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Abstract 

A transmitting antenna operated on the naval vessels can be easily excited by exogenous disturbances such as tidal 
wave and impact. Gimbal system that supports the antenna needs the controller to maintain the robust performance 
against various modeling uncertainties and disturbance. PI controller, however, cannot guarantee the reasonable robust 
performance under these kinds of severe conditions. Thus a robust H  control scheme is recommended to ensure a 
specified dynamic response under heavy operating conditions. Gimbal system is simplified as two degree of freedom 
model that ignores coordinate co-relations of each direction and hydraulic system is modelled linearly. The simulation 
and experimental results of H  controller proposed in this paper showed the better responses and stability than those 
of PI controller.  
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1. Introduction 

A high-frequency jamming signal transmitting 
antenna (hereafter will be referred to as a transmitting 
device) on a naval vessels is a device to transmit 
electromagnetic waves to a target. This is very 
sensitive to vibration and impact because it consists 
of many optical devices and expensive electronic 
elements. Additionally, it is not easy to transmit 
electromagnetic waves precisely to a target because of 
vessel’s rolling, pitching, and yawing motion. There-
fore, it is necessary to set up a gimbal system, which 
keeps the transmitting device horizontal without 
being affected by the complicate motion of the vessel. 
The gimbal system on the vessel, however, uses a 
single-rod hydraulic piston that has model uncert-
ainties. Moreover, because of disturbances (waves 

and strong wind etc.), the stability of the transmitting 
device cannot be guaranteed by single input and 
single output controlling methods, such as the tra-
ditional PID controller. Therefore the robust control 
algorithm is desired to get a better control of the 
gimbal system.  

As mentioned, it is not easy to guarantee the 
stability and acceptable performance by the PID 
controller, because the system has much unexpected 
disturbances and model uncertainties. The LQ con-
troller has to observe every state to make the suitable 
controller. This means that there are many limitations 
especially when it is not easy to measure every state 
variable. The LQG/LTR is another optimized 2H
control theory which minimizes the cost function in 
the form of the square. This method guarantees the 
stability and good performance, but it still has a 
disadvantage that it does not take into consideration 
the uncertainty of the system or the stability margin 
for the disturbances.  
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There has been many researches on the robust 
control to improve the control performance of a 
system that has model uncertainties and disturbances. 
Zames(1981) suggested minimizing the excessive 
sensitivity function in the every frequency range for 
the problem of H in the single input single 
output(SISO) system. Glover and Doyle(1989) 
announced a solu-tion in which the given close loop 
transfer function was smaller than the given value  
of H -norm, and this solution could also stabilize 
the plant in every state space. This method showed 
the collection of all controllers which satisfied a 
condition by ( )Q s  by using two Riccati algebra 
equations. Park et. al(2005) de-monstrated the 
feasibility of active control of beams with a mix of 
beams with a mix of H  and 2H  and performance. 
In this study, a robust controller ( H  controller) has 
been designed and applied for the horizontal control 
of a hydraulic-operated gimbal system that has 
disturbances and uncertainty of the system.  
 

2. The modeling of the gimbal system  

2.1 The kinematic behavior of the gimbal system  

The experimental system consists of the bottom 
(body 1) and the upper plates(body 2). The bottom 
plate corresponds to the deck of the vessel, and the 
upper plate is controlled to be maintained in hori-
zontal state. These two plates are connected with a 
hydraulic cylinder making relative motion  possible. 

Figure 1 shows the schematic diagram of the 
gimbal system. It is designed to control the angular 
move-ment of the body 2 against the motion of body 
1, which corresponds the vessel. Figure 2 displays a 
sim-plified diagram for mathematical modeling of Fig. 
1.  

 
Fig. 1. Schematic diagram of the gimbal system. 

 
Fig. 2. Schematic diagram for modeling. 

 
axy  is the fixed coordinate. 

