stability. Based on this method, if the preamplifier
Motor Armature Resistance (Ra) 8(X) gain’s value "K" is within the range of 0-262.3, the response
Potentiometer Gain (Kpo) 0.318 of the system could be considered stable [12]. Depending on
Motor Torque Congtant (Ky) 0.5(Nm/A) the research [12], the optimal value of "K" is 100 because it
The ngnmdbﬁlrzorgses;gt:ce%;ars N1 25, 250 yields the best response.
The armature, voltage of the DC- 8v) The comprehensive.blgck diagrarp fo? the physical layout
servo motor (Ez) * model of the system is illustrated in Figure 3 [3]. Table 1
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illustrates the antenna schematic diagram’s parameters [5].

3. CONTROLLERS DESIGN

The PID controllers are widely used in industrial
applications to improve both transient and steady-state
behaviors of the controlled system due to their simple control
structure, high accuracy, and high robustness. There are three
parameters in the structure of the PID controller, namely the
proportional gain Kp, integral gain Ki, and the differential gain
Kd. These three gains have a significant impact on the control
systems’ performance. Therefore, their values should be
chosen carefully [13, 14]. The time domain formulation of a
PID controller is as follows [14]:

. de(t)

u(t) = Kpe(t) + Klfe(t)dt + KdT 9)
where, Kp is the proportional parameter, Ki is the integral
parameter, Kd is the derivative parameter, and e is the error
signal.

The NPID controller structure is given by replacing the
integral for the error function in Eq. (9) with the integral for
the arc tan function of the error. When the disturbance
affecting the system dynamics is constant, the traditional PID
controller is sufficient because the control signal forces the
state to track the desired reference. When the disturbance term
is not constant, the linear PID can only attenuate the effect of
the disturbance with a linear integral control term. The ability
to attenuate disturbances in linear or nonlinear PID structures
is primarily determined by the integral term, as its effects are
integrated and increased with time to reject the disturbance
[13]. Accordingly, the proposed NPID control law using the
arc tan function in the integral term is as follows [13]:

de(t)

u(t) = Kpe(t) + Ki f tan~!(ye(t))dt + KdT (10)

where, y is a design parameter.

Figure 4 depicts the system’s block diagram that controls

the antenna azimuth’s angular position.

4. PARTICLE SWARM OPTIMIZATION

Kennedy and Eberhart introduced PSO in 1995 as a swarm
intelligence method for addressing optimization problems and
finding local and global solutions. The fundamental PSO
algorithm relies on three steps (generating particles’ positions
and velocities, updating the particles’ velocity, and updating
the particles’ position). This algorithm is inspired by the
behaviour of some animals, such as fish and birds. The
following equations govern the velocity and position updates
of each particle [15, 16]:

VKt = wi V4 en (pllfesti - X[

where, i=1,2, ..., N,, N, is the population size, k=1,2,..., kpax,
kmar is the maximum iterations number, V¥ is the velocity of
the i particle at k" iteration, wy is the inertia weight, c; is the
self-confidence weight, ¢, is the swarm confidence weight, 7
and r; are random numbers between [0,1], pres is the particle's
best position found at k" iteration, g§,, is the best position
found by all particles at k& iteration, and X is the location of

+ Co1y (glgest - Xlk)

X[k+1 — Xlk + ]/ik+1

the i particle at k™ iteration.

During the search for the minimum, the Root Mean Square
Error (RMSE) is selected as a cost function for evaluating each
particle, which is defined as follows [15]:

where, R is the reference signal, Z is the actual signal, and » is

RMSE =

the number of acquired samples.
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Figure 4. The controlled system block diagram
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The following pseudocode represents the PSO technique to
tune the gains of the PID and NPID controllers:

Step 1: Initialization.

(@) Initialize the PSO parameters, such as the population
size (Np), the inertial weight coefficient (w1), learning
factors (c1 and cz), and the maximum iterations
number (Kmax).

