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Abstract This study designs a sliding-mode controller to

stabilize the angular orientation of a ship-carried satellite

antenna. The design process starts with calculating the

pointing angle of the considered satellite antenna arm as

opposed to given ship vibrations due to certain sea waves.

This calculation is carried out by the method of Denavit–

Hartenberg (D–H) transformation, which is followed by

establishing a dynamic model of the satellite antenna sys-

tem and platform using conventional kinematics modeling

techniques. The resulted kinematics relationships are next

used as the basis for designing a sliding-mode controller to

maintain the antenna in a specified orientation as the ship

pitches and rolls under the combined effects of wind and

the sea’s waves. The effectiveness of the designed con-

troller is investigated both numerically and experimentally.

Both sets of results confirm the feasibility of the proposed

control scheme. It is shown that the antenna converges to

the required azimuth and elevation angles within 2 s and

maintains the specified orientation as the ship continues to

pitch and roll.

List of symbols

A Amplitude of oscillation

a Cylinder diameter

B Vector of the Coriolis and centrifugal forces

Cp Pressure coefficient

Cx Force coefficient in x direction

Cy Force coefficient in y direction

c Chord

d Vector of the disturbance

dt Time step

e Tracking error

Fx X component of resultant pressure force acting on

vehicle

Fy Y component of resultant pressure force acting on

vehicle

f, g Generic functions

G Vector of the gravitational force

h Height

i Time index during navigation

j Waypoint index

K Trailing-edge (TE) non-dimensional angular

deflection rate

L Lagrange function

M Inertia matrix

q A vector containing the joint angles

S Sliding surface function

T Denavit–Hartenberg (D–H) transformation

u The unit directional vector

V Lyapunov function

h2, h3 Roll and pitch angles of the hydraulic platform,

respectively

h4, h5 Angles of arm-1 and arm-2, respectively

s Vector of the torque input

1 Introduction

While a ship traveling across the sea, wind and the sea’s

waves cause it to experience irregular 3-D motions. A

satellite dish used mounted on the ship’s structure and used

for navigation purposes must maintain steady orientations
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along directions of azimuth and elevation in order to ensure

the quality of the signals received from a global positioning

satellite. Tracking control of the ship-mounted antenna is

much challenging as the ship is constantly in 3-D motions

(including rolling and pitching), since the sensed signals

would involve noise. To achieve tracking control of the

satellite dish in required quality level. Dynamic modeling

and subsequent control design are carried out by this study.

The dynamic motion of a ship is essentially nonlinear and

with six degrees of freedom (DOF) (Chen 1993; Chris

Tseng and Teo Dennis 1998). In stabilizing the orientation

of the antenna dish, the ship motions of particular concern

are the yaw, pitch and roll displacements. To compensate

for these motions such that the antenna dish remains

aligned toward to the positioning satellite in the sky at all

times, the antenna must be capable of moving indepen-

dently of the ship’s structure. Accordingly, the present

study constructs a two-armed robotic system to support the

antenna dish and to adjust its physical orientation (Spong

and Vidyasagar 1989). The orientation of the dish is

maintained in the desired position by using a sliding-mode

controller to regulate the trajectories of the two arms as the

ship pitches and rolls.

The design of sliding-mode controllers is well docu-

mented in the literature. For example, Young (1978) and

Slotine (1984) applied sliding-mode controllers to regulate

the response of simple, non-linear robotic systems. How-

ever, in both studies, the controller design was complex and

required the inverse of the inertia matrix to be calculated.

Accordingly, Yeung and Chen (1988) and Chen et al.

(1990) proposed simplified algorithms for sliding-mode

controllers. The current study applies the same simplified

approach to construct a sliding-mode controller to regulate

the trajectories of the robotic arms supporting the satellite

antenna dish. Figure 1 presents a conceptual illustration of

controlling a ship-carried satellite antenna in this study to

demonstrate the feasibility of the proposed sliding-mode

controller. Figure 2 shows the photo of the corresponding

physical system, while Fig. 3 gives a schematic with varied

parameters defined. As shown in Figs. 2 and 3, the antenna

dish is attached to a two-DOF robot mounted on a triangular

platform supported by a rod with a universal joint at one

corner and two hydraulic cylinders at the other two corners.

The platform itself plays the role of the ship body. Roll and

pitch motions of the ship are simulated by supplying

appropriate driving signals to the AC motors used to actuate

two cylinders, for the purpose of realizing corresponding

roll and pitch angles of the platform that supporting the

antenna dish. The displacements of the two hydraulic cyl-

inders are measured using linear potentiometers.

