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Abstract
This paper presents an advanced controller design for an Inertial stabilization system. The system

has a 2-DOF gimbal which will be attached to an aviation vehicle. Due to dynamics modeling errors,
and friction and disturbances from the outside environment, the tracking accuracy of an airborne
gimbal may severely degrade. So, an advanced controller is needed. A robust inverse dynamics control
and the adaptive control are used in the inner loop or gimbal servo-system to control the gimbal
motion. An indirect line of sight (LOS) stabilization will be controlled by the outer loop controller. A
stabilizer is mounted on the base of the system to measure base rate and orientation of the gimbal in
reference to the fixed reference frame. It can withstand high angular slew rates. The experimental
results illustrate that the proposed controllers are capable enough to overcome the disturbances and the
impact of LOS disturbances on the tracking performance.
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l .  In t roduct ion
Surveying of forest resources, and flood or

other surveys by air must have either a forester
and a wild expert or a camera and other useful
instruments to go upon the aircraft in order to
record pictures for analyzing. Doing these things
are wasting a lot of both time and budget.
Moreover, they may lead to the loss of valuable
personnel and assets ifthe aircraft faces harmful
situations. At the present, a camera gimbal is set
up into the aircraft structure. Additionally, the
motion of the camera can be controlled remotely
from a ground station as well as the airplane.
The camera gimbal can also send tremulous
pictures to the ground by using a long-range
data communication system. In this regard, it is
very convenient for a variety of survey
applications. The camera gimbal consists of two
important parts. The first one is the gimbal
mechanism with camera and sensor installed at
the center of the gimbal mechanism. Another
one is the image programming which stabilizes
images. Since a moving platform will induce
acceleration, friction forces and forces due to

mass imbalance, these effects will be classified
as disfurbances to the input and need to be
suppressed.

Motion control can be divided into 2 parts.
The first part is controlled by a feedback control
system in order to move the gimbal according to
a reference command and in the same time to
stabilize the gimbal where the camera is
attached. Jittter reduction also is needed to be
considered in this controller. The second part is
the stabilizing of images done by an image
pirogramming technique, which will not be
covered in this paper.

There are many works that have been done
in this area, such as Do Li, David Hullender,
Mike Direnzo [2] purposed a nonlinear induced
disturbance rejectibn, H. Ambrose, Z. Qu, R.
Johnson [5] purposed a nonlinear robust control.
T.H. Lee, E.K. Koh, M.K. Loh. [6] purposed a
stable adaptive control and Bo Li, David
Hullender [8] purposed a self-tuming controller
for nonlinear inertial stabilization system. Jasim
Ahmed, Dennis S. Bernstein worked on adaptive
control for a system with unbalanced rotor.
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This paper focuses on two controllers, the
robust inverse dynamics control and the
adaptive control, for stabilizing the servo loop.
A stabilizer or rate sensor is mounted on the
base of the system to measure the disturbance.
The stabilizer can withstand high angular rates
generated during slew and is equipped with a
processor to transform the measurement to an
equivalent disfurbance about the LOS.

2. Two-Axis Camera Gimbal System
The camera gimbal consists of two joints:

an outer joint attached to the azimuth axis and
an inner joint attached to the elevation axis as
shown in Fig. 1. Both joints are controller by
DC Servo motors. The camera is mounted at the
center of the inner joint. Besides these two axes
that nee& to be controlled. the camera is
mounted on a frame which can move freely in
two degrees of freedom within a limited smal
angle. This frame and the camera are kept at the
center position by magnetic field, so that shock
vibration will be damped out effectively.

AzlfiulArir

Figure l: The two-axis gimbal configuration

3. Gimbal Kinematics
To obtain the kinematics equations of the

gimbal, the well-known Denavit-Hartenberg
convention will be used. There are three
coordinate frames needed to be defined that
consist of the gimbal base frame (B), the gimbal

outer frame (O), and the gimbal inner frame (l).

3.1 Gimbal Components and Structure
The gimbal consists of two revolute joints

where each joint is powered by DC Servo
motors. The camera is not mounted directly to
the inner joint but it is mounted to a frame
attached to the center of the two axes as shown
in Fig. I and Fig. 2. The frame can move freely
in two degrees of freedom within a limited small
angle. The magnetic field will be used to

maintain the position of this frame to a pre-

defined fixed position. This will stabilize the
motion of the camera due to the undesired shock
vibration.