(b) for every particle i=1,...,N,, do

Initialize the position and velocity of particles randomly: Xi(0),
and V;i(0).

(c) Evaluate the cost function (RMSE) for all particles
using Eq. (13).

(d) Set pest to its initial position: p,eg:; = Xi(0).

(e) Set gnest to the position of the particle that has a
minimum RMSE value among all particles.

end for

Step 2: Repeat until the maximum iteration number is reached.
while (k<kmax) do

for each particle i=1,...,Np, do

Update the particle’s velocity using Eq. (11).

Update the particle’s position using Eq. (12).

Evaluate the RMSE; function using Eq. (13).

if RMSE (X}**) < RMSE (XF).

pbesti = Xik+1'

end if

if min(RMSE (X**1) < min(RMSE (X*)

Gpest = X&T,}(RMSE) (the position of the particle with a
minimum RMSE value among all particles).

end if

end for

k=k+1

end while

Step 3: Output grest that contains the best-found solution.

5. SIMULATION RESULTS AND DISCUSSION

In this section, the simulation results for the PID and NPID
controllers based on the PSO technique are presented for the
tracking control of the antenna azimuth model. The
effectiveness of both optimal controllers is examined using
computer simulation within the MATLAB program. The
antenna azimuth system’s parameter values are illustrated in
Table 1.

The states of the antenna azimuth system are xi, X2, and Xs
and represent the angular position (#) in (rad), the angular
velocity () in (rad/sec), and the armature current (i) in
(amp), respectively. The simulation initial values of the states
for both optimal controllers are selected as illustrated below:

[6(0),6(0),i4(0)]" = [0,00]"

The open-loop output position step response of the antenna
azimuth model is depicted in Figure 5. This Figure
demonstrates that the response of the system is unstable.

The PSO algorithm is used to determine the optimum gains
of the controllers. These design parameters allow the
controllers to generate the optimal voltage control signal that
minimizes the position tracking error with the minimum
number of fitness evaluations. The setting parameters of the
PSO technique are defined in Table 2.

The simulation results of controlled system with the desired
output position of 1 radian and no external disturbance are
depicted in Figures 6-10. The output position responses of the
antenna azimuth system using both optimal controllers exhibit
no overshoot in the transient state, and the steady-state error is
zero, as depicted in Figure 6. In addition, the system controlled
by a PSO-based NPID controller has less settling time than that
controlled by a PSO-based PID controller.

The optimal parameters of the controllers have illustrated in
Table 3. The dynamic behaviour of the controlled system,
including settling time, overshoots, and steady-state error, are
set in Table 4. Figure 6 and Table 4 reveal that the dynamic
behaviour of the PSO-based NPID controller is superior to that
of the PSO-based PID controller. Moreover, Table 4
demonstrates that the PSO-based NPID controller outperforms
other controllers [2].

Table 2. The design parameters of the PSO algorithm

Description and Symbol Value
Population Size (Np) 25
Maximum number of iterations (Kmax) 100
Cognitive Parameter (c1) 1.49618
Social Parameter (c2) 1.49618
Inertia Factor (w1) 0.7298

3 for PID Controller

The Problem dimension 4 For NPID Controller

Table 3. Optimal values of the controllers gains based on

PSO
PSO-based PID PSO-based NPID
Parameter
controller controller
Kp 6.015 28.87
Ki 0.0001 0.0001
Kd 1.502 6.612
y 10.05

Figure 7 shows the responses of voltage control actions of
both optimal controllers. The voltage control actions are
smooth without oscillation response, and no sharp spikes
behaviour occurred. Moreover, the voltage control actions do
not exceed the acceptable range of (#48) volts depending on
the supply voltage of the DC servomotor of the antenna
azimuth system.