It is seen from the illustration given in Fig. 1 that sea

waves cause certain types of pitch and roll motions of the

ship. These pitch and roll motions are simulated in the

laboratory by the displacements of the two cylinders in the

satellite platform constructed by this study. The required

cylinder displacements are calculated based on the estab-

lished Transformation 2, as illustrated by this figure, based

on pitch and roll motions of the ship. On the other hand, the

information of the ship pitch and roll are provided to find

the global pointing angle of the antenna relative to

ground—Az and El, which are then used to compute the

desired arm angles (Arm 1 and 2) for the antenna robot via

Transformation 1.

The remainder of this study is organized as follows.

Section 2 analyzes the kinematics of the antenna/hydraulic

platform system. Subsection 2 A realizes Transformation 2

in Fig. 2 via the known Denavit–Hartenberg (D–H) trans-

formation, while subsection 2 B does Transformation 1 in

Fig. 1. Section 3 uses the resulting kinematics expressions

to construct the governing equations of the antenna dish.

Based upon this dynamic model, Sect. 4 develops a robust

sliding-mode controller to regulate the position of the

antenna dish as the hydraulic platform performs roll and

pitch motions. Section 5 presents the results of a series of

numerical and experimental trials designed to verify the

Az , El

Roll , Pitch
length of 
cylinder 1

length of 
cylinder 2

Hydraulic platformSatellite antenna

Transformation 1

Transformation 2Arm-1 angle

Arm-2 angle
(D-H)

Fig. 1 Conceptual illustration of controlling the satellite antenna

Fig. 2 Photograph of the satellite antenna mounted on hydraulic

platform
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performance of the proposed control scheme. Finally, Sect.

6 provides some brief concluding remarks and indicates the

intended direction of future research.

2 Kinematics analysis

2.1 From platform to angular orientation of the antenna

Table 1 summarizes the major kinematics parameters of

the satellite antenna/hydraulic platform system shown in

Fig. 1. This section establishes the relationship between the

angles of the two arms of the robot supporting the antenna

dish and the azimuth and elevation angles of the dish rel-

ative to the Earth as the hydraulic platform performs pitch

and roll motions. The kinematics relationships of the

antenna/platform system enable appropriate angles of the

two robotic arms to be computed to maintain the antenna

dish in the specified orientation as the roll and pitch angles

of the platform vary dynamically.

In this study, the relationship between the angles of the

two robotic arms and the azimuth and elevation angles of

the antenna dish as the platform pitches and rolls are

established using the conventional Denavit–Hartenberg

(D–H) transformation method (Robert 1990). According to

this method, the transformation from coordinate frame

0 (i.e. the ground coordinate framework) to coordinate

frame 3 (i.e. the frame fixed to the foundation of the

satellite antenna) has the form

3Z

2Z

1Z

0Z

2θ3θ
4θ

1d

4d

3a

0X

0Y

L

2h

1h

2P

1P

2Q

1Q

5a

5Z4Z
5θ

Az

E l

Cylinder 2

Cylinder 1

A
R

M
_1

ARM_2

Satellite antenna

Hydraulic platform

Orientation

Fig. 3 Relationship between the satellite antenna and hydraulic platform

Table 1 Kinematics parameters for satellite antenna and hydraulic

platform

h d a a Home

1 0 d1 0 p=2 p=2

2 h2 0 0 p=2 �p=2

3 h3 0 a3 �p=2 p=2

4 h4 d4 0 p=2 0

5 h5 0 a5 0 0
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T3
0 ¼

cos h3 0 � sin h3 a3 cos h3

� sin h2 sin h3 cos h2 � sin h2 cos h3 �a3 sin h2 sin h3

cos h2 sin h3 sin h2 cos h2 cos h3 a3 cos h2 sin h3 þ d1

0 0 0 1

2
6664

3
7775;

ð1Þ

where h2 and h3 are the roll and pitch angles of the

hydraulic platform, respectively. Meanwhile, the

transformation from coordinate frame 3 to coordinate

frame 5 (i.e. the frame fixed to the end point of the robot’s

upper arm (i.e. arm-2) attached to the center of the antenna

dish) is given by

T5
3 ¼

cos h4 cos h5 � cos h4 sin h5 sin h4 a5 cos h4 cos h5

sin h4 cos h5 � sin h4 sin h5 � cos h4 a5 sin h4 cos h5

sin h5 cos h5 0 a5 sin h5 þ d4

0 0 0 1

2
6664

3
7775;

ð2Þ

where h4 and h5 are the angles of arm-1 and arm-2,

respectively. The relationship between the end point of

arm-2 and the Earth can then be defined as

T5
0 ¼ T3

0T5
3: ð3Þ

As shown in Fig. 2, the antenna dish points along the X5

axis direction. Let u5 ¼ 1 0 0 1½ �T be the unit

directional vector at associated with coordinate frame 5.

