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Abstract

In this work, a control system has been designed based on Proportional Integral Derivative (PID) optimized discrete-time Linear
Quadratic Regulator (LQR) called PID-LQR and implemented with a DC servomotor-based antenna positioning control system
in MATLAB/Simulink environment. The system response was analyzed considering the uncompensated state, the results
obtained were presented in terms of steady-state transient response characteristics, which were rise time, peak time, settling time,
overshoot, and steady-state error. In the uncompensated state, the rise time was 0.52s, peak time was 1.30s, settling time was
4.35s, overshoot was 34.7%, and steady-state error was 0. Considering the high value of overshoot, a LQR was designed and
incorporated into the system to form a closed-loop control system, and simulation conducted revealed that the cycling associated
with the uncompensated because of high overshoot (34.7%) was greatly reduced to 6.43% and steady-state error of 0 was
achieved. The performance of LQR was further optimized by integrating PID parameter. PID-LQR reduced the rise time from
2.02s to 1.98s, peak time from 4.20s to 3.49s, settling time from 6.11s to 3.94s, and overshoot from 6.43% to 3.80%. These
reductions in transient response parameters revealed that the designed PID-LQR yielded the most effective response in terms of
stability. This is because the PID-LQR provided most smooth and most stable response compare to other control systems
measured against the uncompensated system. Therefore, the use of the PID-LQR provided more stable and reliable tracking for
antenna positioning system in satellite dish antenna for deep space application.

Keywords: Antenna, Communication, PID, Discrete-time PID-LQR, DC servomotor, Position control system, Satellite

1. Introduction

Communication systems require an antenna to convey transmitted and received signals between the space satellite
and the earth-based station. Satellites carry large amount of data representing telephone traffic, radio signals, and
television signals (Ekengwu et al., 2022). The use of satellite in recent times has made it to be an important part of
everyday life as can be seen in many homes and offices with different forms of antenna that are connected for signal
reception from the satellites located far distance away from the earth (Sowah et al., 2017). Communication via
satellites offers communication without selecting location and time (Fandakh & Okumus, 2016). Satellite
antenna is designed in such a way as to focus on a given broadcast source that receives information by reflecting
signal beams and focusing them into a relatively narrow beam that hits its parabolic surface and subsequently passes
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the signal on to the feed horn, at which point it is further transmitted to the receiving equipment (Nice & Harris,
2002).

The major problem with satellite antenna used in communication is positioning, which involves aligning the dish in
order to aim at the correct satellite location for proper communication. Since every antenna is dedicated to a specific
satellite, it is not easy to point it (Sugandhi et al., 2016). It is therefore, essential for an automated system to be
incorporated with the satellite antenna so as to achieve the optimum positioning for quality signal transmission and
reception (Chishti et al., 2014). In positioning of a satellite antenna, effective process can be achieved regarding the
anticipated link margin necessary to receive most of the satellite transmission data from certain angle of elevation
(azimuth) position (Mahmood et al., 2024). In order to achieve this, a controller is included as a subsystem and it is
linked to the existing antenna system in order to improve its performance (Fkirin & Khira, 2023). One of the most
common techniques that have been implemented for positioning control systems are classical controllers such as
Proportional Integral and Derivative (PID), Proportional Derivative (PD), and analogue compensators (Muoghalu et
al., 2021; David et al., 2024; Achebe et al., 2025; Muoghalu et al., 2025; Eze et al., 2021; Achebe, 2018). However,
optimal techniques have been implemented in modern control systems to provide more cost effectiveness and
timeliness in transient response that applied Linear Quadratic Regulator (LQR) (Anyanwu et al., 2024; Muoghalu et
al., 2020; Aloo et al., 2016; Eze et al., 2025) including full state feedback state control method (Eze et al., 2022).

In this work, an optimal control based on hybrid PID-LQR is implemented for deep space antenna positioning
system to provide optimal control system with pointing or tracking accuracy. The developed PID-LQR is
implemented as a discrete time-based optimal controller rather than as a continuous time control system commonly
obtained in previous literature (Aloo et al., 2016; Eze et al., 2025; Ekengwu et al., 2024) so as to ensure more
flexibility to control loop performance compared to continuous time method (Achebe, 2018).