Table 4. Dynamic performances of the controlled system using the optimal controller

Parameter PSO-based PID controller  PSO-based NPID controller  state feedback controller [2]
Settling Time (Ts) 1.7 sec 1.2 sec 3 sec
Maximum Peak Overshoot (Mp) 0 0 5%
Error Steady-State (Ess) 0 0 0
RMSE 0.05233 0.05055 -
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The angular velocity (x2) state of the antenna system and the
armature current (x3) state of the DC-servo motor of the
antenna system are depicted in Figures 8 and 9, respectively.
These figures demonstrate that the angular velocity of the
system controlled by a PSO-based NPID controller is faster
than that of the system controlled by a PSO-based PID
controller. In addition, the system controlled by a PSO-based
NPID controller consumes less current than that of the system
controlled by a PSO-based PID controller.

Figure 10 depicts the improved cost function (RMSE) of the
controlled system using both optimal controllers after 100
iterations.

An external torque disturbance (Td) equal to (0.2 N.m) is
added at the moment (3-5 sec) to investigate the robustness
performance of the controlled system. The response of the
system’s output position using a PSO-based NPID controller
has a smaller overshoot than that of a PSO-based PID
controller during disturbance addition, and the error equals
zero value at the steady state response, as depicted in Figure
11. The control action responses of both optimal controllers
are shown in Figure 12. This figure indicates that the control
action responses are able to track the error position signal of
the antenna azimuth system following the desired position and
reduce the torque external disturbance effect. Finally, the
states of the angular velocity (x.) and the armature current (xs)
of the antenna azimuth system are depicted in Figures 13 and
14, respectively. These figures show that there is a small
oscillation in their responses while adding the external
disturbance.
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6. CONCLUSIONS

This study has conducted a comparison study between two
optimized controllers, PSO-based PID and PSO-NPID
controllers, for controlling the angular position of antenna in
azimuth channel. The robustness of both controllers has been
assessed in the presence of exerted load. Numerical simulation
based on MATLAB has been used for evaluating the
effectiveness of both controllers, in addition, the comparison
study has been extended to include other state-feedback
controller as a third competitor. The simulated results showed
that the tracking performance of PSO-based NPID controller
outperforms both PSO-based PID controller and state
feedback controller in terms of transient characteristics.
Moreover, when the system is subjected to an external torque
disturbance, the PSO-based NPID controller has shown better
robustness characteristics as compared to its counterparts.

In order to extend this study for future work, one may
suggest other modern optimization techniques like Social
Spider Optimization (SSO), butterfly optimization algorithm
(BOA), and Grey-Wolf Optimization (GWO) [17-19]. A
comparison study can be conducted between the results
obtained from the proposed PSO algorithm and those obtained
from the suggested optimization methods. In addition,
different control techniques can be used and designed to
control the angular position of the radar and a comparison
study can be conducted between these suggested controllers
and the proposed controller [20-31].
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NOMENCLATURE

a dimensionless power amplifier pole

am dimensionless motor and load pole

¢l dimensionless self-confidence weight

&) dimensionless swarm confidence weight

Da dampening constant of the motor, Nms/rad

DL dampening constant of the load, Nms/rad

Dnm equivalent viscous friction coefficient,
Nms/rad

Ea the armature voltage of the DC-servo motor,
\

e error signal, V

Ja motor inertial constant, Kgm?

J load inertial constant, Kgm?

J equivalent moment of inertia, Kgm?

K1 dimensionless power amplifier gain

K dimensionless preamplifier gain

Ky back emf constant, V/rad/s

Ky dimensionless gear ratio

Km dimensionless motor and load gain

Kpot dimensionless potentiometer gain

Kt motor torque constant, Nm/A

Kp dimensionless proportional gain

Ki dimensionless integral gain

Kd dimensionless derivative gain

N1 and N2 dimensionless number of teeth in gears

Ra motor armature resistance, Q

ri dimensionless random number

r dimensionless random number

u Control action, V

vk velocity of the it particle at kt" iteration, m/s

W1 dimensionless inertia weight

Xk location of the i™ particle at k™ iteration, m

Greek symbols

y dimensionless design parameter
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