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Nowadays, the gimbal stabilizes the line of sight and eliminates vibration in
systems such as imaging, radar line of sight, and position stabilizers. The gimbal
system tries to maintain the system's current state by dealing with the changes
made in the system's current state. This system reduces unwanted motion
disturbances and vibrations .It is particularly beneficial in dynamic environments
where maintaining stability and clarity is crucial, such as in drones, spacecraft, and
aerial photography. The most common use of the gimbal system is in modern
photography equipment. Additionally, gimbal stabilizers have found applications
in robotics and virtual reality systems, where precision and smooth movement are
essential. In this article, a single-axis gimbal stabilizer system that uses a PD_PI
fuzzy controller has been investigated and the PSO algorithm has been used to
optimize and calculate controller coefficients. The dynamic relations of the gimbal
are described and the proposed control system based on the PD_PI fuzzy controller
is optimized using the PSO algorithm. The controller coefficients have been
optimized with the lowest possible settling time. The results demonstrate
significant improvements in performance, particularly in minimizing response
time and enhancing stability under varying conditions. The comparison of the
obtained results shows that this controller has less settling time and much less
overshoot than other controllers such as PID and fuzzy PID controllers.

Keywords: gimbal; stabilization; line of sight; PSO algorithm, inertial
stabilization system; optimization.
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1 Introduction

Many optical equipment such as lasers, imaging equipment,
and radars are usually mounted on a mobile platform. In this
equipment, the axis of the optical sensor must be pointed and
fixed to the moving target. The need to regulate the fixed
position in various applications has caused the formation and
development of systems that can achieve this goal. These
systems require precise control mechanisms to counteract the
motion disturbances and maintain alignment with the target.
The main challenge in this type of system is mainly caused by
the desired or unwanted inertial movements of the devices.
These systems must have the ability to deal with these effects
and minimize their impact on the system situation. The use of
an inertial stabilizer system (ISP) is an appropriate solution
that can solve this challenge [1]. This system can stabilize the
line of sight (LOS) in the conditions of various disturbances.
The most important sources of disturbance in this system are
the angular movement of the platform and mass imbalance.
Most inertial stabilization systems include a gimbal device. A
gimbal is a set of motors and gyroscopes that detect
disturbances in the system in an inertial space using electronic
sensors such as inertial measurement units (IMU). Also, by
applying torque to stabilize the line of sight, disturbances can
be reduced to the minimum possible amount. This system aims
to compensate for vibrations, vibrations, and nonlinear
disturbances such as friction, mass imbalance, dynamic mass
imbalance, etc. [2].

The inertial stabilizer system is used in many different
engineering applications such as weapon systems, telescopes,
and cameras. Its structure and settings are designed according
to the need and desired function. The first step of checking this
system is checking its mechanical system. When examining
many structures and mechanical mechanisms, one of the main
stages of research is finding an appropriate mathematical
model; A model that expresses the physical phenomena
affecting the system. In some cases, the model must also
account for external factors such as environmental conditions,
which can significantly impact the system's performance.
Choosing models that have enough accuracy and simplicity is
always one of the important concerns of researchers and
engineers.

Control knowledge is no exception to this rule. The accuracy
of the control performance of a dynamic system is directly
affected by the accuracy of its dynamic equation modeling.
Many of the dynamic equations that describe the behavior of
the system have errors that cover a wide range of variables.
What adds to the complexity of these conditions in many cases
is the inability to accurately measure the error factors. As a
result, this problem causes that in some cases, all parts of the
system are not included in its mathematical modeling [2] and
its simple model is checked. Furthermore, environmental
disturbances and external forces can exacerbate the
inaccuracies in modeling, leading to further challenges in
control system design. To model the gimbal system, in

addition to the dynamic model, it is necessary to model the
servo motor system and the gyroscope system. After modeling,
the appropriate controller is designed and applied to the
system.

The researches that have been carried out so far show that
researchers have tried to control the disturbances that occur in
the system by using robust linear controllers, different
complex nonlinear controllers, or by combining control
methods. 3]. Their goal is to provide a suitable method to
identify the unknown parameters of the dynamic equation of
the system and control them.

By studying the research done so far, the uncertain parameters
considered for the gimbal in the dynamic equations include the
components of the moment of inertia matrix and the
disturbance torque matrix resulting from the center of gravity
of the load not being located on the axis of rotation. Among
the different control methods, the resistant control method can
better control systems with uncertain parameters [4]. The
advantage of the resistant control method is the lack of online
calculations and the inherent resistance of the system against
limited disturbances. The problem with this method is that it
requires an accurate initial estimate for the range of variables.
A gimbal is an electromechanical device that is mainly used to
isolate optical equipment from motion disturbances caused by
the environment, such as torques caused by body movement
[5]. Previous research has shown that by installing an electro-
optical device on the gimbal assembly, line of sight vibrations
can be reduced. Such systems are usually required to maintain
stable performance and ensure accurate target tracking. These
systems must maintain their stability even in case of changes
in system dynamics and operational conditions. This
highlights the importance of robust control strategies to adapt
to varying operational scenarios and ensure consistent
performance.