' '
1 1 1a x y  is the moving 

coordinate of body 1 and 
' '

1 2 2a x y  is the moving 
coordinate of body 2. The centroids of each object 

1O  are 1O  and respectively. With generalized 
coordinate for the rotating degree of body 1 and for 
the relative rotating degree of body 2 against body 1, 
the displacement and acceleration of body 2 are as in 
Eqs. (1) and (2).  
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If all the friction forces on the system are neglected, 

the virtual work with hydraulic cylinder force uF  is 
given as the following Eq.(3).  
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where, 1S  and 2S  are vector 1O C  and 2O D , and 
12d  is the distance vector and Length(L) is 
2

12 12
TL d d  between both ends of the cylinder and . 

is rotation transformation matrix. and can be 
expressed as in Eqs. (4) and (5).  
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Therefore, the generalized force can be obtained as  
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The equation of the motion of the system consisting 

of body 1 and 2 and being moved by the hydraulic 
cylinder force, is  

 
2
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[ ( ) ( )] 0T
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i

r m r F J T  (7) 

 
Since Eq.(7) is applied only to body 2 corres-

ponding the transmitting device ignoring the move-
ment of body 1, Eq.(7) can be expressed as  

 

2 2 2 2 2 2 2 2( ) ( ) 0Tr m r F J T  (8)  

 
Eq.(9) can be derived from Eq.(8) and, the motion 

of body 2 can be obtained from Eq.(9) as shown in 
Eq.(10).  
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 (10)  

If and are not large and the angular acceleration of 
vessel is small, Eq.(11) can be obtained by applying 

pl l  and 1 0 .  

2 2 uJ F e  (11)  

Eq.(11) means that body 2, a gimbal system, does 

not depend on the movement of body 1, but it is a 
simple 2-degree-of-freedom device, which rotates 
independently in each fixed coordinate. If we assume 
the rotating angles of vessel deck and the gimbal 
system are very small, Eq.(12) is obtained because 

pe x and 1 de x .  
 

2p dx e x   (12)  

where px  the displacement of piston, e the distance 
from the central axis to the piston, and the 
horizontal angle of the gimbal system.  

 
2.2 The modeling of single-rod hydraulic system  

The dynamic characteristics of servo valves is 
generally expressed as the 1st order system dimension 
function in the low-frequency region. The relationship 
between operating current ( )I s and spool 
displacement ( )vX s  of servo valves is expressed as 
in Eq.(13).  

 
( )

( ) 1
v sv

v

X s K
I s s

  (13)  

where ( )vX s  the spool displacement of servo valves, 
Ksv gain, and v  time constant.  

Figure 3 shows a single-rod hydraulic cylinder. 
Because the hydraulic areas of the piston are different, 
the dynamic characteristics of the cylinder includes 
nonlinearity and the travel speeds in both direction 
are different. The nonlinearity of a single-rod 
hydraulic cylinder is conveniently modeled mathe-
matically as an additional disturbance. And then, we 
model it with the same linear analysis as that of 
double-rod cylinder. The flow rate equation of the  

 
Fig .3. Single-rod hydraulic cylinder. 
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servo valve with a single-rod hydraulic cylinder can 
be determined defined as in Eqs. (14) and (15) from 
the equations derived the direction of px .  

 
1 2

2L
Q QQ   (14) 

 

1 v
L d v s L
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  (15)  

where, 
2

1= 1
2(1 )

+ n

+ n
.  

 
Eq.(15) is the flow rate equation of the servo valve 

with a single-rod hydraulic cylinder. It can be 
linearized by Taylor expansion series near the 
operating point (xv , *

LP ) as in Eq.(16).  
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where, 
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Eq.(19) is the flow rate equation of the servo valve 

with a single-rod hydraulic cylinder.  
 

4
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e
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where the average piston area, and Ctp total leakage 
coefficient of the piston. Ame and Ve the equivalent 
volume of the hydraulic cylinder are expressed as Eqs. 
(20) and (21).   
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where flow ratio, Ls cylinder travel and a the cross 
section area of the piston rod with 3(1 ) /eA a  

2(1 )(1 ) .  
Eq.(22) can be obtained from Eq.(11), which is the 

equation of motion of the gimbal system, with 

Fu=LsAePL.  
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where Kce=Kc+Ctp.  

 
Fig. 4. Block diagram of the electro-hydraulic system. 

