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Stabilization of Two Axis Gimbal System with Self Tuning PID
Control

Highlights
% Gimbal systems have problems such as unbalanced, cross-coupling, and unmeasurable distortions.
Fuzzy-based control is straightforward and independent of the model.
Basic PID principles are used when creating rule tables.
Choosing the most appropriate coefficient at every step.

Self-tuning method increases the robustness of the controller.
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Graphical Abstract

This study carried out controller design and implementation studies within the scope of stabilization of a two-axis
gimbal system used in the missile. With the STF-PID, the PID coefficients were adjusted differently at each step,
and a more efficient controller was obtained.
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Figure. Test results

Aim

Stabilization of a two-axis gimbal system used in the missile.

Design & Methodology

Self-Tuning PID controller based on Fuzzy Logic.

Originality

Original work has been done for the gimbal system and has not been published elsewhere.
Findings

The stabilization errors of 20E-3 degrees were reached with STF-PID. Error values exceeded 50E-3 degrees
with the classical PID.

Conclusion

The adjustable PID controller is more suitable than the fixed coefficient PID controller for the gimbal with
uncertainties.
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ABSTRACT

Gimbal is a system that provides locking and tracking of the seeker on the target in missiles and increases the angle of view with
its mobility in two axes. In this study, stabilization of a two-axis gimbal system used in the missile was carried out. In gimbal
stabilization, adaptive controllers are preferred instead of classical controllers due to unbalance, cross-coupling, and unmeasurable
disturbances. A Self Tuning PID controller based on Fuzzy Logic was developed for axis controls in the stabilization algorithm.
Thanks to this controller, which works with the principle of choosing the most appropriate coefficient at every step, it was possible
to control with less than 3% errors in the tests performed with the flight simulator. In addition, a PID controller whose coefficients
are optimized with Particle Swarm Optimization is designed for comparison purposes. In experimental studies, it was seen that PID
with adjustable coefficients gave better results than the fixed PID.

Keywords: Gimbal, fuzzy logic, self-tuning controller, PID, particle swarm optimization

Kendinden Ayarlamali PID Denetleyici ile Iki Eksenli
Gimbal Sisteminin Stabilizasyonu

oz

Gimbal, fiizelerde arayicinin hedef tizerinde kilitlenmesini ve takibini saglayan, iki eksende hareket kabiliyeti ile goriis agisini
arttiran bir sistemdir. Bu ¢alismada, fiizede kullanilan iki eksenli bir gimbal sisteminin stabilizasyonu gergeklestirilmistir. Gimbal
stabilizasyonunda dengesizlik, capraz kuplaj ve ol¢iilemeyen bozucu etkenler nedeniyle klasik denetleyiciler yerine uyarlamali
denetleyiciler tercih edilmektedir. Stabilizasyon algoritmasindaki eksen kontrolleri i¢in Bulanik Mantik tabanli Kendinden
Ayarlamali PID denetleyici gelistirilmistir. Her adimda en uygun katsayinin segilmesi prensibi ile ¢aligan bu denetleyici sayesinde,
ucus simiilatorii ile yapilan testlerde %3'ten daha az hata ile stabilizasyon gergeklestirmek miimkiin olmustur. Ayrica karsilagtirma
amactyla Parcacik Siirii Optimizasyonu ile katsayilar1 ayarlanmis bir PID denetleyici tasarlanmistir. Deneysel caligmalarda
katsayilart kendinden ayarlanabilir PID denetleyicinin, sabit PID denetleyiciye gore daha iyi sonug verdigi goriilmistiir.

Anahtar Kelimeler: Gimbal, bulamk mantik, kendinden ayarlamal denetleyici, PID, par¢acik siiriisii optimizasyonu.