Some of the recent techniques applied in satellite antenna positioning system are reviewed in this section. The
parameters of PID controller were optimized by weighted Cultural Artificial Fish Swarm Algorithm (WCAFSA) to
enhance positioning system of deep space antenna (Salawudeen et al., 2017). Model Predictive Controller (MPC)
was implemented to achieve tracking specification of rise time of less than or equal to 4 s, settling time of less than
or equal to 5 s and overshoot of less than or equal to 10% considering different prediction horizon (Ekengwu et al.,
2018). Model Reference Adaptive Control (MRAC) and its modified form with fuzzy logic model have been
implemented to achieve position control system for servomotor-based antenna (Uthman, 2019; Eze et al., 2026).
Pointing accuracy of deep space antenna position control system was improved using fuzzy-PID (Yakubu et al.,
2020). Back Propagation Neural Network (BPNN) was used to optimize classical PID parameters for faster response
speed and improved transient behaviour in (Eze et al., 2024). Discrete-time and continuous time LQR have been
separately applied by Anyanwu et al. (2024) and Aloo et al. (2016) in DC servomotor-based antenna positioning
system. Nonlinear PID (NPID) formulated by adding an arc tan function to integral component rather than the direct
error was used together with Particle Swarm Optimization (PSO) method to improve the performance antenna
azimuth positioning system subject to external disturbance (Rasheed et al., 2023). Model Following Control-based
PID (MFC-PID) controller was used to address the weakness in transient response of classical PID controller
(Akwukwaegbu et al., 2023).

Regarding the related surveyed works the use of optimal control for DC servomotor based deep space antenna using
discrete time hybrid LQR-PID. Therefore, this paper attempts to fill this gap by implementing a discrete time
(digital) optimal controller based on LQR with PID to replace the continuous time LQR implemented in Anyanwu et
al. (2024) and improve system stability in terms of reduced overshoot associated with system as in Akwukwaegbu et
al. (2023).

2. Methodology

The section presents a hybrid control system based on discrete-time PID-LQR model as shown in Figure 1. The
error signal due to the difference between the desire position and the actual position is manipulated by the PID
controller using complex computation algorithm and subsequently produce a control command that optimizes the
LQR. The resulting command from the LQR is used to adjust the antenna to a new position according to the error
signal.



Anyanwu et al./ UNIZIK Journal of Engineering and Applied Sciences 6(2), 3447-3457 3449

Y

»( 1)

Actual Position

u »>>¢3_ - PID(s)

Setpoint Position

Figure 1: Block diagram of discrete-time PID-LQR control system

The variables in the discrete —time block for the plant model in Figures 1 are the state-space parameters. These
variables define or represent the dynamic characteristics of the plant, which is a DC servomotor-based antenna
positioning system. Where A, B, C, and D, are the state matrix, the input matrix, the output matrix, and the transition
matrix. The state space model of a LTI system can be defined by:

x = Ax + Bu

y=Cx+ Du} ™

The constants A, B, C, and D represent the state matrix, input matrix, output matrix, and direct transition matrix
respectively. The state-space description of the DC servomotor position control for deep space antenna is defined in
Equations (2) and (3). Table 1 defines the parameters of the deep space DC servomotor-based antenna system

. 0 1 0 0
X1 0 —BZa Ko *1
[lez Ja Ja ||%2|+]0|W 2)
X5 0 _Xg _Ra||x; o
Lq Lg a
X1
y=[0 1 0] [x|+[0]V, 3)
X3

Table 1. Parameters of deep space DC servomotor-based antenna system (Eze et al., 2021)

Physical Quantity  Definition of Quantity Numerical Value
a Power Amplifier Pole 100
am Motor and Load Pole 1.71
Ba Motor Dampening Constant [Nm/rad] 0.01
BL Load Dampening Constant [Nms/rad] 1

Bm Equivalent Viscous Friction Coefficient [Nms/rad]  0.02
Ja Motor Inertia constant [kgm?] 0.02
JL Load Inertia constant [kgm?] 1