Y3

Yz
F d t

{a,

Figure 2: Link Frame Assignment

3.2 Forward Kinematics
The forward kinematics can be derived by

using Denavit-Hartenberg convention as shown
in Table l .

Joint/Link
i

CI,;

(rad)
A1

(m)
0i

(rad)

)ui

(m ,
R/P

I 0 0r 0 R

2 nl2 0 e2 0 R

Table l: Denavit-Hartenberg parameter table.

The Homogeneous transformation from
base (outer link) to the frame where the camera
is attached (inner link) can be written as

-sind, cosd, sind" 0l

cosd, sin d, sin d, 0l

0 cosd,  0 l

o  o  1 l
( l )
where d,, 0, are the angle of the outer link and

inner link, respectively.

3.3 Inverse Kinematics
The inverse kinematics problem is to find

the joint variables given the end-effector
position and orientation. Because the center or
the origin of the two axes is located at the same
point (at the center of mass of the gimbal), we
can apply spherical a coordinate system at the
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center of mass as shown in Fig. 3.

e,
Figure 3: Spherical coordinate system

The coordinates based on the fixed frame of

the gimbal can be easilY written as

i r :  r cos0 l  s i nP2 , g : r s i n 0 , s i n d r

z: rcosflz. And the inverse kinematics can be

solved as a, : to,'-'[1], 0": tan-'t'F]7.l''  \ r )  |  z  )

, = FW where |r,1ris the gimbal azimuth

angle and elevation angle, respectively.

3.4 Differential Kinematics
Differential kinematics is used to find the

relationship between the joint velocities and the

end effector linear and angular velocity based on

the gimbal fixed reference frame.

Geometric Jacobian
For an n-link manipulator, the geometric

Jacobian is given by J: [J, .,. J"], where

(both joint I and joint 2 are revolute joint):

where p describes the end-effector position. We

can derive the Jacobian based on the Denavit-

Hartenberg parameters. The Jacobian for both
joints can be written as:

4. Gimbal Dynamic Model
We can obtain the dynamic model of the

gimbal using the Lagrange equation as follows:

4.1 Kinetic EnergY
Consider a manipulator with n rigid links'

The total kinetic energy is the sum of the

contributions relative to the motion of each link

and the contributions relative to the motion of

each joint actuator. So, we can express the

kinetic energy for an n-link robot manipulator in

terms of Jacobian matrix and generalized

coordinates as:

x : ltil*,r,, 
(q)"J,, (s) + J-, (q)rR,(q)r,n,(q)rr., (q)|i

where
r t T

q :lq, q. I is the vector ofjoint'  t "  
- ' . 1

t t , l  [J , l
v a r i a b l e s .  l . . l = 1 , l , i

[* l  l ' ' ]
u is end-effector linear velocitY
a is angular velocitY
J,, is the (3 x n) matrix relative to the

contribution of the joint velocity to the

end-effector linear velocitY'

J. is the (3 x n.) matrix relative to the

contribution of the joint velocities to
the end-effector angular velocity'

Ii is the body moment of inertia about

the rotation axis
rn, is the link mass

So. the form of kinetic energy can be written as:
1

K : :d 'D(dq (3)
, -

where D(q) is ihe inertia matrix and is a

symmetric positive definite matrix.

4.2 Potential Energy
Potential energy for a robot manipulator is

given by:

,, - (\t,
'  -  

1 t ' "
r=1

where Il is the potential energy of link i' If all

links are rigid then potential energy is only

caused by gravity as:
f  r  ,  r  f  '  T  t t t

V, :  
J , .g '  

rdm :  E J, , \drn 
:  g-  \ , rn,  (41

(2)J. : lr,^ " (p - p,-') l
t  z '-t  j

[ o o o o l, , , : lO  0  0  01 ,
[ 1  0 0 0 ]

[o 
-sino, o ol

J * : l O  c o s Q  O  O l

[ 1  o  o o ]
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where 4 is the position vector of the elementary

particle, 4, is the position vector of the link
r  ^  1 r

center of mass, s : l0 0 q I ls the gravlty"  |  " )

acceleration vector.