1. INTRODUCTION

Gimbal systems stabilize sensors such as cameras, radars,
lasers, and similar platforms. The sensor system is
protected from external disturbances thanks to
stabilization, and more sensitive measurements can be
made [1]. Due to these features, it has been widely used
in unmanned aerial vehicles, missiles, and robots in
recent years. Stabilization can be done with a single axis
to control vertical movement relative to the base for some
applications [2]. However, it is usually provided by more
than one axes in platforms. UAVs and mini-missiles have
volumetric constraints. This situation has made 2-axis
designs more common due to fewer mechanical parts [3].
The axes of the two-axis gimbal are orthogonal to each
other and have free movement capability. The camera or
sensor system is located on the inner axis. Each axis is
controlled by separate actuators, providing the torque and
movement required for stabilization [4]. Two methods

*Sorumlu Yazar (Corresponding Author)
e-posta : msahin@roketsan.com.tr

are generally used for line of sight (LOS) stabilization.
The angular velocity sensor (AVS) is mounted on the
LOS axis in the first method, thereby increasing accuracy
by direct measurement. In the second method, AVS is
mounted on the system's base where the gimbal is placed.
This method is called indirect LOS stabilization, and
stabilization error may occur due to unmeasurable
distortions in the LOS framework [5]. In this study, the
AVS is mounted on the LOS axis.

One of the problems frequently encountered in gimbal
systems is the unbalance problem. This problem is
caused by the shift of the center of gravity due to
mechanical  design/manufacturing, material, and
assembly errors [6]. Another critical issue is cross-
coupling. The movement of one axis naturally affects the
other axis. When these movements are at high speeds,
they can cause vibrations on different axes [7].
Unmeasurable distortions and model uncertainties in the
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LOS framework also pose problems [8]. The LOS needs
to be stabilized sensitively to external factors for accurate
tracking. Robust control methods are necessary because
of both uncertainties of the gimbal model and the
disturbances [9]. There are many different types of
control design studies in the literature. Studies with
sliding mode control (SMC) stand out for their fast
response times and high robustness against external
disturbances. During the control with classical SMC,
sudden stops may occur due to saturation in the actuators
and then sudden accelerations again. This situation also
directly affects the stabilization. Proxy-based SMC has
been proposed to dampen these harsh movements. Due to
the discontinuity in the signum function, it is challenging
to perform the SMC in discrete time. It can cause time
delays in components such as sensors and actuators. In
order to prevent this time delay, a virtual proxy object is
added to the control loop [10]. There is also the threat of
the chattering phenomenon in traditional SMC. One of
the efforts to eliminate this threat is Fractional Order
SMC. These studies add more design parameters and
look at the older history of the input signals. This way,
the sliding surfaces and the control torques can be
matched more precisely. It is also made adaptive by
combining with Lyapunov-based structures [11, 12].
These studies make the model more complex. In order to
work on a simpler model, a continuous finite-time SMC
with a step control structure is proposed. This structure
can predict without advanced model and calibration data.
It is tried to reduce chattering by controlling the current
with FOC in the cascade structure [13]. Sensor noise is
another problem that complicates the control of the
gimbal system despite detailed modeling and calibration
studies. Because high-resolution gyro sensors are also
sensitive to noise, feedback is also noisy. In such cases,
one of the effective control methods is the Hoo method.
The Hoo method evaluates the control error, the
amplitude of the controller signal, and the ideal system
output to be achieved and performs an optimization.
Thus, it tries to produce the best control signal at each
step [14, 15]. Model predictive control has also been
proposed as part of gimbal stabilization. However, due to
the reasons mentioned above, the gimbal contains
uncertainties, so it is challenging to prepare an accurate
model, and it is recommended to include nonlinear
factors. Altan and Hacioglu used the Hammerstein
model, which is used to identify nonlinear systems while

preparing the gimbal model in their study. [16]. Another
method is the Fuzzy Logic (FL) method. The adaptability
of the FL for systems with nonlinear and uncertain
factors has also made it preferred for gimbal systems [17,
18]. Besides robust controllers, PID controllers are also
used because of their simplicity and flexibility [19].
However, adaptive PID controllers are used instead of
classical PID due to non-modelable factors such as
vibration, resonance, and friction [20]. It is also seen that
PID controllers are combined with FL to increase their
robustness. Instead of fixed PID coefficients, online
coefficient tuning was performed with FL and tested on
gimbal stabilizations [21, 22].