 
If Kc is linearized around the valve zero position, 

the transfer function of the servo valve, piston, and 
load can be expressed as in Eq.(23) by linear analysis 
of hydraulic system since Kc=0.  
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 (23)  
Figure 4 shows the block diagram of the single-rod 

hydraulic gimbal system. If we define x and v as 
Lx P  and D Dv Q T , the state-space model of 

hydraulic system can be obtained. The time constant 
of the servo valve is very small, compared to the 

dynamic behavior of hydraulic system. So it can be 
ignored.  
 

3. Design of the H  controller  

As time goes on the characteristics of a  system or 
the surrounding conditions (load or disturbances) can 
be changed in actual condition. Therefore, the control 
system should be able to adjust by itself to these 
variations. In addition, some factors are ignored to 
make model simple in the course of system 
modeling(Park ,1996).  

Because these factors with nonlinearity make the 
system develop unpredictable behaviors, they can 
cause serious problems about the stability. H  

controller minimizes H -norm of the output from 
input distur-bances. It is designed as a system which 
has 2 inputs and outputs as in Fig. 5. In Figure 5, u is 
the control input, w is external disturbances, y is the  
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Fig. 5. The closed loop system for loop shaping problem. 

output signal of the system, and z is control output 
signal.  

A system as in Fig. 5 needs to be designed as an 
efficient controller robust to the low-frequency 
disturbances and the high-frequency noise. A robust 
controller is designed to keep the robustness from 
modeling errors and external inputs and to improve 
the tracking performance of the commands. 

The transfer function with respect to the system and 
the disturbances can be expressed as in Eq.(24).  
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The expanded transfer function P considering 
disturbances is given as following Eq.(25).  
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W1, W2, W3, Wn and Wd are the weight function to 
improve the system performance(Lu, 1993; Postleth-
waite, 1991). ( , )lF P K  can be obtained from the 
expanded transfer function, as in Eq.(26). The control 
problem of  is as in Eq.(27).  
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.

Eq.(27) shows that by changing weight value 
properly, the transfer function of the system can be 
adjusted as wanted. From Eq.(27), we can see the 
relationship between weight function and transfer 
function of the system. S (sensitivity function) and 
R (complementary sensitivity function) determine the 
characteristics of the system(Franchek, 1996; Mc-
Farlane, 1992). S  represents robustness of the 
system with respect to the disturbances, in other 
words, the performance of disturbance removal, while 
R  represents the tracking performance of commands. 
Therefore, we can determine the transfer function of 
the system by adjusting the weight function 
appropriately and then improve its performance. The 
systems applied to this research may be expressed as 
in the following state Eq.(28).  
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sensor noise, respectively.  
By adjusting the weight function properly for the 

robustness of the system to the disturbances and 
better command-tracking performance, the transfer 
function of the system can be determined, and the 
performance of the system can be improved. For this, 
we make Eq.(29) designed as follows.  

where H  controller can be obtained as in Eq.(30).  

Fig. 6. Schematic diagram of gimbal system. 

Fig. 7. Schematic diagram of electro-hydraulic. 

4 3 2

5 4 3 2
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z z z zK z

z z z z z
 (30) 

4. Experimental equipment  

The experimental equipment is divided into four 
parts: the hydraulic pressure providing part which 
produces and provides hydraulic pressure; the 
stability part which keeps the vessel on the horizon 
against the movement of the vessel; the excitation 
part which simulates the movement of the vessel; and 
the control part which applies control theories and 
transmit the control commands. The hydraulic pres- 
sure providing part runs a hydraulic pump by a source 
of electric power (220 VAC, 60 Hz, 3 phase). It is 
designed to adjust the flow provided to the hydraulic 
cylinder by servo valves (NG6,BOSCH). The sta-
bility part is designed to make it possible to indi-
vidually operate and control the movement in the 
direction of roll and pitch by  universal joint. A 
tiltmeter is set to measure a range of ±30°(±5 VDC) 
changes of the horizontal angle of each plate. For the 
control part, two Data Acquisition Board(DR1010) is 
set up in a computer (Pentium ) and the control 
program is written in using LabWindows based C 
language. Figure 6 is the picture of the gimbal system 
and Fig. 7 is the schematic diagram of electro-hy-
draulic system which is used in this research. The 
nominal values of the hydraulic system parameters 
are listed in Table 1. 

5. Results and discussion  

This paper simulates and experiments using the PI  
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