4.3 Lagrange Equation
The Lagrangian for an n-link robot

manipulator can be written in terms of the

kinetic energy and the potential energy as:

l r r n

L : K  / : - t l a " ( o r a , a  v ( s )'  
q / - , / 2  t J ' ! ' ' t ' J

And the Lagrange equation is:
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where
I, is a member of row j and column k of

r i k

moment of inertia of link i

fo.oos o o I' . 1
r  - - l  o  0 .069  L  1 .

I  n r ll 0  0  0 . 1
L  

" ' l

lo .ors  o  o l
t l

L - l  o  0 . 0 2 4  o  I- i l

I  o o o.o25l
L I

I, and I, can be obtained by computer

aided design software.

5. The Controller Design
The gimbal is composed of two rotating

axes: an elevation axis and an azimuth axis in

order to control the line of sight of the gimbal.

Several techniques can be employed for

controlling the gimbal motion as well as the way
it is implemented. A PID controller is one of the
most popular candidates among controllers used
for motion control of each motor as shown in

Fig. 4. For our system, due to disturbances from

many sources that affect the motion of the

controlled system, we need more advanced
controllers which can stabilize the servo loop
more effectively. The robust inverse dynamics
control and the adaptive control are two

candidates for inner loop control or motion

control of our system. The indirect stabilization
control configuration as shown in Fig. 5 is used
to control the overall system, so that the gimbal

camera can track the target or maintain its line

of sight (LOS). It is called indirect because a
stabilizer or rate sensor is mounted on the base
of the system to measure the disturbance. The

stabilizer can withstand high angular rates
generated during slew and is equipped with a
processor to transform the measurement to an

equivalent disturbance about the LOS. The
motors with controllers are inside the motor
block in Fig. 5. The outer-loop controller, with
angular rates and orientation information, is for
cancellation of the disturbance due to motion of

the airplane. A rate sensor is mounted on the
base of the gimbal to measure base rate relative
to the fixed earth reference frame. The base rate

d A L  A L- :  | .
dt a^, a^,

i : 1 , 2 , . . . , n

where f -is the generalized force associated

with the generalized coordinate ), . And

r -  t r  t  l z
i\ ),,1 : lr, q,,l

So that, the dynamic equation can be expressed :

ld  ,@)t i ,  *  t t " , , ,  ( i lL^q,  I  g , (q \ :  r ,
I  J = l  ' { : 1

where c,,* is Christoffel symbols and is defined :

A d  1  A d ,
" ; 1 r -  

o Q r ,  2 o q ,

The friction force, { , will be added to the

dynamic equations, so the equation of motion in
matrix form can be written as:

D(q)q + C(q,dd + 4. ssn (,i) + s(q) : ' (5)
where the elements of the matrix C is defined as:

'" - t c'nh)dr

where { i, un upp.oiiioated friction force and

function sgn(d): 11 when { is positive and

scn (d) : -1 when Q is negative.

For our system, n is equal to 2. So, each
matrix in the dynamic equations can be written
AS:

[ l  r  I , ,  s in2 d,  -  l r , ,  cos2 d,
D ( q ) : L "  ; ,:, ]t,,rt**l

0 l

i"rQ, -

Z J
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will be transformed to LOS coordinates. The
controller will compute commands to reject this
disturbance.

Figure 5: Indirect LOS Stabilization
schematics

We are interested in the problem of
tracking a joint space trajectory. The system is a
nonlinear multivariable system as shown in
equation (5). The controller technique called
nonlinear state feedback can be used to obtain
the global linearization of the system dynamics.
This is the inverse dynamics control. From the
dynamic equation (5), the control r can be a
function of the system state in the form:

" : D(q)a + C(q,i lq * { sgn (ri) + e(q) (6)

By applying this control, the system equation
(5) can be described by:

r i : a  Q )

where grcan be considered as a new input vector

whose expression is to be determined yet. And
g can be selected as:

a : (ia * Kr(ua - s) + K D G, - q)