So far, the mathematical model and gimbal control system
have been studied in many researches. Several methods have
been presented to stabilize the gimbal. In [6], the accuracy of
gimbal stabilization systems has been investigated. The
geometric motion relations for the gimbal with two degrees of
freedom have been studied in [7]. In this study, the gimbal is
assumed to be in equilibrium and the gimbal components are
suspended on the main axes. The equations of motion for the
two-axis gimbal, assuming the imbalance of the gimbal mass,
are presented in [7]. Two studies [6] and [7] have not been
simulated.

Also, the stability of a gimbal with one degree of freedom
(SDOF) in an environment with high vibration has been
investigated in [8]. This research has minimized the vibrations
caused by disturbance torques with the help of mass
coefficients of imbalance of static mass and dynamic mass.
Also, this method reduces the cost and reduces the execution
time [8].

In [9], the gimbal motion equations are shown assuming
dynamic mass imbalance. The gimbal mass distribution is
calculated according to its axes. In this article, the effects of
the angular velocity of the platform are considered. In [10], the
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gimbal with a large size is modeled and simulated. In this
research, the axis of constant height and momentary inertia is
assumed to be zero. In two researches [7] and [10], the
dynamic model of the height and direction axes has been
obtained, assuming that the gimbal mass distribution is
symmetrical concerning its axes. Therefore, the effects of
inertia are very little and the gimbal model is simplified. The
settings of the gimbal control system have also been
investigated using different methods.

Reference [11] has investigated a proxy-based slide mode
applied to a two-axis gimbal system. The controller based on
the sliding mode of the two-axis gimbal, with the assumption
of the axis speed of the same height and the same direction,
has been presented in [12]. New design methods such as linear
quadratic regulator (LQR), and linear Gaussian quadratic with
loop transfer recovery control (LQG/LTR) have been used to
improve the stabilization of broadband controllers [13]. This
method has been used to stabilize the line of sight of vehicles
[12]. A quadratic Gaussian (LQG) algorithm for simultaneous
estimation and compensation of a specific type of disturbance
is also presented in [14]. Types of PID controllers such as PI
controller, PD, PD_PI, etc. have been investigated in [2].

To improve the performance of the gimbal controller, the
fuzzy method is used in [15]. Also, in [16], the fuzzy controller
has been used in the two-axis gimbal.

Optimization algorithms can work more effectively in
comparison with classical methods. Due to their flexibility,
they can be used in the design of controllers. Optimization
methods such as genetic algorithm (GA) [17], ant colony
optimization (ACO) [18], bacterial search optimization (BFO)
[19], and particle swarm optimization (PSO) [20, 21] are
widely used. It has been used to optimize the controllers. So
far, the genetic algorithm has been used to optimize the PID
controller coefficients of a simple system [22]. Also, in [23],
the PSO algorithm was used to optimize the PID controller
coefficients of a simple system.

This article aims to optimize the coefficients of the stabilizer
controller of the gimbal system based on the PSO algorithm.
The gimbal stabilizer is responsible for minimizing the angular
speed of the gimbal axes after turning. For this purpose, the
control system is designed to bring the angular speed of the
axes to the minimum possible value (zero) after applying the
rotations. Interfering torques should also be minimized.

Additionally, the system's performance must remain robust
under varying external disturbances and dynamic conditions to
ensure stability and accuracy.

Another goal is to compare with other gimbal stabilizer control
methods. This article has investigated the single-axis gimbal
stabilizer system and its controller coefficients have been
optimized with the aim of the lowest settling time and the
lowest possible overshoot. To implement the control system,
researchers try to use many different modern methods to
control normal servo systems, but the PID controller and its
variants are still the most used due to their simple structure,
low cost, and high performance [24]. But the PID controller,
when faced with nonlinear disturbances or an uncertain

situation, such as what exists in the movement of drones, must
be able to be adjusted while moving. In various applications,
equivalent types of PID controllers, such as the PD PI
controller, are used due to greater simplicity in linearizing the
controller coefficients. Fuzzy methods have also been used to
improve control performance [15].

In this article, with the combination of control methods, the
PD_PI fuzzy controller is used and the controller coefficients
are optimized by the PSO algorithm.