This study carried out studies within the scope of
stabilization of the gimbal used in a missile. In similar
studies, robust control methods are used due to unbalance
problems, model uncertainties, and unpredictable
external noises. In model-based applications, even when
modeling with nonlinear methods, it is also used with
adaptive methods due to uncertain situations. In fuzzy-
based studies, the control method is more straightforward
and model-independent. In this study, a fuzzy-based self-
tuning PID control method has been developed by
utilizing the ability of the fuzzy to adapt quickly to
variable conditions. As in some SMC studies, the error
derivative was used in addition to the error. In this way,
the change of the error was added to the control method.
The gimbal used in the study has a mechatronic structure,
and DC motors control its axes. The equations and
models of gimbal dynamics are included in the second
part of the study. In the third part, there are stabilization
algorithms design studies. In order to compare the fuzzy-
based self-tuning PID controller, a PID controller whose
coefficients are calculated by the Particle Swarm
Optimization (PSO) method has also been developed. In
the last section, there are experimental studies and
evaluations.

2. DYNAMIC MODEL OF GIMBAL SYSTEM

Gimbal consists of two axes. The outer axis is the yaw
axis, and the inner axis is the pitch axis. The camera and
the gyro sensor, which can measure in two axes, are on
the inner axis. The general view of the gimbal is given in
Figure 1 [23].
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Pitch axis

Actuator of
pitch axis

Camera

Yaw axis

Actuator of
vaw axis

Figure 1. The general view of the gimbal system

Dynamic equations need to be defined when modeling
the gimbal. The dynamics are calculated from the
relationship between the torque produced by the system

Figure 2. Movement

The Lagrangian equation is an energy equation and uses
kinetic and potential energy. The equations indicate the
inner gimbal wring as I, the outer gimbal wring as D, and

KE = >[Uky +J1y)0% + Uk +J1)®? sin?(0) + U, + /i) p? cos?(0) + Upz)9?]

In equation (1), Jx represents the camera inertia matrix,
J; is the inner gimbal wring inertia matrix, J, is the outer
gimbal wring inertia matrix. 6 indicates the angular
velocity about the horizontal pitch axis, 8 the vertical
axis rotation, ¢ the angular velocity about the vertical
yaw axis, and ¢ the yaw axis rotation. The potential
energy equation is also denoted by (2) [10]. Here, m
denotes the total mass of the camera, and inner gimbal
wring, and [ denotes misalignment. (As can be seen from
the case studies, misalignment is especially effective on
the camera-carrier inner gimbal wring. For this reason,
this study added it only to the inner gimbal wring, and the
misalignment in the outer gimbal wring was neglected.)

Tp = Ukz + J12)( sin?(6) + 2¢0 sin(6) cos(0)) + Uxx + J1x)(§ cos(6) — 20 sin(6) cos(8)) + Up,)§

To = (]Ky +]Iy)é + Ukx +Jix — Jxz

and the axis movements and can be defined by the
Lagrange Equation [24]. Motion representations are
given in Figure 2.

|
|
|
|
<ef

~——

of the gimbal system

the camera as K. The total kinetic energy (KE) will equal
the sum of the kinetic energies of I, D, and K [10].

1
V =mgl(cos(6) — 1) 2

Torque is calculated from the Lagrangian equation by
equation (3).
d oL oL
| = 2ok, on 3)
In the equation, 4; indicates the axis rotation amount, and
A; indicates the axis angular velocity. Assuming no
misalignment, equations (4) and (5) are found using
equations (1), (2), and (3) [10]. The model of the dynamic
equations is given in Figure 3.