-- 'r , (8)
* x, J \so - q)dt

0

where qo,Qu,Qo are the desired joint trajectory,

joint velocity, and joint acceleration. So,
equation (7) can be turned into the homogeneous
differential equation as:

t

q + X " q t K r | + x , f 4 l a t : o  ( e )' J "  '

where { :9a - q. Equation (9) expresses the

dynamics of position enor, Q, while tracking

the given trajectory, Qo,4o,do. The gain

Kp,KD,Kr can be selected by speciffing the

desired speed of response. From equation (6),

the control can be computed in real-time based
on the parameters of the system dynamic model.
In practice, it is difficult to obtain an accurate
dynamic model especially in our case. Not only
is the model inaccurate, but also the
disturbances due to friction and environment
change. The robust inverse dynamic and the
adaptive control will be used instead.

5.1 Robust Inverse Dynamics Control
The control vector will be expressed by:

, : f t ( r , )y  + N(q, , i ) (10)

where

It (S,,i) is the estimate ofi

(c(q,ild* { sgn 14) + s(e))
D(q) is the estimate of D (q)

The control design is based on the
assumption that the error of the estimates or the
uncertainty is bounded or can be estimated on its
range of variation. Even though the uncertainty
is unknown, the following assumption is
necessary for the control design:

I) Maximum of Qu exists or

'"pll%ll < Q,, < * for att Qu (l l)
,>0

2) Bound on Mass Matrix

l l t  
- o-' tq)n(q{ I a 1r for att q (12)

where D (g) is positive definite matrix with has
upper and lower limited norms. So,

d,,,,,, < llD-'(a)ll< a^*

D :  2  I
d,ru, * du'*

(  l 3 )

(  l4 )

, ' ! ' " '  < l l o ' ( s ) i ( c ) l l < , i+ -  ( r s )
d., i '  f  d^,* d- in t  o-^"

From equation (12), (13), and (14), it is true
that:

Figure 4: PID controller

Rd.
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l l n  r q l D ( q )  - I i l s 1 ' ' " , 1  : o ( r  ( 1 6 )
l r  i l  d , , ^ * + d ^ , i , _

3) Bound on Non-linear terms

ll* tn, al - N (q, d)ll < - for att s,s Q7)

Substitute equation (10) into equation (5),

we obtain:

D(q), i  + N(q,4) :fs|)a + N(q,,?) (18)
Rearrange equation (18), we will get:

r i :  y  + ( o  ' ( n ) D 1 q ; -  I ) u

+  D- ' (N Q,s ) -  N(q , , i ) )

or
t j : v  f

where

r :  ( t  -  D  ' (q )n (n ) )s  
. ^^ \' (20\

- D  ( N ( q . r i ) - N ( s , i ) )

From equation (8), let us select the input y is:

y : (i,t + K, (ao - u) + N, (q,, - q)

, , ' f  ,  \  ' ,  ( 2  l )
*  x ' J  l q '  -  q ) d t

So, equation (19) leads to:

q r  Koq t  K,,Q + K, fQdl :  N(q.r i )  Q27
J,, 

'

Equation (22) is still non-linear and

coupled. It is not guaranteed that the error will

converge to zero. Equation (19) can be rewritten

AS:

, i , ,  - , i  - -  ( i ,  - U  - t l '  q  :  a a  .  A  * f  Q 3 \
l s l

Let define state variablet ut ,i : | . I
Lq l

The state equation of equation (19) can be
written as:

I t l  l0 I l l , r l  fOl
l r l : l o  o l l n l *1 ,1 (d , -  v+ f )  ( 24 )
t ' l  L  l | l  l l
The input y canbe selected as usual:

a:  ( i , t  I  Ko.  t  K, ,Q + X, [  4at  + w 1251

The term zr is to be desilned to guarantee
robustness to the effects of uncertainty.
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t
r  - , ,  -

where p = I Sdt. Equation (26) can be
J

rewritten as:
( : H C + G ( f - u r )

l,lwhere ( :  
l4 l ,
lpl

i o  '  o l
H : l - K ,  - K D  - K ' 1 .

l '  o  o l

For our system, ( is a 6x1 vector. The

gain K,,,K,K,wil l be selected so thatHwill

have eigenvalues with all negative real parts.