2 Examining Governing Relationships and
Research Methods

The relationships governing the gimbal torque are investigated
considering the imbalance of the dynamic mass and the
angular movement of the base. Regarding rotational motion,
Newton's first law states that by applying force on the body
(assuming an inertial frame), the body gains speed. In addition
to this, using Newton's second law, it can be proved that if the
torque force is applied to a solid object with inertia J and angle
a, the torque applied is obtained according to equation (1).
T=J.«a Eq1

Here, the purpose of designing the control system is to stabilize
and stabilize the line of sight. To place the system stably along
the line of sight after rotation and in a new position. The
gyroscope measures the angular velocity of the gimbal body
rotation. After calculating the rotation angle, the gimbal
applies the necessary angular velocity to the stabilizer ring.
The servo motor rotates in the opposite direction to the rotation
of the body as necessary and keeps the position of the gimbal
stable. Equation (2) shows the electrical equivalent of the
motor.

di(t)
dt
After applying the rotation, a control system is needed in order
for the line of sight to be in the best possible position. In order

u(t) = K, w + Ri(t) + L Eq2

to control stabilization, the required parameters should be
obtained according to the structure of the engine and then it
should be modeled [15]. Figure (1) shows the control system
and components of the gimbal stabilizer ring.

T Torque
i disterbance

+ Inertia

Ta + r [T | e

Moior Total | ge | o

eommand  — " torque torque

Gyro rate feedback Rate gyro I LOS rate

Figure 1: gimbal stabilizing ring [2]

Controller

As seen in Figure (1), the stabilizer ring includes the controller
ring, DC motor, and gyroscope. e is the input angular velocity
and mae is the output angular velocity of the ring. The control
loop works as a stabilizing system when @. and wae are zero
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while checking the input system. Servo control can generally
be divided into two basic types; The first type works with the
input measurement and the system applies the actual
movement that has been calculated. The second type is general
servo control, which eliminates system disturbances. These
disturbances can include torque disturbances to the error of
incorrect parameters used.

To study the gimbal movement in one axis, two frames are
considered; In Figure (2), the P frame connected to the gimbal
body before moving is shown with vectors (i, j, k), and the A
frame connected to the gimbal body after moving in stable
mode is shown with vectors (r, e, d). The center of rotation is
the same in both frames and is located at the middle point of
the system. This ensures consistency in analyzing rotational
dynamics.

Bearings Gyro
and Motor

Stabilized
Object A
(Platform)

LOS or
Aimpoint

K Y, 4./,,/,
Gimbal w

Base Rotation
Figure 2: Single axis gimbal system [2]

The rotation takes place around the j-axis. Also, the transition
between frame P to A has happened with a positive angle € (the
gimbal angle) that is made around the axis e. The frame
transfer matrix from frame P to A is shown as 4C in equation
3):

cose 0 -—sine

aAC = [ 0 1 0

sine 0 cose

Also, for each vector in the frames, angular velocity and inertia

matrix are considered as follows:

Eq3

Wpj

PEP/I = ij Eq4
Wpk
War

AEA/I = [Wye Eq 5
Wad

So that Pwp ;1 the angular velocity matrix of frame P includes
the angular velocity of vectors (i,j,k) with values of wpi, wpj,
and opk. Also 4@, /1 is the angular velocity matrix of frame
A, including the angular velocity of vectors (r,e,d) with the
values of mai, waj, and wak. Equation (6) shows the obtained

inertia matrix “J:

Ar Are Ard
Y=|4er Ao Aea Eq 6
Adr Ade Ad

In the above matrix, Ar, Ae and Aqg are the moment of inertia
around the axis (r,e,d) respectively. Also, Are, Aer, Ard, Adr, Aed

and Ade are the moment of inertia resulting from the inertial
motion of the vectors. It is clear that in one movement, the
values of Are, Aer, Ard, Adr are equal to each other and the
values of Aed and Age are also equal to each other.

The output, wae, will be used for the control loop; Because the
goal is that after the movement of the gimbal, no more torque
or movement is applied to the object and the system remains
stable and in a fixed state. Therefore, wac should be as close to
zero as possible. To remove the noise caused by disturbing
torques, mae can be measured using a gyroscope mounted on
the gimbal.

Equations (7), (8) and (9) show the calculation of “w, 1 for

the transformation matrix 4C:

W4y = Wp; COSE — Wpg SIN € Eq7
Wye = Wpj + € Eq8
Wyaq = Wp; SINE + wpy COS € Eq9

Then the entered torque is calculated. According to Newton's
second law and equation (1), equation (11) has been
calculated:
F=ma Eq 10
AH =4 A%y, Eq 11
As a result, the angular momentum matrix 4H has been
calculated as equation (12):

. Arwar + Arewae + Arape H,
AH = | Aoy + Acwae + Agewyue | = |He Eq 12
Arqwar + Agewse + Agwag Hqy

