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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 Hw 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 o 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
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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 7
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 w 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 7
of He-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 He and H, and performance.

In this study, a robust controller (#« 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.

Fig. 1. Schematic diagram of the gimbal system.
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Fig. 2. Schematic diagram for modeling.

axy is the fixed coordinate. %xjyll is the moving
coordinate of body 1 and @X,), is the moving
coordinate of body 2. The centroids of each object
01 are 01

coordinate for the rotating degree of body 1 and for

and respectively. With generalized

the relative rotating degree of body 2 against body 1,
the displacement and acceleration of body 2 are as in
Egs. (1) and (2).
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If all the friction forces on the system are neglected,
the virtual work with hydraulic cylinder force £, is
given as the following Eq.(3).

oW =—-FudL

F, dy,
=[ory 5(/?2]—“{ } 3)
L |d},B,5,

F dyy
+[or op 11|
L|dhBs,

where, S, and S, are vector O,C and OzD, and
d, is the distance vector and Length(L) is
L= dlrzdlz between both ends of the cylinder and .
is rotation transformation matrix.
expressed as in Egs. (4) and (5).

and can be
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x cos cos
Y2 Sin @, Sin @,
cos @; —sing;
pio | SOy (5)
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Therefore, the generalized force can be obtained as

{Fl} _ (F,/L)d, 6-2)
L] |(F,/D)d)3B,8

{Fz} _ (~=F,/L)dy, 65)
T, (~F,/L)d},B,S,

The equation of the motion of the system consisting
of body 1 and 2 and being moved by the hydraulic
cylinder force, is

2
D [6r" (i~ F) + 80, 5~ T)] =0 ™
i=0

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

[5”2T(’"2"'2 —Fy)+60,(J 2, — Tz)} =0 ®)

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).

-2J, Jy |L92
{ (F,e/ L)[I +esin(p, — )]

i —(F,e/L)[lcos(¢y — @)+ ecos(p, — ‘/’I)J ©)
=0

[[cos(@y — @) + esin(p, — @]+ 20,
(10)

. Fe
Jrp, =—2=
20 I

If and are not large and the angular acceleration of
vessel is small, Eq.(11) can be obtained by applying
l,=1 and ¢;=0.

Jops = Fe (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
eg=x,and ep =x,;.

X, =epy—Xg (12)

where *p 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 Xv(5) of servo valves is expressed as
in Eq.(13).

XV (S) — KSV (13)
I(s) 7,s5+1

where X, (s) the spool displacement of servo valves,
K, gain,and 7, 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

Return Supply
| R

3

] _ _
| |
=

— [ 4

Ky = — P
FL=F-Fe
v : e, P
e )
= - -
I He
Ce

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

+
0, -2 (14)
2
1 X,
Op =aCywx, |—| K~ F, (15)
PUT
where, a:H—n<1.

L0+

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 (x,,, PL* ) as in Eq.(16).

QL :quvacPL (16)

where,

K,= Q1 _ ocw |Lp,+ P (17)
ox, P

00;  aCywx, 1 .
K,=25L - ZdW  _ 5Cpw |—(P.+P]) (18)
op 2Jp(R-P) p"

Eq.(19) is the flow rate equation of the servo valve
with a single-rod hydraulic cylinder.

. v, -
QL:Amexp+CI]JPL +ﬁPL (19)

e

where the average piston area, and C,, total leakage
coefficient of the piston. 4,,, and V, the equivalent
volume of the hydraulic cylinder are expressed as Egs.
(20) and (21).

1+

= 20
e =31, 20)
V,=A4,L, @1)

where 7 flow ratio, L, cylinder travel and a the cross
section area of the piston rod with 4, =1+nYa/
(A+77)(1-7).

Eq.(22) can be obtained from Eq.(11), which is the
equation of motion of the gimbal system, with

Fu=LSALxPL.
K x (s)+A4,,x;(s)s
9(5‘): - }] v( ) mLJd( ) (22)
s(—=¢ —”sz+Kce 95+ 4,,.€)
4B, ed, ed,

where K=K .+C,,.
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Fig. 4. Block diagram of the electro-hydraulic system.

If K. 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 K,=0.

o(s) = stKq ($)+ Apexgs(+17,5)

V., T T
s(l+7,8) (%25 +K o s+A4 e
( V)(4ﬁeeAe ot [ne€)

(23)
Figure 4 shows the block diagram of the single-rod
hydraulic gimbal system. If we define x and v as
x= |H§PL| and v= |QDTD| , the state-space model of
hydraulic system can be obtained. The time constant
7 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).

A, B A, E
G:{ € g}, Gd{ € g} (24)
C, Dy C, 0

The expanded transfer function P considering
disturbances is given as following Eq.(25).

A1 A2
P(s) = (25)
Py Py
where,
(G -G
A= 0 0 0 » Ra=| Wy |,
0 0 wmGwy W,G
[ 1
Py=| W, |, Pp=[-G]
| =Gl

Wy, Wy, Wi, W, and W, are the weight function to
improve the system performance(Lu, 1993; Postleth-
waite, 1991). F;(P,K,) can be obtained from the
expanded transfer function, as in Eq.(26). The control
problem of is as in Eq.(27).

Z=[Ry+ByK (I - PpK,,) ' Pylw
=F(P,K,,) (26)

|FiP. Ko, <7

WSG Wy @7
W RW, |,
where, S = ! , R= Ko .
1+ GK,, 1+ GK,,

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).