Jm Equivalent moment of Inertia [kgm?] 0.03
K Preamplifier Gain -

K1 Power Amplifier Gain 100
Kg Back emf Constant [Vs/rad] 0.5
Kg Gear Ratio 0.1
Km Motor and Load Gain 2.083
Koot Potentiometer Gain 0.318
Kr Motor Torque Constant [Nm/A] 0.5
La Motor Armature Inductance [H] 0.45
N Turns on Potentiometer 10
N1, N2, N3 Gear Teeth (Respectively 25,250,250
Ra Motor Armature resistance [Q] 8

V Voltage Across Potentiometer [V] 10

Substitution of the numerical values of DC servomotor for antenna positioning system from Table 1 into Equation
(2) gives:
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X1 [0 1 0 X, 0
X|=[0 -05 25 X+ 0 |u 4
%) 1o —1.111 —17.78] lxs]  [2.22
where,
0 1 0 0
A=|0 -05 25 |B=| 0 [c=[0 1 0],D=][0]
0 -1.111 -17.78 2.22

wherex; = 6(t), x, = w(t), and x; = i, (t). the first order derivative of position, angular speed, and current is
given by x,, x,, and xsrespectively.
The state-space model of the overall transfer function of the closed loop system is given by:

Xy 0 1 0 X1 0
H[ o o0 1 ]o
Xg —-663 —171 —-101.711 [*3 1
xl ®)
y=1[663 0 0] [x2
X3
Equations (4) and (5) are the continuous time state space model of the system
2.1 State-Space Model in Discrete Time
The discrete-time state space for nth order linear time invariant system is expressed by:
{x(k + 1) = Ax(k) + Bu(k) 6)
y(k) = Cx(k) + Du(k)

In this paper, the sampling time chosen for the conversion from continuous time to discrete time is 0.01 s based on
zero order hold (ZOH) sampling technique.

The discrete-time state space model of the DC servomotor-based antenna positioning system is given in Equations
(7) and (8), while the controllability and observability matrices are presented in Equations (9) and (10).

x,(k +1) 0.9999  0.009977 3.656e —05] |[*1(K)| [1.315e—07
x(k+1)| = [—0.02424 0.9937 0.006258 l x,(k)| +3.656e — 05] u(k) @)
x3(k + 1) —4149  —1.094 0.3571 x5 (k) 0.006258
x1 (k)
y(k)=[0 0 663] |x(k)|+[0] u(k) (8)
x3(k)
0.0000 0.0000 0.0000
CONpgrrix = [0.0000 0.0001 0.0001] 9)
0.0063 0.0022 0.0007
The rank of the controllability matrix is 3.
0 0 663
Observ,girix = [ —-2.510 -725.6 236.8] (10)
—3715.6 —1007.6 79.9

The rank of the observability matrix is 3. Hence, the discrete-time system of the antenna positioning loop is
completely controllable and observable.
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2.2 Design of Discrete Linear Quadratic Regulator
The design of discrete-time linear quadratic regulator (LQR) is carried out using the MATLAB command given by

Equation (11):

A=sys d.a;
B = sys_d.b;
C =sys_d.c;
D = sys_d.d; (1D
Q=C+*C
R=1;
[K] =dlqr(A,B,Q,R)
00 0
Q=10 0 0 l
0 0 439569 (12)

K=[K, K, K;]=[-509.1512 32.6613 54.8124]

In Equation (12), the symmetric matrix Q and the gain matrix K for the entire dish antenna positioning arrangement
including the DC motor is captured. Thus, Equation (12) defines the designed discrete-time LQR designed for the
antenna position control system.