Having the momentum matrix, the input torque is obtained:
T=%(“‘ﬁ)+ Ay x AH Eq 13
B Hy + wpeHg — Waqn,
T =|H, + waqH, — warHy Eq 14
Hd + wyrHe — Wy Hy
As a result, equation (15) shows the torque (created on the
motor shaft) on the e-axis:
Ton = He + wagHy — wprHy Eq 15
The disturbance torques on the system (Tp) are shown in
equation (16):
Tp = (Aq — Ar) Warwag + Arg
+ (War? = Waa?)
— Age ((bAd - wAewAr)
— Are ((bAr - (‘)AewAd)
The body of the gimbal represents the motor load that is
connected to the motor axis. This body, which is modeled
based on its moment of mobility, depends on its dimensions
and position with respect to the axis of rotation. Here, a model
is proposed to show the body. For the proposed body, mass
M=1Kg, J, =9.8x 10 3kgm?and radius r=l4cm are
considered. Here it is assumed that w = 2 rad/sec in 35
msec. Therefore, the engine must have conditions o =
56 rad/sec?. The torque applied to the motor is shown in
equation (18):

Eq 16

1
IL =EM1’2 =9.8x 1073Kg.m? Eq 17
T=J].a=9.8x10"3x 56 =5.5Nm Eq 18
Pyt =T.w =5.5%x2=11W Eq 19
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This system can be considered as a system (MISO) with two
inputs (voltage applied to the motor and output torque) and one
output or a system (SISO) with one input (body angular
velocity) and one output [2]. The choice between MISO and
SISO modeling depends on the level of complexity and control
precision required for the application.

As discussed in the physical analysis, mae is considered as the
output of the system. wae is the amount of angular velocity
after movement, caused by applying the input angular velocity.
Therefore, wc is considered as the input angular velocity and
ae as the output angular velocity. To apply torque or rotation
to the system, a servo motor is needed. It is also necessary to
ensure the output status. As a result, a closed loop system
including gyroscope is needed in these conditions. To model
the engine, first the required parameters were calculated
according to the structure of the engine and then it was
modeled. Figure (3) shows the electrical equivalent of a DC
motor:

1(t)

di(t
u(t) = Kewm + Ryi(t) + La% Eq 20
Tin(8) = Kryi(t) Eq21
Tm(t) = J;mWn + apwm + Tp Eq 22

In these equations, u(t) is the time function of motor terminal
voltage and i(t) is the time function of motor terminal current.
m is the mass of the object, R is the input resistance of the
terminal, L is the input inductance of the terminal, Ke is the
return electric force of the motor and Krm is the torque
constant. Kewm shows the position of the motor and T(t) shows
the torque entered. The physical effects of the object are also
considered. The forces are calculated based on Newton's
second law (equation (10). The acceleration equation (23) is

created, which shows:
K K. K .
- eRaTM Wy, + RL:’u(t) —awm —Tp
Jm
A control system for the designed motor has been proposed,
whose input is the voltage function u(t) and its output is the
motor movement with angular speed om and torque Tm [2].

Eq23

Wy =

Figure (4) shows the servo motor control system. In this
model, additional moments caused by inertia are also
considered in the model.

u, 1
% "l Tk

Figure 4: Servo motor control diagram [16]

Table 1: Engine specifications [16]

parameter value
U, 27V
(no load speed) oy 303 RPM
R, 45Q
L, 0.003 H
Ky 0.85 Nm/A
K, 0.85 V/(rad/sec)
Jm 0.0017 kg/m?

In this ring, J,,* is the inertia of the rotor and a,,*is the
damping ratio of the motor which is calculated in equations
(24) and (25).

Jm™ =Jm + i Eq24

an" =an +aq Eq 25
where Ju is the inertia of the motor, Jv is the inertia of the load
of the structure, am is the damping effect of the motor and a is
the damping effect of the load of the structure.
In examining the obtained physical model, first, if the system
is motionless, the values of wpi, ®pj, and wpk will be zero. As a
result, equation (26) shows the transformation function of the
system regardless of Tp.

Gm(s) = 2
uq(s) Ea 26
_ Kru d
" (LaS + Ro). U + @) + KeKry

Here, the NORTHROP GRUMMAN engine is used and the
conversion function is calculated with the given engine
specifications [25]. In table (1), the specifications of this
engine are given. Equation (27) shows the conversion function
of the engine system by replacing its specifications:

am =0
W 24637.68
G (s) = ==
uy(s) s?+1500s + 20942

Also, in order to detect vibrations and angular velocity, to
calculate and apply the amount of torque required to stabilize
the system, a gyroscope sensor is needed. Gyroscope is used
in feedback to sample the output and apply it to the input of
the system. Figure (5) shows the conversion function and
gyroscope control system:

Eq 27

<+ w"2 & k -

= 7 2 a ™
5°+ 2w, + w,

Rate Gyro

Demodualator

Rate Sensor
Figure 5: Gyroscope control diagram

A 475T gyroscope from US Dynamics company is used here.
The conversion function of the gyroscope is calculated
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according to the characteristics of the engine and the
gyroscope. In table (2), the specifications of this gyroscope are
given [26].

