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ABSTRACT controller has been proved as an effective tool of many nonlinear

The aim of the inertial stabilization system is to stabilize the
sensor’s line of sight (LOS) toward a target while is isolating the
sensor against the disturbances which are caused by the
operating environment. The purpose which this paper is
following is a model of control servo system for an inertially
stabilized gimbal mechanism to improve the performance of
system which is using only PID controller by finding a way to
tune the PID gains online, for this purpose a self-tuning Fuzzy
PID type controller is used. First the relationships that governs
gimbals torque will be derived from Newton’s law under
consideration of the dynamic mass unbalance and base angular
motion. The next step is construction of stabilization loop
through designing the proposed self-tuning Fuzzy-PID
controller. For simulation and investigate the system
performance in  different cases of controller, the
Matlab/Simulink is used and Based on different performance
criteria a comparison study is made. Based on the results in
different conditions on proposed controller the system
performance is improved. The simulation result shows
improvement on transient and the steady-state performance.

Keywords
Servo control system, inertially stabilized platform, intelligent
control, self-tuning Fuzzy PID, Matlab/Simulink.

1. INTRODUCTION

An inertial stabilized platform (ISP) or well-known gimbal
system is to stabilize the platform which camera or any optical
sensing equipment mounted on that, to track a moving or fixed
object. The equipment typically is mounted on the moving
carrier like UAV or Helicopter. Although requirements for ISPs
vary widely depending on the application, they all have a
common goal, which is to hold or control the line of sight (LOS)
of one object relative to another object or inertial space. [1]

In this paper a tracking system’s LOS with nonlinear disturbance
is considered. The aim is to track the input velocity command,
when the disturbance due to movement of base comes to system.
In this paper the pitch (elevation) loop is considered, and it is
tried to stabilize one axis platform using a proper controller.
Then, it opens a way toward thinking of how to make such a
system stable and it can be studied for other axis (yaw) similarly.

Concerning the control system, although the researchers tried to
utilize and apply many different modern techniques to control
servo systems, the conventional PID and its constructors are still
the most used approach due to their simple structure, cheap
costs, simple design and high performance [2], but when there
are nonlinear disturbances or uncertain situation like what in the
movement of UAV, the PID gains must tune online during the
control. This paper investigates a self-tuning Fuzzy PID
controller to deal with mentioned problems. The use of this

systems. [3]- [4]

Our paper is divided to two main parts, first is presenting a
stabilized gimbal control system in order to simplify the picture
of the gimbal platform.

And secondly to introduce a self-tuning fuzzy PID controller for
related axis gimbal system.

2. FORMULATE THE MODEL

2.1 Problem Statement

In principal, all the required thing to prevent an object from
rotating with respect to inertial space is to ensure that applied
torque is zero. According to, Newton’s second law if a net
torque T is applied to a homogenous rigid mass having a
moment of inertia J, then the body develops an angular
acceleration a,[1], that’s evident in : T=J.a (1)

The block diagram in Figure 1 shows the gimbal stabilization
system.

In this diagram it is tried to null the differences between the rate
command input and angular rate of the gimbal, so the proper
amount of torque must be forced to gimbal. From Figure 1, it
can be seen that:
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Figure 1 Control loop of LOS stabilized platform

Therefore, the paper problem can be briefed into the servo
control platform that takes part into two main object. one is
command tracking which says about how well the output speed
conforms the input command speed. Another is rejection of
disturbances that might be anything from the platform
movement to rate gyro noise.
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2.2 LOOP BLOCK CONSTRUCTION

This stabilized loop consists of dc motor, rate gyro and platform
with interference of a torque namely disturbance torque which
will be formulated.

2.2.1 Platform

To formulate the platform (motor load that is attached to the
shaft motor) we use load moment of inertia that directly is
related to mass and radius of the platform:

L= %Mr2 , (2) in this project m=2kg and radius is 10cm so

JL=1%10"2 kgm3
2.2.2 DC Motor
DC motor is widely preferred for high performance systems with

lowest torque ripple, fast dynamic torque, fast responses, high
efficiency and well inertia [5].