(4)

— J12)¢% cos(0) sin(8) + mglsin(8) (5)
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3. DESIGNING OF STABILIZATION
ALGORITHMS

Actuators drive the axes wrings of the gimbal with DC
motors. Direct drive DC torque motors were used in the
gimbal. Motors are mounted directly on both gimbal
axes' wrings. The parameters of the motor are given in
the appendix. The required stabilization command
generates commands for the pitch and yaw axes. These
commands are applied to the actuators separately from

the control systems, and the gimbal stabilization is
performed. The outputs of the gyro sensor are also given
as feedback to the control systems [25]. The stabilization
process is given in Figure 4. In this study, the cascade
controller is designed to achieve more precise and robust
control. Speed control is done with the PI controller in
the inner loop. The outer loop is the stabilization loop and
uses the angle information from the gyro sensor as
feedback. The designs and tests made in this context are
given in this study.

JDz
()
Tyaw £
phi_ddot "
+ %
\i/
phi_dot
< t )
" { 5 )
E theta_dot
M JKz+llz JK+dIx
g 2 (-JKx-dlxr Kz Jl1z) Y Y
Hz uz
4 ul e r 2
JEx+Jdlx-JKz-JIz theta
b9
4 sin 4 | {4 )
cos 4
) 1U(JKy+Jiy)
Tpitch theta ddot
Figure 3. The model of the dynamic equations
Pitch Position Feedback
Pitch Velocity Feedback .
Disturbance
Pitch |
Command Pitch Pitch o
Stabilization Velocity “ I m_h
i Controller Controller & Axis
Stabilization 7Y
Command 0 o o0 0 Gvi
1 Gimbal | l———p] U¥IO
R . i Sensor
Y. Y ;
aw aw I
Stabilization Velocity — e" M
Yaw _ L A Axis
. Controller Controller
Command
i Disturbance
Yaw Velocity Feedback
Yaw Position Feedback

Figure 4. The stabilization process

3.1 Self-Tuning Fuzzy PID Control

Fuzzy PID control is realized using the error, the error's
variation, and the error's integral at the controller input.
This system has some disadvantages. Since the controller
has three inputs, the number of rules to be created in the
fuzzy controller structure is also very high. Also, it is
difficult to follow the integral of the error by the

controller and make adjustments in the process. The
integral of the error has been removed from the control
system to eliminate these disadvantages [26]. In this
study, Self-Tuning Fuzzy PID (STF-PID) control method
is designed, which analyzes the error and the derivative
of the error and produces the necessary PID coefficients.
Fuzzy logic consists of 3 main parts: fuzzifier, rules, and
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defuzzifier. The inputs' membership functions and
membership degrees are determined in the fuzzifier
section. The rules section evaluates the fuzzy data under
specific rules and produces the most appropriate output
value. These data are fuzzy, so in the defuzzifier section,
the output is evaluated with membership functions and
brought into a structure that can be applied to the system
[27]. The block diagram of the design is given in Figure
5.

The error and error's derivative are taken into the fuzzy
logic controller and fuzzified with the input membership

I Fuzzifier

functions. The triangle membership function was used
because it can be easily integrated into the application
[27,28]. Input membership functions were defined in the
range [-3, 3]. In order to increase the control sensitivity,
seven states were defined within the scope of the input
and output membership functions. These situations are
given in Table 1, and the representation of the input
membership function is given in Figure 6. Output
membership functions are defined using the same method
[0,200].

Rules

error

ape 7
error
/

»

4

A\ 4

>

Command z ;

A

y

A

e o — — -]

A 4

/

-
-
-

Out

Axis

Feedback

Figure 5. The block diagram of STF-PID

n-b  n-m n-s zr p-s p-m p-b

Range

-1 0 1
Error

13 =

Figure 6. The input membership function

The rules section is prepared by considering the PID
controller features, and Kp, Ki, and Kd values are
obtained with these rules. While creating the rule tables,
basic PID principles such as those given below were
considered [29, 30].
v' Where the error is large, choosing Kp as
significant, Kd as small, and Ki as zero will
prevent a significant overshoot [29, 30].

v" When the error is moderate, Kp should be small,
and Ki should be moderate. In this case, Kd is
effective on the system. Finding the value of Kd,
the derivative of the error is checked. If the
derivative of the error is large, Kd should be
small, and if the derivative of the error is small,
Kd should be large [29, 30].