Using the Lyapunov direct method to

derive the control function 'u is as follows:
Lyapunov function candidate

t r : ( ' ' Q ( > o  V ( (28)

where Q is a symmetric positive definite matrix

v -c. 'qe+('Q( (2e)

v -  i - ' (u 'Q + QH)(  + 2(7QG(f  -  ?rr )  (30)

Because H has negative eigenvalues, so we
will have:

( s ' Q  *  a H ) -  - P  ( 3 1 )

where P is a symmetric positive definite matrix.
So, equation (30) becomes:

v : -.-'Pe + 2(?QG (r - ,) (32)

Substitute equation (25) into equation (24), we
get:

lr l : lo ' l [,1
[r] lo olltl

lol( '" -)
+ 

f r l [ -K,d 
-  K,q -  K,J, ldt  ' *  t l

l o l  l o  I  o  l [ ' l  l ' ]
l r l  :  l - " "  -K D -^ ,  l ln l t  l r l t r  -  , )

l r l  l r  o  o l [ u ]  l o l  
\ 2 6 )

(1e)

(27)

l'l" - l ' l
l0 l
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To make V negative definite, we will neec

ilCIil > llfll. So, it will be true that:

, :ipftC11(c'Q(), p >llrll (33a)

For small value of llc'qell < e , equation
(33) wil l be modified to:

, : 4 ( c " q 6 ) , l lc 'e4l l . ' (33b)

The equation (33b) is to prevent chaffering.

T

l lr l l

Figure 6: The block diagram of the robust inverse dynamics control

Fig. 6 shows the block diagram of the robust
inverse dynamics control. An inertial
measurement sensor is added to detect vehicle
angular rate and orientation for outer loop
control.

5.2 Adaptive Control
The robust inverse dynamics control

described previously provide a rejection to
external disturbances. It is also sensitive to the
unmodeled dynamics and the rejection will be
done at a high-frequency command action to
keep the error trajectory on the sliding subspace.
This may cause chattering and give an
unacceptable control action. Adaptive Control is
another control method for avoidins the
possibility of chattering.

From equation (6), the dynamics model of
the system is nonlinear in nature. We can
reilrange the equation in linear form based on
parameters of the model to:

" : D(d,i * C(q, ils + F" sen ((i) + g(q)

: Y (q,q,t i l r  Q4)

where r is a (p x 1) vector of constant

parameters and Y (q,q,,i) is an (n x p) matrix

which is a function of joint variables. As

suggested by Slotine [2], the control law is:

, :D(q),i, +C(q,il|, + 4- "Sn(,i)

r s@) + K,o 
(3s)

where

4, : qu * l\4, 4, : 'd,r + AA

K o and A are positive definite matrices
i  r -o : q . _ Q a : q + I \ q

Using the Lyapunov direct method with the
Lyapunov function as:

1 - 1 -
V  ( o , q ) : 1 o ' D ( q \ o  - l 1 q ' 1 4 A  >  O

2  
" '  

2 '
Vo,Q *  0 (36)

where M:21\Kn is a symmetric positive

definite matrix, and the fact that D - 2C is a
skew-symmetric matrix, it can be proved that

lq' o' | : 0 is globally asymptotically stable

ior the control law as in equation (35).
Because the parameters of the model are not

known exactly, the control law can be made
adaptive to the vector parameters zr. The control
law equation (35), based on the estimated
parameters of the model can be modified into:
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, : fsk),i, + 0(s, il1, + F". scn (d) 
e.,)

+ s ( q ) * K o o

or
r -- Y (q,q,,i)fr + Koo (38)

Substitution of equation (37) into equation

(34) gives:

D(q)d + C(c,Q)o * {. sgn (O * Koo

: -D(c)4 - e@,q)q, - 4, .s" (d' ) - s(q)
:  -Y (q,s,( j ) f i

where

(3e)

D = D - D ,  e - 0 - c ,  F  :  F  -  F ,  E = t - g ,
F " . : F q , . a n d f i : t r - r

From'the dynamic model equation (34) and

the controller equation (37) or (38), we need to

derive an adaptation to the vector parameter 7r

by modifuing the Lyapunov function as in

equation (36) into the form:
1 -

V (o,q,tr)  :  !  o '  D ( i l  "  + q'  LK rq' z

+!t'x,,a > o 
(40)