Table 2: Specifications of the gyroscope [16]

characteristic amount
input ratio (interval) +40 to +100 °sec
output AC or DC
scale Buyer's desired specifications
natural frequency 20 to 140 Hz
ratio 04tol

To calculate the conversion function of the gyroscope, the
damping ratio is £&=0.7, the natural frequency of the system
fu=50 Hz, and the gyroscope coefficient is considered to be
Kn=1. According to the specifications of the gyroscope, its
conversion function is calculated in equation (28) [27].
Wi

(s2 + 2{wys + w?)

_ 2500

" (s%2+ 708 + 2500)
The investigations reveal that the PD PI controller
outperforms others with improved performance and shorter
settling time. The proposed PSO based PD_PI fuzzy controller
enhances the PD_PI controller by incorporating fuzzification
methods. To further minimize settling time and system

GGyro =
Eq 28

overshoot, the controller's coefficients have been optimized
using the PSO algorithm.

In the examination of the physical model, it was shown that the
most influential variable in the single-axis gimbal system is
orj. Whenever wp; increases, the response of the system
increases. According to the governing mathematical relations
obtained from the study of physical behavior and the use of the
motor and gyroscope control system, the control loop of the
gimbal stabilizer is shown in figure (8).

[

Disturbance torque integrator

platform

T 1,
ic.'q..‘e —[

LOS rate o,

Motor
torque

Gyro rate feedback

Rate gyro

Figure 6 : Gimbal stabilizer control ring

The PID controller is one of the most widely used controllers
due to its optimal, reliable and simple performance. For the
accurate performance of the PID controller, its coefficients
must be calculated and adjusted correctly. For this purpose,
there are various methods, the most well-known and simplest
of which is the Ziegler-Nichols (Z-N) method. This method
can be considered as a traditional method based on modeling
and control. Ziegler-Nichols regulation rules for use in closed
loop systems are associated with a significant reduction of
disturbances. The design criterion of this method is based on
the damping ratio of the amplitude in three periodic periods

[28]. The output of the PID controller is in the form of equation
(29):

K
y(t) = Kpe + ?Ie + Kpes Eq 29

In this equation, e is the error function and Kp, Kiand Kp are
the PID controller coefficients. The classical structure of PID
controller can be transformed into different forms by using
methods such as cascade control. These equivalent forms can
be more appropriate in practice. The reason for using PD_Pl is
some forms of PID controller, PI, PD and PD_PI controllers.
The application of the PD_PI controller is simpler and the
linearization of the coefficients in it is easier.

In this equation, e represents the error function, while Kp, Ki
and Kp are the coefficients of the PID controller. The classical
PID controller structure can be modified into alternative forms,
such as cascade control, to better suit practical applications.
Among these variations, including PI, PD, and PD PI
controllers, the PD_PI controller stands out for its simplicity
and ease of coefficient linearization, making it a more practical
choice in many cases.

Also, so far, the fuzzy method has been used to reduce
overshoot [26]. Fuzzy controller includes fuzzification, fuzzy
table (knowledge table), fuzzy rules and difuzzification [26].
In this article, PD_PI fuzzy controller is used for gimbal
stabilization (e-axis stabilization). Figure (7) shows the PD-PI
phase controller.

e, K, E /3 . j’ i
Fuzzy logic i,

5 : controller

€ K E _ | : o %

Figure 7 : PD-PI phase controller

In figure (7), the input function is (E, E’) and the output
function is (U). Also, the input and output membership
functions for fuzzy variables are shown in Figure (8).

T T T T T T | —
- - . a n ~ n

] . . ' [

(b)
Figure 8: Input (a) and output (b) membership functions for fuzzy
variables

The rules of PD_PI fuzzy controller are shown in table (3). The
used membership functions, NL, NM, NS, ZR, PS, PM and PL
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represent large negative, medium negative, small negative,
zero, small positive, medium positive and large positive
respectively.

Membership functions are defined in the closed interval [-1,1].
Rules are defined based on performance; when the system
output error is far from the intended output; That is, e = PL and
e "= ZR, the output value of U is chosen equal to the value of
PL to reduce the system error and make the system stable.
This approach ensures that the system responds effectively to
large deviations, improving overall stability and accuracy.