When the error is small, the system response
settles. In this case, Kp and Ki values should be
large to protect the system against disturbance
load and make it robust. Within the scope of the
state of Kd, it is necessary to look at the
derivative of the error. If the derivative of the
error is large, Kd should be small, and if the
derivative of the error is small, Kd should be
large [29, 30].

Rule tables of Kp, Ki and Kd are given in Appendix. The
Rules section has an inference mechanism along with the
rule table. The inputs pass through the membership
functions. After that, they are processed by the inference
mechanism according to the rules defined as "if - else if -
else". Mamdani method was used as the fuzzy inference
mechanism [31].
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Table 1. States of input membership functions

States Sym Range States Sym Range
Negative big n-b {-3-1,-1} Positive small p-s {-1,1,3}
Negative middle n-m {-3,-2,-0} Positive middle p-m {0,2,3}
Negative small n-s {-3,-1,1} Positive big p-b {1,3,3}
Zero zr {-2,0,2}

3.2 PSO Based PID Control

Particle Swarm Optimization (PSO) is a meta-heuristic
method inspired by the behavior of swarms. It is also
used successfully in multi-objective and nonlinear
optimization problems. PSO is started with a group of

random solutions, and updates are tried to find the
optimum solution. At each iteration, the particle values
are updated according to the particle best value (pbest)
and global best value (gbest). Particle velocities and
positions are updated according to the equations given
below [32, 33].

vEtt = vF + ¢; xrand! « (pbestf — xF) + ¢, x rand} x (gbest* — x}) (8)

P )

Kpf*t = Kp¥ + ¢, x rand} = (pbestt — Kp¥) + ¢, » randk = (gbest* — Kp¥) (10)

Ki¥** = Ki¥ + ¢; » rand¥ = (pbestf — Ki¥) + ¢, » rand} = (gbest* — Kif) (11)

Kd¥*' = KdF + ¢, * randf « (pbest¥ — Kd¥) + ¢, * rand¥ = (gbest* — Kd¥) (12)

The ¢, and c, parameters are learning factors. c1 causes ] = fomle(t)ldt + f0°°|C0 (t)|dt (13)

the particle to act according to its own experience, and c2
causes the particle to behave according to the experiences
of other particles in the swarm. The rand¥ and rand¥ in
the equation are random numbers with a uniform
distribution between [0, 1]. k is the iterations’ number,
and i is the particle index. Using (8) and (9), the equations
below were prepared to calculate the PID coefficients.

The cl1 and c2 parameters have a direct effect on the
behavior of the particles. The particles move at constant
speeds if ¢1 and c2 are both 0. If c1>0 and ¢2=0, the
particles do not follow the global best and act
individually. If ¢c2>0 and c1=0, the particles move only
according to the global best. Under these conditions, the
equality of ¢1 and c2 can not dominate the local and
global sections [34].

The integral of the absolute value of the error is generally
used as the objective function for control systems
optimization. Operating with only the error value causes
the controller output to increase sharply due to the
integral, especially when the error is large. This situation
can cause overshoot and even oscillation in the system
response. Therefore, the controller output is used with the
error in the objective function, given in equation (13).

Table 2. PID coefficients

The block diagram of PSO-PID is given in Figure 7. This
section is integrated into the FL location in Figure 3.