)
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for all o,Q,ft *0, K,,is a symmetric positive

definite matrix.
Taking the time derivative of equation (40)

along the trajectory ofequation (39) gives:

i  1o ,q ,n1 :  -o r  F  (q )o  -  4 'Kod

- qr  LKDLq (41)

+ mr (K,, i  -Y' (t , t ,0,,, i ,)o)

V1o,q,n\: -dF(q)o -qr KDA

-s'AKAs (42)

+,{ (x,^(i - +) -f (q,s, 4, il ")

So, the adaptive law for updating the

parameter vector ls:

tr : K;tYr (q,4,q,,, i,.) o

Fig. 7 shows a block diagram of the adaptive

control. The diagram also includes an inertial

measurement sensor to detect vehicle angular rate

and orientation for outer loop control

(43)

Figure 7: The block diagram ofthe adaptive control

6. Experimental Result
Fig. 8 shows the experimental setup. The

gimbal is hung freely, so that a base rate

disturbance can be generated to emulate close to

the real situation. A rate sensor or inertial

measurement sensor is mounted on the base of

the gimbal to detect the base rate and base

orientation reference to the fixed reference frame.

The objective of the control is to maintain

LOS position while disturbances and base

motion, disturb the system. Robust inverse

dynamics control and the adaptive control are
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implemented. To test the tracking capability, the
reference trajectory Qu,eu,do is generated from

the trapezoidal velocity profile or s-profile
trajectory. The gimbal is swung to generate the
slew motion to create the environment motion
close to the real situation.

Figure 8: Experimental and Environment Setup

A trdpezoidal velocity profile is generated
by setting traveling distance, maximum velocity,
and maximum acceleration equal to I rad, 0.5
radlsec, and 0.8 radlsec2 , respectively. The gains
used in each controller are as follows:

Inverse $tnamics control

120 0 l  15 0 l  [0 .4 0 t
K o = l o  , n l ' K o : 1 ,  

t ' v  - r  I
r -  _ _ j  r -  b l  " , - [ o  

0 2 ]
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The error shown in Fig. l0 and Fig. 12 are
confirmed, that the robust inverse dynamics
control and adaptive control perform better than
the inverse dynamics control. And as mention
previously, the robust inverse dynamics control
provides a rejection to external disturbances. It is
also sensitive to the unmodeled dynamics and the
rejection will be done as a high-frequency
command action to keep the error trajectory on
the sliding subspace as noticed in Fig. l0 (b) and
Fig. 12 (b). To prevent chattering during the low

value of llC'qell < e , equation (33b) is used

instead. For the parameters, adaptation does not
provide any action aimed to reduce the effects of
external disturbances, but the action has a
naturally smooth time behavior as illustrated in
Fig.  l0  (c)  and Fig.  12 (c) .

Indirect LOS Stabilization
A stabilizer or rate sensor is mounted on the

base of the system to measure the disturbance
due to the change in orientation of the aviation
vehicle. The installed stabilizer can withstand
high angular rates generated during slew and is
equipped with a processor to transform the
measurement to an equivalent disfurbance about
the LOS so that the camera can be locked to point
to the target object. As shown in Fig. 6 and Fig.
7, the inertial measurement sensor can measure
both orientations referenced to the fixed
reference frame, and angular rate of the aviation
vehicle. This measurement information is used
for adjusting the reference command trajectory so
that the camera will be maintained pointing to the
target or LOS direction. To demonstrate the
performance of indirect LOS stabilization of
various controllers mentioned in this paper, the
system disturbances is generated by the angular
motion of the aerial vehicle. The disturbance is
added in two cases. First, the disturbance is
added while the gimbal is moving to the new
target. Second, the disturbance is added when the
gimbal is pointing to the target.