Table 3: Fuzzy controller rules PD_PI

ee> NL NM NS ZR PS PM PL
NL LN LN LN LN MN SN ZE
NM LN LN LN MN SN ZE SP
NS IN IN MN SN ZE SP MP
ZR LN MN SN ZE SP  MP LP
PS MN SN ZE SP MP LP LP
PM SN ZE Sp MP LP LP LP
PL ZE Sp MP LP LP LP LP

Also, for example, if e = ZR and e" = NM, the value of U =
NM. When both e and e are zero (which is the desired state
and the system does not need a control input), the output U is
selected equal to the value of ZR.

In this article, the PSO optimization algorithm is used to
calculate the PD PI fuzzy controller coefficients. The
coefficients have been optimized by the PSO algorithm for the
lowest settling time and the lowest possible overshoot.

Then the fuzzy PD_PI coefficients are adjusted with PSO. The
PSO algorithm is one of the most widely used optimization
algorithms due to its simple structure and suitable speed. This
method is designed based on the collective behavior of
particles, such as birds gathering to find food. The PSO
algorithm works by having an initial population and possible
responses.

The movement of the particles towards their best-known
position in the search space and also the best position in the
entire categories. When better positions are discovered,
particle routing is done. This process is repeated and finally
the desired answer to the problem will be discovered. This
method places a set of particles (probable answers) in the
multidimensional search space by randomly selecting the
speed and position. The random position of the particles is
considered as the best position to start, and then the speed of
the particles is updated based on the experience of the particles
(by applying the cost function) of the other population [29].
Also, the cost function is a function that values the particles
relative to the optimal point. This function is defined for
optimization, the lowest settling time and the lowest possible
overshoot. The minimum value of this function is the
optimization goal. Each value for the controlling coefficients
represents a particle. The best position of the particle among
all visited positions (cost function applied to it) is the best
position of the group (Pvest). The best position of the particle
among all groups of particles is the best overall position (Gbest).
Figure (9) shows the PSO algorithm. In this algorithm, n is the
number of particles in the group and i=1,2,3....n is the
particle number. After the first movement of the particles, in

the first iteration, a new velocity and position is considered for
each particle. The new speed is used to determine the speed
and direction of the particle.

o

Set constant parameters
Max Iteration, C1, C2

v

Generate initial population with random
population values included [K, K]

v

Calculate the new speed and position in
the first iteration

Apply the cost function to each position

Puest, Goest

New speed and position

It=It+1

It < Max Iteration

Figure 9: PSO algorithm

The speed is calculated by equation (30).
Vin™ =W V"t + C1 x rand
* (Pbest;m~ Xt )
+ C2 *rand
* (Gbesty~Xty)
In this equation, m = 1,2,3.....d where d is the number of

Eq 30

parameters, t is the number of each iteration, Vi,mt is the speed
of each particle in that iteration round, W is the weighting
coefficient , Ci and C: are constant numbers to accelerate
(reach the answer) of the algorithm, rand is a random number
between zero and one, Phest is the best previous position of the
particle in the group and Gest is the best position in the whole
group of particles. After each iteration, all particles move to
the previous best position and find their own best positions.
Equation (31) shows the new position of the particle after
moving.
Xim™ ' = X + Vit Eq 31

In this equation, X i_dt shows the current position of the particle
in that repetition period. Each particle contains the coefficients
ke, ki, etc. in the form [kp, k;, kp, k.]. The constant values of
the PSO algorithm are considered as follows. 100 is considered
for population and maximum repetition. The values of Ci and
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Cz are 1.5. Because the range of coefficients is not clear, the
range of particle values is not limited.

To improve the speed of finding the optimal coefficients, the
weighting coefficient (W) is calculated for each particle in the
population during each iteration. This coefficient, which is not
constant within a single iteration, helps the algorithm discover
the optimal coefficients in fewer iterations. Initially, a high
weighting coefficient causes the particles to spread out across
awider search space, allowing the algorithm to explore a larger
area. In the later iterations, the weighting coefficient is
decreased to prevent excessive scattering of particles, enabling
the algorithm to focus more precisely around the optimal
solution.

The highest weighting coefficient is considered for the first
population particle and the lowest weighting coefficient is
considered for the last population particle. Equation (32)
shows the formula for calculating the weighting coefficient for
each particle in the repetition round in which it is located.

—08*1i
W = (—) +0.9 Eq 32
pop

Pop shows the number of particles (population, considered
equal to 100 particles in this article). To optimize the
coefficients in this article, first, the angular velocity p; is
considered zero. So that the online controller can control the
conditions for different angles; First, four coefficients
[kp,k;, kp, ko] are considered. The initial population is
considered to be 1000. The algorithm obtains the controlling
coefficients. The obtained kr and kp coefficients remain
constant and the population is set to 100. Two controller
parameters kp and ki should be optimized for each angle wp; in
the interval [10,0]. Their desired value is searched and
calculated in the two-dimensional search space. Therefore, in
the two-dimensional search, the population with the size of
100 is randomly assigned. Also [x,-'l Xio ] and [V;;,V;, ] are
considered as initial position and speed.