The following equations show the dynamic performance of a dc
motor and the equivalent circuit is shown in the figure2:

+e(t) (3)

dlq(t)

ua(t) = Rala(t) + L, dt

e(t) = ke wm(t) ' (4)
Tm(t) = kryly(t) , ()

Cdom |
Ty (t) = I % + @m0y + Tpey, (6)

ia(t)

U,
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m

Figure 1. Equivalent circuit of DC motor

by applying the Laplace transform to above equations and
considering the initial condition as zero, the model of DC motor
can be expressed as shown in Fig.3

u 1

e

Figure 2. Block diagram of DC Motor

Supposing Tp=0, it can be concluded that the transfer function
of the dc motor is :
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The characteristics of the DC motor in this paper is mentioned as
below:

R, = 5.50
Ly = 1.2mh

K, = 0.650 v/rad/sec (back emf constant)

Jjm = 0.0025kgm? (Motor moment of inertia)

K; = 0.720Nm/A (Torque constant)
J = jm + j;=0.0025+0.01=0.0125 kgm?(total moment of
inertia)

Therefore, transfer function of DC motor can be obtained by
putting them in equation (7):
240

Gm(s) = Fraesr1se
2.2.3 RATE GYRO

To define a rate gyro the following transfer function is used [6]:
G - wn® (8)

gyro(s) 52428wp S+ wp? '
CRG20-12 rate gyroscope has been used in this paper, and
according to characteristics:
w, =40HZ and § = 0.8
_ 1600

Therefore, using themin (8):  Ggyros) = ress7 1600

3. GIMBAL SPECIFICATION

A simple inertial gimbal axis is shown in figure 4:

Bearings Gyro
and Motor

Stabilized
—
(Platform) p

Gimbal t
Base Rotation
Figure 3. Gimbal mechanism

According to what has been done in [7] and based on fig2, two
frames are discussed, frame O on the base (body) with axes (i, j,
k) and frame E on the gimbal with axes (r, s, t), which present the
pitch axis and stabilized object. Transformation matric between
frames O and E is shown in (10) and (11), while 8 is the gimbal
angle about the j axis.

[cos@ 0 —sin@
lsind 0 cosf@

The angular velocity vector of frame O and E about their inertia
axis are respectively:

[ Woi WEgr
Wo = |Woj | and wg = |Wes| (10)
Wor Wit

By applying (10) on (11)
The angular velocities of the stabilized object are obtained as:

Wgr = Wp; COS O — wpi sinf  (11)
Wgr = Woe; SiN 6 + wyy cos 8 (13)

Based on dynamic characteristics of the gimbal in system, inertia
matrix of the pitch gimbal is:
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]T D‘I"S DTC
]E = Drs]s Dts
) D_rtDts ]t ) )
of inertia about r, s and t axis; and D,;, D,s, D;sare gimbal

moments product of inertia.

(14) Where J,., Js, ] are gimbal moments

According to [7][8], in figl,Tp , can be calculated as :

Tp = (Jp — Jr)wgiwgk + Dre(wgi® — wp®) —

Des(wgk — WpkWEg;) — Dys (w}sl + ija)Ek) (15)

In fig 1 , T, represents only the motor torque and T, the
disturbance torque, so it can be considered the block in figure 5
within the motor and disturbance torques are the inputs to the
platform and output is angular velocity of pitch gimbal about j
axis(coincident to movement direction of pitch gimbal ) which is
,showed with wg; .