2.3 PID Optimized LQR Control System

The proposed control system for deep space satellite antenna positioning is shown in Figure 1. The control algorithm
of LQR is optimized using the PID controller. The objective is to achieve a position control system with reduced rise
(response) time, settling time, overshoot, steady state error, and improved tracking performance. The measurement
device is assumed to be a unity feedback gain sensor. This is achieved as follows:

Assuming the error, the rate of error and the integral of the error signal e(t) are state variables, the optimal feedback
gains of the LQR in Equation (12) i.e. K = [-509.1512 32.6613 54.8124], are considered the parameters of
the PID controller. Thus, the state variables are defined by:

x; = [e(t)dt
X, = e(t) (13)
_de(t)
37 ar

Considering the block diagram of the proposed system in Figure 1, the optimal control law u(¢t) of the PID-LQR is
defined by:

u(t) = Kox(t) (14)

where K, is the gain of the designed PID-LQR controller, which is the product of the PID gains and the gains of the
K matrix of LQR. It is given by:

k; k;
K,=K|k,|=[K, K, K5]x|ky,|=[K;, Kp Kp] (15)
kq kq

where K; = K, k;, Kp = Kk, and K, = K3k, respectively.

X1
Where: x(t) = [le (16)
X3
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Equation (13) is substituted into Equation (16). Then substituting the resulting equation together with Equation (15)
into Equation (14) gives:

[e()dt
u®) = [K;, Kp Kp] e((tg =K, [ e(Ddt + Kpe(t) + K, dzi” (17)
de(t
dt
PID controller is mathematically defined for a bounded control by:
Upia (0 = kpe(®) +k; [T e(®)dt + kq =2 (18)

The PID is designed using the MATLAB/Simulink tuner. The designed PID controller and its parameters are
defined in Laplace transform given by:

5x10711
s

C(s) = 1.002 + +1x1078s (19)

where k, = 1.002, k; =5 x 107", and kg = 1 x 107® and substituted into Equation (17) to optimize the gains of
the optimal control law of the designed LQR.

3. Result and Discussion

The designed discrete-time LQR control technique for antenna positioning servomotor control system has been
implemented by simulation in MATLAB/Simulink environment. Simulations have been carried out considering
uncompensated scenario and compensated scenario (closed-loop) antenna positioning servomotor control system.
The simulation was based on step response of uncompensated antenna positioning servomotor control system shown
in Figure 2. In the same vein, the positioning servomotor control system compensated with a LQR controller is
presented Figure 3.

1 .4 T T T T T T
Uncompensated system
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o
o
T
|

Time [s]
Figure 2: Step response of uncompensated system
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Figure 3: Step response of LQR control system

Figure 2 represents the step response of antenna positioning servomotor control system model in the open loop when
no controller is integrated into the system to realize the feedback closed loop control system. That is the condition of
the system without a controller (uncompensated). The simulation curve reveals that the system has high degree of
cycling considering the overshoot which is 34.7% prior to the system settling. The simulation plot for unit step
response of antenna positioning servomotor control system model with an LQR controller as shown in Figure 3
reveals that that its introduction caused the overshoot value to reduce to 6.43% with zero steady-state error as listed
in Table 2.

Table 2. Numerical analysis of time domain performance of uncompensated system and LQR

Control Rise time Peak time Settling time Overshoot Steady-state
System (s) (s) (s) (%) error
Uncompensated 0.52s 1.30s 435s 34.7% 0.181

LQR 2.02s 425 6.11s 6.43% 0

Looking at Table 2, it can be deduced in terms of the rise time that uncompensated system outperformed the LQR
system, which is 0.52s against 2.02s. The same holds in terms of peak time and settling time where the values were
peak time of 1.30s against peak time of 4.2s and settling time of 4.35s against 6.11s respectively. However, in terms
of overshoot and steady-state error, the LQR system outperformed the uncompensated system such that when the
overshoot was 34.7 % in the case of uncompensated system, the overshoot was 6.43% for the LQR system. For
steady state error, the uncompensated system yields 0.181 whereas LQR system gives 0. Since the objective is to
design a system to ensure improved stability by reducing error or deviation with improved tracking for effective
positioning, The LQR compensated will offer better antenna positioning for improved line of sight operation
(considered in this case as the ability to track unit step input). Thus, with LQR the antenna tracked the satellite
signal with zero error (steady state error of 0) with improved stability (overshoot of 6.43%).