The highest weighting coefficient is considered for the first
population particle and the lowest weighting coefficient is
considered for the last population particle. Equation (32)
shows the formula for calculating the weighting coefficient for
each particle in the repetition round in which it is located.

The way of working at this stage is that first, the initial position
is considered randomly for the initial population; Then the
initial speed is calculated for the initial performance of each
point. A point with the minimum value of the cost function is
calculated as Prest (the best position in the group) and Geest is
the best position in the group of particles (the lowest value of
the cost function).

In this article, the cost function is a function of the steady state
error, the maximum overshoot in percentage, the rising time
and the settling time of the system. The contribution of these
partial functions in the main performance of the cost function
is determined by a scale factor that depends on the choice of
the designer.

Equation (33), the cost function is considered, which shows
the lowest overshoot and the lowest settling time [30].

F=(1-exp(—B))(MP + Ess)
+(exp(-p)) (15 - T,)

In this equation, F is the output of the cost function, MP is the
maximum jump in percentage, Ts is the settling time, Tt is the
rising time, and P is the scale factor that depends on the
designer's conditions. In this article, the value of B = 0.01 is
considered. The PSO algorithm can be repeated with a
thousand iterations (or even more). The final optimal point is
Goest. Figure (10) shows the block diagram of PD_PI fuzzy
controller coefficients adjustment based on the PSO algorithm.
Figure (11) shows the optimization process of coefficients.
The cost function is simulated in Matlab software. The
controller coefficients (kp, k;, kp, k. ) are the input values and
the calculated value of equation (33) is the output of the cost
function. This cost function has been used to evaluate the
system performance with the input parameters ke and k_I.

Eq 33

Setting parameters

v

PSO 4| Cost function

PD-PI
Controller

| Gimbal system

Figure 10: PD_PI fuzzy controller based on PSO

3 Results

Before the simulation, the simulation hypotheses are
considered, so that the objectives are determined.
It is concluded from equation (16) that if the base is

motionless, the disturbance torque is zero (Wpi=Wpj=Wpx=0).
The features of the gimbal mechanism according to Figure (2)
show that the angle Mp; is the most effective parameter in the
disturbance torque Tp. Therefore, this parameter is used in the
setting and testing function.

The total inertia of the motor is equal to J,,, +J; = 11.5 *
1073 (kg.m?).

To consider the effect of the angular movement of the base, the
amount of € in equation (8) should be given to the feedback
motor through the electric constant of the motor (EMF
constant).

In the simulation tests, the following values are considered.
The entry angle is =10 degrees per second; While p;
changes from zero to 10 degrees per second.

The input coefficient ke affects the integral and proportional
coefficients. The adjustment parameters are controlled based
on the design process and are sometimes adjusted through
testing. To dynamically control the response of the system in
the test angle range of 0 to 10 degrees, two parameters ke and
ki are adjusted online. Other parameters are fixed. These
parameters are obtained using the PSO algorithm and used in
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the system. Equations (34) and (35) show the function of
variable coefficients ke and ki:

ki = —0.007233  wp,? — 0.06103 * wp;
Eq 34
+16.63
ke = —0.001433wp % — 0.07613 * wp;
¢ @ej *@pj Eq 35
+0.9167

The constant coefficient values are given in table (4):

Table 4: Fixed coefficients of the controller

parameter ky K,
amount 0.2670 0.0559

Based on what was done, the complete simulator model of the
servo control system has been simulated in Matlab software;
the Servo control system is shown in figure (8).

First, the working principles of the gimbal system, which
depend on Newton's second law, have been explained. Then
the control system is built using the gimbal model obtained
from equations (15) and (16). It can be shown precisely how
the closed-loop control system creates a torque in the motor
that is equal to the disturbance torque. Therefore, the rotation
of the object is prevented.

The comparison of the time response of the servo control
system for normal PI and fuzzy controllers and the proposed
controller with optimal coefficients has been done. The
optimal performance of the proposed servo system includes
the least settling time and the least overshoot possible.
Overshoot within the error range of 2%, permanent error is
zero and its settling time is as low as possible.

Naturally, the required performance criteria are defined
according to the application in which the gimbal system is
used. The mentioned criteria indicate the conditions that are
generally observed in each control system.

To evaluate the efficiency of the proposed controller, the
responses of the system have been calculated for different

values of the base angular velocity pj. Some of the responses
of the system are shown in figures (11), (12), (13), (14) and
(15). The efficiency of the PSO-based PD_PI controller can be
seen in comparison with the normal PIL.