Furthermore, let Aðh2; h3Þ ¼ T3
0 and Fðh4; h5Þ ¼ T5

3,

respectively. The pointing direction of the antenna dish

relative to coordinate frame 0 can therefore be described by

the following unit vector

u0 ¼ T5
0 � u5 ¼ Aðh2; h3Þ � Fðh4; h5Þ � u5: ð4Þ

Given the required azimuth angle (Az) and elevation

angle (El) of the antenna dish relative to the Earth’s

coordinate framework (i.e. X0Y0Z0), the corresponding

direction of the dish can be expressed in terms of the

following unit vector (Chris Tseng and Teo Dennis 1998)

u0ðAz;ElÞ ¼

cos Az cos El
sin Az cos El

sin El
1

2
664

3
775: ð5Þ

Substituting Eq. (5) into Eq. (4) yields

Fðh4; h5Þ � u5 ¼ A�1 � u0: ð6Þ

The next step is to solve the above equation for h4 and

h5, two arm angles relative to platform, with a known u0

from given azimuth (Az) and elevation angles (El) of the

antenna relative to ground, and also a known u5 from

assumed ship vibration caused by sea waves. The solved h4

and h5 will be used in the next section to find required

displacements of supporting hydraulic cylinders to attain

theses particular values of h4 and h5.

2.2 From hydraulic cylinders to platform

As shown in Fig. 1, the platform used to simulate the ship’s

structure has a triangular form with one corner pinned and

the other two corners, i.e. points P1 and P2, supported/

driven by two hydraulic cylinders. During the experiments,

the displacements of the two cylinders are regulated by a

programmable controller in such a way that the platform

reproduces typical roll and pitch motions of a ship at sea.

This section derives the kinematics relationships

between the cylinder displacements and the roll/pitch

angles of the platform. The resulting expressions enable

appropriate cylinder displacements to be computed to

reproduce specific roll and pitch motions.

The coordinates of points P1 and P2 relative to coordi-

nate framework 3 are given as follows

3P1 ¼ 0 L=2 0 1
� �T

;

3P2 ¼ 0 �L=2 0 1
� �T

:

where ‘‘3’’ denotes the frame in which P1 and P2 are

described, and L is the distance between the two points.

Meanwhile, the coordinates of points P1 and P2 relative to

coordinate framework 0 are given by

0Pi

� �
¼ T3

0
3Pi

� �
; i ¼ 1; 2: ð7Þ

where T3
0 is defined in Eq. (1). From Eq. (7), it can be

shown that

0P1x
0P1y
0P1z

1

2
664

3
775 ¼

a3 cos h3
1
2

L cos h2 � a3 sin h2 sin h3
1
2

L sin h2 þ a3 cos h2 sin h3 þ d1

1

2
664

3
775; ð8Þ

0P2x
0P2y
0P2z

1

2
664

3
775 ¼

a3 cos h3

� 1
2

L cos h2 � a3 sin h2 sin h3

� 1
2

L sin h2 þ a3 cos h2 sin h3 þ d1

1

2
664

3
775: ð9Þ

The positions of the connection points of the two

hydraulic cylinders (i.e. points Q1 and Q2, respectively, see

Fig. 1) relative to the ground framework are given by

0Q1 ¼ a3
L=2 0 1

� �T
;

0Q2 ¼ a3 �L=2 0 1
� �T

:

Clearly, the overall lengths of the two hydraulic

cylinders are equivalent to the distances between points

P1 and Q1 and P2 and Q2, respectively, i.e.

hiðh2; h3Þ ¼ 0Pi � 0Qi

�� ��; i ¼ 1; 2; ð10Þ

where h1 and h2 are functions of h2 and h3 since points P1

and P2 vary depending on the roll (h2) and pitch (h3) angles

of the platform. Hence, given specified values of the pitch
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and roll, Eq. (10) enables the appropriate displacements of

the two hydraulic cylinders to be obtained.