X=Ax+Bw+ Byu
z=Cix+Dyw+ D" (28)
y= C2x+ D21W+ D22u

where,
[ 4, 0 0
A={-B,C, 4, 0 |,
0 0 4,
0 0 7aEq B,
B=| Bwl —y,B,; 0 |.By=| 0
0 0 0 B,

0 Cy 0
C = ML G=[-¢, 0 0]
00 Cyp g

o _[0000] o
7o o0 o0 o " |D,|

Dy =[1], Dy, =[0]

Op
2
w=|Tp ,z—{ }

)
n

Op, Tp and n are disturbances, load torque, and
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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).
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Fig. 7. Schematic diagram of electro-hydraulic.

0.9 _ 0.001s
s+97%  s+1”’ (29)
¥4 =350, 7, =0.002

W. =

s

30.6z% —11.032° —=29.322 —0.362 +11.23
2 -0.84z% 0823 +0.4822 +0.362-0.18
(30)

K(z)=

where H,, controller can be obtained as in Eq.(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 II) 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
controller and the H.. controller. The gain of the PI
controller is given as K,=60 and K=0.2. These give
similar response characteristics of H.. controller for
the step input. As for the uncertainty of the system,
the changes of flow gain is considered due to
hydraulic pressure increase. The sine wave is added
for the disturbances.

Figure 8 shows the system response where the
disturbances of sine wave(0.05 Hz, +4°) is added to
the excitation part. When the PI controller is applied,
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Table 1. Parameters used in the system.

Paramcter Description Value
A, A Effective area(headirod) | 12.5 e’/ 8.765 cm”
Cp Total leakage coeflicient 0.047 entlhgs
K, Servovalve flow gain 19 emsicm
P, Supply pressure 50 kgdfont”
Jil Bulk modulus 14000 kgyfem®
I Servovalve time constant 0.01
4, Mass moment of inertia 5136 kg eni®
L, Ilydraulic cylinder stroke 19 cm

the oscillation of rolling axis is died in 3 s, However,
pitching axis has continuous vibration. It is con-
sidered that this may occur because the upper plate
and hydraulic piston are not connected precisely.
Nevertheless, this oscillation is very weak when the
controller is used. It can also be scen that the
oscillation of the system does not occur in 1 s.
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Figure 9 shows the system response when sine
wave(0.05 Hz, £8°) is to the excitation part. For the
PI controller applied, the amplitude of the initial
oscillation is large, and it takes 4 s to be decayed. On
the other hand, when the H.. controller is used, the
oscillation is controlled in 1 s. Therefore, it can be
seen that the initial amplitude increases regardless of
the size of excitation, but the time for system's
stability rapidly decreases for the robust control
scheme. Figure 10 shows the system response when
sine wave(0.05 Hz, £14°, £8°) and (0.05 Hz, £8°) as
disturbances are added to rolling axis and to pitching
axis, respectively. When the PI controller is used, it
can be seen that the larger amplitude the disturbance

is, the longer control time the initial vibration consists.

In case of the H. controller, however, the initial
amplitude increases regardless of the excitation
intensity, but the oscillation decaying time can be
quickly stabilized. Figure 11 shows the system res-
ponse when sine wave(0.1 Hz, +8°) is applied to
rolling axis and pitching axis. When the PI controller
is used, the amplitude of initial fluctuation becomes
larger, and the control time becomes longer than that
of 0.05 Hz disturbance. In addition, because the
connection of the system is not precise, the vibration
of system often occurs. Unlike the PI controller, when
the H., controller is in use, it has longer vibration
control time than that of 0.05 Hz disturbance, but it
shows very good stability, compared to the PI
controller. Figures 12 and 13 shows how the flow and
the change of pressure affect the system response
where the temperature increase of hydraulic oil due to
the hydraulic pump operating for many hours. When
the PI controller is used, system vibration often
occurs because of the change of the system. For the
0.1 Hz oscillation, the system is not stable. However,
when the H.,, controller is applied, it shows a good
stability in spite of the change of the system.

6. Conclusions

In this study, through the experiment of the gimbal
system which has mathematical modeling error of the
system, and the mode] uncertainty by disturbances
and sensor noise, the following conclusions obtained.

(1) The equation of motion and the mathematical
modeling of a single-rod hydraulic system is derived.

(2) In order to simulate the disturbances by move-
ment of the vessel, sine wave (0.05 Hz~0.1 Hz,
+4°~+14°) has been applied, and the PI controller

and the A controller have been applied.

(3) For the PI controller with the system uncer-
tainties, the settling time is slower and large oscil-
lation(2°~4°) occurs during the transient period.
When H. controller is used, however, the settling time
is 1.5 s and oscillation with 1°~2° amplitude occurs,
which means that the influence by the system changes
is not considerable for the H.. control scheme.

(4) In the case of a system which has disturbances
and model uncertainty, it can be seen that the sta-
bilization of a system can be more fully attained by
the H.. controller than by the PI controller.

Nomenclature

Average piston area
a :  Cross section area

B; Rotation transformation matrix
C, : Totalleakage coeflicient of the piston
I(s) : Servo valve current
K., : Gainofthe spool displacement
L, : Cylinder travel
PL : Load pressure
Op : Disturbance
R :  Complementary sensitivity function
S :  Sensitivity function
7p : Loadtorque
v, : Equivalent volume of hydraulic cylinder
X, : Displacement of piston
X,(s): Spool displacement of servo valves
¥ :  Actuator area ratio
n :  Flow ratio
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