All three controllers achieve the desired rise time without
steady-state error, with results that are nearly identical. To
validate the performance of the proposed controller, a
comparison is made using the overshoot percentage and
settling time parameters, as shown in Tables (5) and (6). The
overshoot percentage is a direct indicator of the gimbal
system's stability, while the settling time reflects the time
required for the system's response to remain within a specified
range (two percent) of the final value. This range is highlighted
by two red lines in the figures.

The results show how increasing the angular speed has a
negative effect on the performance of the gimbal system. This
increase causes more problems and slows down the response
when using a normal PI controller. Fuzzy controller has less
overshoot and settling time problems. But the proposed
controller has the problem of overshooting and very little
settling time. Although the fuzzy controller has been able to

reduce the overshoot percentage; But it does not have a
favorable sitting time. As can be seen, the PD PI fuzzy
controller based on the proposed PSO, in addition to the
significant increase in speed, has also reduced the overshoot to
the lowest value (in the range of two percent which is the
acceptable permanent error range).

The step response of one axis stabilization loop

(4]

=]

The base angular rate Wae(deg/sec)

wpj =2
5 PI
- - fuzzy PI
—proposed method
0
0 02 04 06 08 1
Time(sec)

Figure 11: Step response per input wp; = 2 deg/sec

The step response of one axis stabilization loop

-
wm

=
[=]

o

PI

The base angular rate Wae(deg/sec)

== fuzzy Pl
—proposed method
0 ] ] n 1
0 0.2 04 06 08 1
Time(sec)

Figure 12: Step answer per input wp; = 4 deg/sec

The step response of one axis stabilization loop

w

wpj=6

Pl

- - fuzzy PI
—proposed method

The base angular rate Wae({deg/sec)

0.2 0.4 06 08 1
Time(sec)

Figure 13: Step answer per input wp; = 6 deg/sec

__ The step response of one axis stabilization loop

(4]

(=]

w

Pl

The base angular rate Wae(deg/sec

- - fuzzy Pl
—proposed method
0
0 0.2 04 0.6 08 1
Time(sec)

Figure 14: Step answer per input wp; = 8 deg/sec
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__ The step response of one axis stabilization loop

The base angular rate Wae(deg/sec

B PI
N - - fuzzy PI
—proposed method
0
0 02 0.4 06 0.8 1

Time(sec)

Figure 15: Step answer per input wp; = 10 deg/sec

Table 5: Overshoot percentage of each controller

PSO PSO Fuzzy PI Wp;
PD_PI PI PID (deg/sec)
2.000 2.374 0.011 1.037 0
2.002 1.890 0.411 7.469 2
2.006 1.166 0.275 14.91 4
2.001 0.847 0.000 22.948 6
2.005 0.959 0.000 31.363 8
1.786 1.516 0.292 40.056 10

Table 6: The sitting time of each controller

PSO PSO Fuzzy PI Wp;
PD_PI PI PID (deg/sec)
0.069 0.083 0.146 0.099 0
0.066 0.082 0.179 0.180 2
0.063 0.081 0.226 0.217 4
0.060 0.080 0.313 0.258 6
0.058 0.078 0.368 0.290 8
0.056 0.074 0.455 0.310 10

In addition to the advantage of high speed and zero overshoot,
PD_PI phase controller based on PSO can be used for test
angles (wpj) greater than ten (up to wp=14) degrees/second.
The values of its online controller parameters for this range are
considered as equations (36) and (37).

ki = —0.05749 * wp;? + 1.242 * wpj

Eq 36
+8.795
ke = —0.002495 x ijf —0.05776 Bq 37
* wpj +0.825

These coefficients are also calculated with the help of PSO
algorithm. The result is shown in figure (16).

The step response of one axis stabilization log

=

15 ot e

The base angular rate Wae(deg/sec)

51 Pl
\ - - fuzzy PI
\—proposed method
0
0 0.2 0.4 0.6 0.8 1

Time(sec)
Figure 16: Step answer per input wp; = 14 deg/sec

This controller has shown very good stability in this range,
which is a great advantage over other controllers.

4 Conclusion

In this article, a single-axis gimbal system has been introduced
and its mathematical model has been investigated using
Newton's laws with respect to the base angle and balance.
Then, the stabilizing loop is built and the PD PI fuzzy
controller coefficients are optimized with the help of PSO
algorithm and then adjusted online. The proposed controller
can be easily configured. The control system is simulated
using Matlab Simulink.

A comparative study was conducted to test the performance of
the proposed controller. The obtained results have proven the
performance of the controller well. The proposed controller
can maintain the change of its stability conditions and show a
quick response with the least overshoot compared to other
controllers and especially the regular PI controller. Also, the
proposed controller has better stability for an angular speed
greater than the test range. Another important advantage of this
controller is the use of lower processing resources than the
usual fuzzy controller in addition to a favorable response.
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