Error !
— > J le|dt
— Kp
Controller PSO > Ki
Out —» J|CO\dt Kd

Figure 7. The block diagram of PSO-PID

Simulations were carried out with different particle
numbers (5-20) and iterations (10-100) for optimization
studies with PSO. (Algorithm parameters are given in the
Appendix.) Simulation studies started with five particles
and ten iterations, increasing these numbers for the
system responses to reach the desired level. In the
simulation, a 1-degree step command was applied to the
axes. There was no significant difference between 50 and
100 iterations in 20-particle trials. For this reason, the
population number was determined as 20 and iteration
50. The PID coefficients and the cost found as a result of
each optimization are given in Table 2. System responses
for six different optimizations are given in Figure 8.

) ] Pitch Axis Yaw Axis
Opt. Particle Iteration - -
Kp Ki Kd Cost Kp Ki Kd Cost
PSO1 5 10 54.5 74.2 0.36 0.072 32.1 248  0.67 0.071
PSO2 5 20 41.8 62.5 0.38 0.070 34.7 343 035 0.068
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PSO3 10 20 31.7 58.1 0.36 0.068 34.1 44.2 0.39 0.065
PSO4 10 50 26.4 41.1 0.24 0.066 30.9 414 0.32 0.064
PSO5 20 50 26 41.6 0.13 0.065 30.8 41.1 0.40 0.063
PSO6 20 100 26.1 41.8 0.14 0.065 30.7 41.1 0.34 0.063
Position Response
1
W
0.8 §
206 N
5
:‘% Reference
8 0.4 PSO6 |
PSO5
PS04
0.2 PS03 |
PSO2
PSO1
0 1 1 1 T
0 0.02 0.04 0.06 0.08 0.1

Time (s)
Figure 8. Optimization results

4. EXPERIMENTAL TESTS AND RESULTS from the gimbal system are on the compact RIO. The
stabilization angles are transmitted to the gimbal system
by the host computer. In addition, a three-axis Stewart
platform is used to simulate missile flight. Figure 9 shows
the view of the test system [23].

A compact RIO (Reconfigurable Input Output) based
real-time test system was used within the algorithm test
scope. The stabilization algorithm and the data taken

4 - — -
Host Computer

Figure 9. Test system
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Within the scope of the tests, first, the motion control of
the axes was carried out without operating the Stewart

Response of Square Reference - Pitch Axis

1 Reference | |
FW;; W A STF-PID
PSO-PID
0.5

Position (degree)
o

=)
o

1
N
T

wawv

0.8 1

0.4 0.6
Time (s)

0 0.2

Platform. In this context, square wave and ramp reference
commands were applied to the pitch and yaw axes.

Response of Square Reference - Yaw Axis

e

Reference | |
STF-PID
PSO-PID

Position (degree)
o
o (é)]

o
o

%

0.4 0.6
Time (s)

0 0.2 0.8 1

Figure 10. Responses to square references

Response of Ramp Reference - Pitch Axis

1.5}

Position (degree)

Reference
STF-PID
PSO-PID

0.4 0.6 0.8 1
Time (s)

Response of Ramp Reference - Yaw Axis

157

Position (degree)

Reference
STF-PID
PSO-PID

0.8 1

0.6
Time (s)

0 0.2 0.4

Figure 11. Responses to ramp references

Figures 10 and 11 show the responses of the axes to the
square and ramp reference. As can be seen from the
graphs, the rise times of both controllers are pretty
enough for control (Rise times were 16.5 ms with STF-
PID and 26 ms with PSO-PID.). They were able to
respond quickly to the requested reference. The main
difference is seen at the time of the settling zone. No
external load was applied to the gimbal in this test.
However, sensors on the gimbal, wiring, mechanical

frictions, and eccentricities already create a load. The
error and the error's derivative are evaluated in each cycle
with the STF-PID controller, and the PID coefficients are
set to the appropriate levels. This feature increases the
robustness of the controller's system response when the
error is large and reduces the overshoot and steady-state
error in the system response by lowering the coefficients
when the error is small. The coefficient changes in the
square reference test are given in Figure 12.
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Figure 12. PID coefficients
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Figure 13. Tests on the pitch axis
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Figure 14. Tests on the yaw axis