3 Dynamic model of satellite antenna

Based upon the kinematics relationships established in

Sect. 2, this section of the paper uses the D–H transfor-

mation method and Lagrange equation to derive the gov-

erning equations of motion of the satellite antenna mounted

on the hydraulic platform. According to basic dynamic

principles, the total kinetic energy of the satellite antenna

in Fig. 1 is equal to the sum of the individual kinetic

energies of the two robotic arms (Robert 1990; Mark and

Vidyasagar 1988), i.e.

Tðq; _qÞ ¼
X2

k¼1

ðk�tÞT mk
k�tþ ðk �xÞT Dk

k �x
2

: ð11Þ

where q is a vector containing the joint angles (equivalent

to angles h4 and h5), i.e. q ¼ h4 h5½ �T ; k�t 2 R3 denotes

the velocity of the center of mass (CM) of arm k with

respect to the ground; k �x 2 R3 denotes the angular velocity

of the CM of arm k relative to the ground; mk denotes the

mass of arm k; and Dk is the 3� 3 inertia tensor of arm k

about its CM.

The total potential energy of the Lagrange is given by

UðqÞ ¼ �
X2

k¼1

mkgT�ckðqÞ ð12Þ

where �ck denotes the CM of arm k with respect to the

ground and g denotes the gravitational acceleration of arm

k with respect to the ground.

The difference between the kinetic and potential ener-

gies of the antenna can be expressed using the following

Lagrange function

Lðq; _qÞ ¼ Tðq; _qÞ � UðqÞ: ð13Þ

The equation of motion of the antenna can then be

obtained by substituting the total energy in Eq. (13) into the

Lagrange equation, i.e.

d

dt

o

o _qi
Lðq; _qÞ � o

oqi
Lðq; _qÞ ¼ Fi; i ¼ 1; 2; ð14Þ

where Fi is the generalized force acting on the ith joint.

Hence, it can be shown that

MðqÞ€qþ Bðq; _qÞ _qþGðqÞ ¼ s; ð15Þ

where MðqÞ is the inertia matrix, Bðq; _qÞ _q is the vector of

the Coriolis and centrifugal forces, GðqÞ is the vector of

the gravitational force, and s is the vector of the torque

input. MðqÞ, Bðq; _qÞ _q and GðqÞ are defined, respectively,

as follows

M qð Þ ¼
1
3

m5a2
5 cos2 q2 þ J5 sin2 q2 þ J4 0

0 1
3

m5a2
5

� �
;

ð16Þ

B ¼ � sin 2q2ð13 m5a2
5 � J4Þ _q1 _q2

1
2

sin 2q2ð13 m5a2
5 � J4Þ _q2

1

� �
; ð17Þ

G ¼ 0
1
2

a5m5g cos q2

� �
; ð18Þ

where m5 and a5 are the mass and length of arm-2 of the

robotic structure, respectively, and J4 and J5 are the mass

moments of inertia of arm-1 and arm-2, respectively.

4 Sliding-mode controller design

In order to obtain a robust control of the system, the

dynamic equation of motion of the satellite antenna given

in Eq. (15) can be expressed in the form

½M0ðqÞ þ DMðqÞ�€qþ ½B0ðq; _qÞ þ DBðq; _qÞ� _q
þ ½G0ðqÞ þ DG� ¼ sþ d; ð19Þ

where d is the vector of the disturbance, {M0;B0;G0} are

nominals of {M;B;G}, and {DM;DB;DG} are the

assumed variations of M, B and G, with bounds satisfying

DMðqÞk k� dM;

DBðq; _qÞk k� dB;

DGðqÞk k� dG;

dk k� dd:

ð20Þ

The system equation given in Eq. (20) is suitable for the

design of a robust sliding-mode controller. Figure 4

presents a block diagram of the control scheme, in which

the desired trajectory is defined by

qd ¼ qd1 qd2½ �T ; ð21Þ

and can be derived from Eq. (6). Furthermore, the tracking

error is given by

e ¼ q� qd: ð22Þ
Finally, the sliding surface has the form

S ¼ Ceþ _e; C [ 0; ð23Þ

where C ¼ diag c1 c2½ �, in which both c1 and c2 are

positive.