Fig. 13 and Fig. 14 show the response ofthe
robust inverse dynamics control of the azimuth
angle and the pitch angle, respectively, when the
gimbal is shacked about 12 second and released
while maintaining its LOS direction. The same
situation is applied for the adaptive control as
shown in Fig. 15 and Fig. 16 for azimuth angle

Robust inverse dynamics control
D o  o l  [ 5  0 l  [ 0 . 4  0 l

K , = l n  , n l ' K , = l n  t ' K : l  I
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Adaptive control
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Fig. 9 and Fig l0 show the tracking
performance of the trapezoidal velocity profile of
the azimuth axis for various types of controller.
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and pitch angle, respectively. Due to gravity, the
disturbance in the pitch angle is rougher than the
disturbance in the azimuth angle from the same
shacking input. Near the reference LOS, the
small disturbance in azimuth angle and pitch
angle can be reduced by applying a magnetic
field created from magnets installed at the gimbal

Thammasat Int.  J. Sc. Tech., Vol. 13, No.2, Apri l-June 2008

shell and inner axis. The magnetic field also
helps to reduce settling time. The system also has
a vertical vibration absorbing mechanism
installed at the base, where the gimbal is attached
to the aviation vehicle, to absorb shock vibration
in the vertical direction.

Robust Inverse Dynamics Controllnverse Dynamics Control
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Inverse Dynamics Control
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Robust Inverse Dynamics Control
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Figure 12: Error of the tracking of the elevation axis or pitch angle

Thammasat Int. J. Sc. Tech., Vol. 13, No. 2, April-June 2008

(in the form of bounded disturbance). The robust

inverse dynamic and the adaptive control can be

used for low-level motion control of the gimbal.

A stabilizer or rate sensor is mounted on the base

of the system to measure the disturbance due to

the change in orientation of the aviation vehicle.

The installed stabilizer is equipped with a

processor to transform the measurement to an

equivalent disturbance about the LOS, so that the

camera can be locked to point to the target

object. Indirect stabilization is for reducing the

jittering due to base rate disturbances.

Unbalanced mass and friction can also be

compensated by integral action.

Next, we change the LOS direction. This

means that the control system has to follow the

non-zero reference input in each axis of the

gimbal. fhe controller must track the input and

reject the base rate disturbance at the same time.

The disturbance is in the form of shaking the

base. The results are shown in Fig. 17 and Fig.

18 for azimuth and pitch angle, respectively.

Similar results can be obtained from the adaptive

conffol and will not be shown here' For the last

experiment, we create a reference command

close to the real situation. The reference

command will be a sinusoidal function and the

disturbance due to the orientation change of the

aviation vehicle will be a random swing applied

at the base. The response of the azimuth axis for

the robust inverse dynamic and the adaptive

control are shown in Fig. l9 and Fig' 20'

respectively. The experimental results show that

the robust inverse dynamics control and the

adaptive control perform very effective for our

inertial stabilization system, and are very

promising controllers.

7. Conclusion
The details of the two controllers, the robust

inverse dynamic and the adaptive conffol, of a

two-axes gimbal (azimuth or base rotation and

pitch or elevation) configuration are described-

The experiments are done with various

command references with disturbances due to

error in dynamics model and consists of: friction

force, gravity force and coriolis and centripetal

force, the disturbance due to orientation of the

aviation vehicle where the gimbal attached to,

and the disturbance due to environment change

. l

- 0 2 4 6 8 1 0 1 2 1 4 1 6

. Tlne (s)

Figure 13: The response of the robust inverse
dynamics control to vibrating of the azimuth
angle.
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Figure 17: The response of azimuth axis, using

the robust inverse dynamics control, while the

disturbance is exited, during the gimbal move to

the new target.
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Figure 14: The response of the robust
inverse dynamics control to vibrating of the
pitch angle.
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Figure 15: The response of the adaptive control
to vibrating of the azimuth angle.

lndirect LOS Stabiltsation with Adaptive Control

Figure 16: The ."rponrl'ti1"tle adaptive control
to vibrating of the pitch angle.
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Figure 18: The response of pitch axis, using the

robust inverse dynamics control, while the

disturbance is exited, during the gimbal move to

the new target.
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Figure 19: The response of azimuth axis, using
robust inverse dynamics control, when the input
is a sinusoidal function, generated by random
swing disturbance applied to the base.
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Figure 20: The response of azimuth axis, using
adaptive control, when the input is a sinusoidal
function, generated by random swing
disturbance applied to the base.
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