TD

1 w
Jj*s

Figure 4 .gimbal block

It must be mentioned that the product of inertia (POI) effect [8],
causes the dynamic mass unbalance in systems with
nonsymmetrical mass distribution, but in this paper it is assumed
that the gimbal has no dynamic unbalance, i.e. D;j, DyxandDy; =
0

4. CONTROLLER DESIGN
4.1 Controller Type

PID controller is one of the well-known controller that is still
being used in industry, while there are some conditions, which it
doesn’t work well, like when there is nonlinear and uncertain
conditions. When there are such problems one of the best ways to
solve, is tuning the PID gains manually again, that is not possible
in the fast and online applications.in this paper a fuzzy logic
method has been used to tune the gains KP, Kl and KD according
to error e (t), the difference between commanded input and gyro
output signal, and derivative of error de (t), so the system
controller is self-tuned PID using fuzzy controller. The general
structure diagram of the controller is shown in figure 6.
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Figure 5 .Structure of Self-Tuning Fuzzy PID Controller

4.2 Designing the Controller

The system involves two type of controller namely: PID and
fuzzy controller. For the PID part, a conventional PID controller
is used, so the related control signal in time domain is:
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u(t) = Kpe(t) + K; f, e(t)d() + Ky =2 (16);

Tuning the parameters of PID controller, needs a fuzzy interface
that makes a nonlinear transferring from the e (t) and de (t) to the
PID gains.

Design a fuzzy controller consists of several parts:

a) Designing inputs and outputs :

The first step for designing a FLC is to identify the input and
output variables, which in this paper inputs are e(t) ,de(t) and
outputs are kp, ki and kd, which are used to tune the pid
controller.

b) Liguistic variables :

In this step the input and output variables are put in different
classes , 7 classes are chosen for both input out output variables
,namely negative big(Nb), negative medium(Nm), negative
small(Ns),zero(Z),positive small(Ps),positive medium(Pm) and
positive big(Pb),while the variation rang of de(t) is [-5 5] and
e(t) is [-0.32 0.32].For the output variables kp, ki and kd, the
variation range is [0 1]. The functions for linguistic variables
for inputs and outputs are triangle membership functions.

€) Fuzzy rull bace

The Fuzzy rules change depending on type of controller and
plant. These rules are obtained according to experiment to get
the high performance control system. Properties of PID
controller, nonlinear disturbance error and characteristics of DC
motor and gimbal payload are the impact factors to choose these
rules base. The fuzzy inference method used in this paper is
MAX- MIN and the defuzzification method is centroid. The
rules for the kp and ki are shown in the table 1 ,and for the kd in
table 2.

Table.1 Fuzzy rules of kp and ki

ede INB |[NM |[NS |Z PS PM | PB

NB |NB |NB |[NM |[NM NS |Z Z

NM |NB | NB | NM | NS NS | Z Z

NS NB | NM | NM | NS Z PS PS

Z NM |[NM |NS |Z PS PS PM

PS NS Z PS PS PM | PB PB

PM | Z Z PS PS PM | PB PB

PB Z Z PS PM |PM | PB PB
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Interval of PID gains, [min, max], can be obtained by
Table.2 Fuzzy rules of kd experiment. Here in considered model the acceptable variant

e/de | NB NM | NS Z PS PM | PB ranges are: kp: [0.5, 1.5], ki: [1, 3] and kd: [0.001, 0.1];

NB PS PS 7 PS 7 PM PB Therefore, by applying them on (17), (18) and (19) we have:

NM | NS | NS NS |z |Z |PS |PsS KP=kp + 0.5 (20)

KI=2ki+1 (21)

NS |[NM |[NM NS |[NS |PS |PS |PM KD=0.009kd + 0.001 (22)
z NB |NM |[NM |NM |Z PM | PM The denormalized block function in Fig.8 implements these

PS NM | NM | NS NS NS PS PS equations to the model.

PM |[NB |NS |NS |NM |Z PM | PS 5 SIMULATIONS AND COMPARISON

PB PM | Z NS | Z Z PB PM

5.1 Simulation

In this part, by using the simulink/Matlab, the effectiveness of

discussed controller is evaluated to show, how new self-tuning

fuzzy PID controller is in comparison with the PID controller, in

the considered LOS model.

ki (18), Fig.7 and Fig.8 show the Simulink model of system, while using
max Trmin PID and self-tuning Fuzzy PID controllers:

The outputs of Fuzzy controller are PID normalized parameters,
so when they are going to be used with the PID controller, they
must be denormalize using following equations [9]:

kp—kpmi ki—kin;
KP= P—KDmin 17), KI= min

_kpmax_kpmin

kd—kdp;
KD= min

_kdmax_kdmin

(19)
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Figure 6. Simulink model, using PID controller
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Figure 7 .Simulink model using self-tuning fuzzy PID controller

During simulation, the command input velocity

w, = 50deg/sec , and base movement is considered with
taking the wp; = 10 deg/secand wpy = 15 deg/sec, while
woj changes, and 3 different wy; (in this paper the study is on
the pitch gimbal, so the base movement is considered only on j
axis) are tested.

The results of simulation are shown in Fig.9 for wy; =
5deg/sec ; Fig.10 for wy; =30deg/sec and Fig.11 for

w ;=60 deg/sec.

60

i )
]

P
=

Pitch angular speed(degfsec)
[
=

1 ST T T S R P R SR SPIS R SRR SPIOROIS —
—PD
] 5 Al S S B e —Input
— Fuzzy-PID
0 | | | | |
0 | 2 3 4 § 0 1 § 9 10
Time(sec)

Figure 8 command following of LOS system with PID

and self-tuning fuzzy PID controller when wq; = 5 deg/sec
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Figure 9. Command following of LOS system with PID and self-tuning fuzzy PID controller when wo; = 30 deg/sec

Table 3, illustrates the values that show the time response of the
adjusted controllers in the discussed servo control system.

The system to be acceptable must satisfy these requirements:

Rising time (sec); t, < 0.15 sec
Settling time(sec); t; < 0.3 sec

Maximum overshot (%); MP < 20%

- Steady state error; e = 0

According to table 3 the requirements are satisfied for both
controllers, but the system is not stable when using PID
controller; it is because the steady state error is not zero and the
system never meet the stability. But, using self-tuning Fuzzy PID
controller makes the system to have eg; = 0, which means
stable system for all cases.

Tabel 3. System performance results for two types of controller

Woj t,-(sec) MP (%) ts(sec)
(deg/sec) PID Fuzzy-PID PID Fuzzy-PID | PID Fuzzy-PID
5deg/sec | 1.03sec | 0.93sec |0 0 1.68 sec 0.98 sec
30deg/sec | 0.94sec | 0.24sec | O 16.5% 1.45 sec 1.12 sec
60deg/sec | 1.09sec | 0.39sec | O 19.8% 1.55 sec 2.15 sec
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Figure 10 .command following of LOS system with PID and self-tuning fuzzy PID controller when wq; = 60

5. DISCUSSION

The self-tuning fuzzy PID controller acts well for all tested w,; ,
and the results confirm an stable behavior of the system whether
w,j ,is less(5 deg/sec and 30 deg/sec) or more than w. (60
deg/sec).Once more thing that can be understood from the figures
is that, as w,; increases, the results are evidence of less
effectiveness of controllers. Increasing the settling time and
maximum over shoot in self-tuning fuzzy PID controlled model;
during to rise up of w,; confirms that.

6. CONCLUSION

Presence of nonlinear condition makes the work hard for the
conventional controllers to perform as well as they are expected;
but it isn’t leading to conclude that there is no way to stabilize a
system under nonlinear condition, while they are being used. in
this paper it was shown that how the movement of base (body),
which the platform is mounted on, makes a gimbal stabilized
platform unstable, by accelerating gradually about one axis which
is coincident on pitch movement. Then it can be seen a PID
controller that lets the system unstable, when the online nonlinear
disturbance due to base movement enters. This time is when the
fuzzy controller, as an artificial intelligent controller, which was
discussed for the first time with professor ZADEH, challenges a
way to take the PID controller into consideration in nonlinear
system by tuning the PID gains, which makes the controller
flexible till it shows a stable performance during a fast rising and
settling time, with acceptable maximum overshoot. Generally it
can be concluded that, using both conventional and new
intelligent kind of controllers together is possible, and it is one
solution to make such a nonlinear system stable.
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