The stability of the system is ensured via the following

positive-definite Lyapunov function

V ¼ 1

2
STMS: ð24Þ

Differentiating V with respect to time and incorporating

Eqs. (15), (22) and (23) gives
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_V ¼ ST ½MC _eþ sþ d� B�G�M€qd� þ
1

2
STð _MÞS:

ð25Þ

To ensure that the tracking error converges to the sliding

surface, i.e. S ¼ 0, the control input, s, must be designed

such that V satisfies the condition

_V � 0: ð26Þ

Thus, s is designed as

s ¼ �M0½C _e� €qd� þ B0 þG0 � PS�KsgnðSÞ; ð27Þ

where P ¼ diag p1 p2½ � and K ¼ diag k1 k2½ �: The

upper-bound of _M=2 is assumed to satisfy

_M=2
�� ��� d _M=2; ð28Þ

and

pi ¼
X2

j¼1

d _Mij
=2; ð29Þ

ki ¼
X2

j¼1

dMij
cj _ej � €qdj

�� ��þ dBi
þ dGi

þ ddi
þ gi; gi [ 0:

ð30Þ

Substituting Eq. (27) into Eq. (25), _V becomes

_V ¼ STfDM C _e� €qd½ � � DB� DG�KsgnðSÞg
þ ST _M

�
2� P

	 

S: ð31Þ

From Eq. (20) and Eqs. (28–30), it can be shown that

Eq. (31) satisfies

_V ��g Sj j: ð32Þ

Therefore, the controller satisfies the Lyapunov stability

criterion, i.e. the trajectory reaches the sliding surface

within a finite period of time. The components of the

control law defined in Eq. (27) have the form

si ¼ �
X2

j¼1

M0ij cj _ej � €qdj

� �
þ B0i þ G0i � si

X2

j¼1

d _Mij
=2

� sgnðsiÞ
X2

j¼1

dMij
cj _ej � €qdj

�� ��þ dBi
þ dGi

þ ddi
þ gi

" #
:

ð33Þ

where

M0 ¼
1
6

m5a2
5 þ 1

2
J4 0

0 1
3

m5a2
5

� �
;

B0 ¼
0

0

� �
;

G0 ¼
0

1
2

a5gm5 cos q2

� �
;

Somed’s can be determined from (Bailey and

Arapostathis 1987)

DM11j j � 1

3
m5a2

5 þ J4,dM11
;

DM12j j ¼ M21j j ¼ 0;

DM22j j � 1

3
m5a2

5,dM22
:

Assuming that _q is uniformly bounded, the upper-bound

of Bðq; _qÞ can be obtained as

DB1j j � 1

3
m5a2

5 � J5

� �
_q1 � _q2j j,dB1

;

DB2j j � 1

6
m5a2

5 �
1

2
J5

� �
_q2
1

�� ��,dB2
:

Meanwhile, the upper-bound of GðqÞ can be expressed

as

DG1j j ¼ 0;

DG2j j � 1

2
a5gm5,dG2

:

Finally, the upper-bound of _MðqÞ can be derived by

D _M11

�� ��� 1

3
m5a2

5 � J5

� �
� _q2j j,d _M11

;

D _M12

�� �� ¼ _M21

�� �� ¼ _M22

�� �� ¼ 0:

5 Simulation and experimental results

The performance of the sliding-mode controller was veri-

fied numerically and experimentally using the experimental

setup shown in Fig. 3. The antenna system parameters of

interest include the followings.

m4 = 6 (kg), m5 = 1.5 (kg),

a4 = 0.55 (m), a5 = 0.15 (m)

J4 = 1.5 9 10-2 (kg m2), J5 = 3.75 9 10-3 (kg m2)

g = 9.81(m/sec2).

Similarly, the parameters of the hydraulic platform are

d1 = 0.72 (m), a3 = 0.55 (m) and L = 1.10 (m).

Parameters c1‘ and c2 in the control scheme were both

assigned the value of 25 in order to ensure a satisfactory

Sliding mode
controller

q

q

Satellite
Antenna

T

C
dt

d q

dq
+
−

e

e
− +

q

dq s
Transformation

Az , El

Roll , Pitch

Fig. 4 Block diagram of the sliding-mode controller for satellite

antenna
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convergence rate. Finally, the required azimuth and ele-

vation angles of the antenna dish were specified as

Az = 45� and El = 45�.

5.1 Numerical simulation results

According to (Liao 2001), a ship performs the following

roll and pitch motions under normal sailing conditions:

roll = ±7.5� at 0.08 Hz,

pitch = ±4� at 0.16 Hz.

The corresponding motions are simulated and shown in

Fig. 5. It assumed for simplicity the phases of the roll and

pitch motions are identical.