In the second part of the experimental studies, 10 degrees
1 Hz sinusoidal disturbance effects were given to the

gimbal on the pitch and yaw axes with the Stewart
platform. The graphs of the results of the tests are given
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in Figures 13 and 14. In the tests performed with Stewart,
stabilization was performed with the STF-PID controller
with errors of 20-30E-3 degrees. In the tests performed
with the PSO-PID controller, the error values were up to
50-80E-3 degrees. Against external load, STF-PID
reduced the error by parameter setting, as in previous
tests. It is seen that the error values in the pitch axis (30E-
3 degrees) with STF-PID are higher than the yaw axis
(20E-3 degrees). It is estimated that the inertia and
mechanical friction values of the pitch axis on which the

camera is carried are higher than the values of the yaw
axis. These differences affected the DC motor controlling
the pitch axis as more load and caused the stabilization
error to be higher in this axis.

PID coefficient changes of pitch axis tests are given in
Figure 15. PID coefficients obtained with PSO are also
shown in the Figure. The variation of the coefficients in
STF is also seen here.

Kp Ki Kd
45
0.15
25 40
35
320 STF 830 STF 3 01 STF
g PSO S 5 PSO g PSO
15 20
0.05
15 VWMWY MM AWM
10
10 : ‘
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1
Time (s) Time (s) Time (s)
Figure 15. PID coefficients changes
5. CONCLUSION
This study carried out controller design and CONFLICT OF INTEREST

implementation studies within the scope of stabilization
of a two-axis gimbal system used in the missile. Different
loads may fall on the axes in the gimbal due to cable
stiffness, mechanical friction, and axial misalignment.
With the STF-PID designed in this context, the PID
coefficients were adjusted differently at each step, and a
more efficient controller was obtained. In the tests
performed with the Stewart platform, stabilization errors
of 20E-3 degrees were reached. Error-values exceeded
50E-3 degrees with the controller designed with PSO,
which is an effective optimization method. This situation
indicates that the adjustable PID controller is more
suitable than the fixed coefficient PID controller for the
gimbal with uncertainties.
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APPENDIX
Table 3. Rules table of Kp Table 6. Parameters of PSO
ele n-b n-m n-s zr p-s p-m p-b Parameter Value
p-b zr zZr n-m nm nb nb nb nParticle 5-20
p-m p-s 7r n-s n-m n-m n-m n-b nlterations 10-100
ps psS ps zr NS NS n-mn-m Particle_min 0
- ps  pm  p-s T s nm_nm Particle_max 100
cognitiveConstant (c1) 2
n-s p-m p-m ps  p-s zr n-s n-s
socialConstant (c2) 2

n-m p-b pb p-m p-s p-s zr n-s

n-b p-b  p-b p-m p-m p-s zr zr

Table 4. Rul le of Ki
able ules table o Table 7. Parameters of DC Motor

ele’ n-b n-m n-s zr p-s p-m p-b

Parameter Value
p-b zr zr p-s pb pm pb pb -

Inertia (/,,,) 2.8 g.cm?
p-m zr zr p-s p-s p-m p-b p-b

Torque constant (K;) 21.2mN.m/A
ps s sz psopso pmoopm Resistance (R) 7Q
zr n-mn-m-n-s zr ps p-m pm Inductance (L) 5mH
ns nm nb ns n-s zr p-s  p-s Voltage constant (K,,) 0.021V /md/s

n-m n-b n-b n-s n-s n-s zr zr

n-b n-b n-b n-m n-m n-s zr Zr

Table 5. Rules table of Kd

ele’ n-b nm n-s zr p-s p-m p-b
p-b pb pm pm pm ps ps p-b
p-m p-b ps ps ps ps ps pm

p-s zr zr zr zr zr zr zr
r zr n-s n-s n-s n-s n-s zr
n-§ zr n-s n-m n-m n-s n-s zr

n-m p-s n-s n-b n-m n-m n-s zr

n-b p-s n-m nb nm nb nm p-=s
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