Figure 4 shows the simulated step responses of LQR and PID-LQR. The graphical plot of the response of the PID-
LQR control system when a set point input is applied to the system at t = 0. The PID-LQR system was able to track
the setpoint input within the bounded time simulation interval as shown in the figure. The numerical values of the
transient response parameters are listed in Table 3.
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Figure 4: Step response comparison of LQR and PID-LQR

Table 3. Numerical comparison of PID and LQR control system

Control Rise time Peak time  Settling time  Overshoot Steady-state
System (s) (s) (s) (%) error

LQR 2.02s 4.21s 6.11s 6.43% 0

PID-LQR 1.98s 3.49s 3.94s 3.80% 0

From Figure 4 and Table 3, the performance characteristics of the PID-LQR revealed that the integration of PID to
optimize the LQR control system performance yielded better position control system response. Hence, PID-LQR
reduced the rise time from 2.02 s to 1.98 s, peak time from 4.21 s to 3.49 s, settling time from 6.11 s to 3.94 s, and
overshoot from 6.43% to 3.80%. These reduction in transient response parameters indicated improvement in
system’s response behaviour.

The step responses of the uncompensated system (marked Sysl), PID, PIDD, MFC-PID (Akwukwegbu et al., 2023),
LQR, and developed discrete-time hybrid PID-LQR are presented in Figure 5 to compare various control techniques
in order to validated the proposed system. Table 4 shows the numerical performance of the various control systems.

1.4 T T T T T
1.2 8
1 |-
()]
'g 0.8 - Sys1 B
£ PID
g PIDD
<06 MFC-PID | |
LaR
04l PID-LQR | |
0.2 - 8
o 1 1 1 Il 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time [s]
Figure 5: Step response of different control system
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Table 4. Numerical analysis of time domain performance parameters

Control Rise time  Peak time  Settlingtime  Overshoot Steady-
System (s) (s) (s) (%) state error
Sysl 0.52 1.30 4.35 34.7 0

PID 0.73 1.67 3.29 8.09 0

PIDD 1.21 2.25 3.70 6.17 0

LQR 2.02 4.20 6.11 6.43 0
MFC-PID  1.45 1.06 3.25 5.52 0
PID-LQR  1.98 3.49 3.94 3.80 0

Looking at the simulation curves and the numerical performances of each control system in Table 4, it is obvious
that when no controller was introduced, the system shows high level overshoot. Therefore, without controller the
system is unstable and not reliable considering the high overshoot (34.7%). The introduction of the controllers
largely improved the system performance in this regard (i.e. stability of system). Each controller ensured that the
system achieved pointing accuracy and efficient tracking of setpoint value with reliable link performance during
satellite communication and improved system in system dynamic. The controller that offered most efficient tracking
in terms of smoothest response and best stability compared to the uncompensated system is the discrete-time PID-
LOR.

4. Conclusion

A control system based on PID-Linear Quadratic Regulator (LQR) controller has been designed for Direct Current
(D.C.) servomotor-based deep space antenna positioning system has been effectively achieved. This was established
through simulation conducted in MATLAB/Simulink environment for Simulated output responses of antenna
positioning servo control system to step input signal which met the design specifications. Also, the simulation
results obtained showed that PID-LQR control technique could be set up in driving the azimuth/elevation of D.C.
servomotors so as to direct a parabolic dish antenna and ensures that it is always kept within the referenced line of
sight with a particular satellite. The effectiveness of the developed discrete-time PID-LQR was compared with
different control systems for position control of satellite antenna. Each control system was modelled and introduced
into the control of a DC servomotor-based antenna positioning system. The simulation results indicated that the
introduction of each controller guaranteed better performance than the original system without a controller. Hence,
all the control system provided enhanced pointing accuracy and tracking performance. However, comparison of the
controllers indicated that PID-LQR vyielded the best performance with most smooth and stable response in terms of
reduced overshoot.

5. Recommendation

Despite the fact that the discrete PID-LQR was able to improve system tracking performance by offering improved
stability, it lagged behind PID, PIDD, and MFC-PID in terms of rise time and settling time. Thus, future study will
incorporate swarm intelligent algorithm to tune the PID prior to optimizing the LQR. Also, prototyping the
developed system will facilitate practical application and further validates its effectiveness.
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