Figure 6 illustrates the simulation results obtained for

arm trajectories and input torque signals of arm-1 and arm-

2 of the robotic structure. The commands of the arm tra-

jectories are calculated for the aforementioned given roll

and pitch motions of the ship and employment of the De-

navit–Hartenberg (D–H) transformation described in Sect.

2.A. Also shown in figures are the arm torqueses and

resulted responses of arm trajectories. It can be seen that

the angles of both arms converge to the command values

within 1.5 s. However, it can also be seen that the use of a

sign function in the control rule causes a chattering phe-

nomenon, which is often caused by inevitable noises

involved in electronic operations. To remedy the problem,

the sign function was replaced by the following saturation

function

satðs=eÞ ¼
1 s [ e;

s=e �e\s\e;
�1 s\� e;

8<
:

9=
; ð34Þ

where e is the boundary layer thickness. For the particular

case of e1 = e2 = 0.05, Fig. 7 reveals that the trajectories

of the two arms are considerably smoother when the sat-

uration function is applied. Finally, Fig. 8 confirms that the

application of the sliding-mode controller enables the ship-

mounted satellite antenna not only to achieve the desired

global orientation of Az = 45� and El = 45� (relative to

ground) within 1.5 s, but also to maintain this orientation

as the ship continues to pitch and roll, even the sensor

signals may have noise.

5.2 Experimental results

Figure 2 presents the photograph of the major components

used to construct the experimental satellite antenna/

hydraulic platform system. Note that the detailedFig. 5 Simulated roll and pitch motions of the ship

Fig. 6 Simulated response of the satellite antenna with sign function

in control rule

Fig. 7 Simulated response of the satellite antenna with the saturation

functions in control rule
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specifications of each component are summarized in

Table 2. It is seen from this photo that the antenna dish is

attached to a two-DOF robot mounted on a triangular

platform supported by a rod with a universal joint at one

corner and two hydraulic cylinders at the other two corners.

The platform itself plays the role of the ship body. Roll and

pitch motions of the ship are simulated by supplying

appropriate driving signals to the AC motors used to actuate

two cylinders, for the purpose of realizing corresponding

roll and pitch angles of the platform supporting the antenna

structure. The displacements of the two hydraulic cylinders

are measured using linear potentiometers.

In the experiments, the control scheme was imple-

mented using a DSPACE module. The control variables

were the angles of arm-1 and arm-2 (measured using rotary

potentiometers) and the displacements of the two hydraulic

cylinders (measured using linear potentiometers). The

measurement signals corresponding to these variables were

supplied to the DSPACE module which then computed the

torque signals required to regulate the two robotic arms

such that the antenna dish remained aligned in the specified

direction (i.e. Az = 45� and El = 45�).

Figure 9 shows the experimental and commanded dis-

placements of the two hydraulic cylinders required to

achieve the pitch and roll motions defined in Sect. 5.1.

Note that these commanded cylinder displacements are

computed based on the two transformations developed in

Sect. 2 A and B, which are used to calculate the desired

cylinder displacements from given roll and pitch motions

of the ship. Figure 1 also illustrates the computation pro-

cess. On the other hand, experimental cylinder displace-

ments are also shown, the closeness of which with the

Fig. 8 Simulated orientation of the antenna dish relative to Earth’s

coordinate system

Table 2 Description and specification of experimental apparatus

Components Specifications

Hydraulic power unit AC 220 V motor, 1/2 HP

Max output pressure: 70 (bar)

Hydraulic cylinder Piston area: 12.56 cm2

Stroke: 200 mm

Proportional-valve Max work pressure: 350 (bar)

Panasonic AC servo motor Max output torque: 7.1 N m

Proportional-valve Max work pressure: 350 (bar)

Rotary potentiometer Effective measured rang: 300�
Resolution: 0.05�

Linear potentiometer Electrical stroke: 200 mm

Resolution: 0.01 mm

Fig. 9 Experimental displacement of hydraulic cylinders

Fig. 10 Experimental and numerical results for displacement and

torque of the arm-1
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command counterparts are present, showing satisfactory

motions precision of the built platform mechanism.

Figures 10 and 11 present the experimental results for the

trajectories and torque signals of arms 1 and 2, respectively.

Figure 12a shows the corresponding variations of the

azimuth and elevation angles of the antenna dish, and

Fig. 12b illustrate schematically the postures of the ship-

carried satellite antenna. At time 1 (t = 0), no controlled

torque is applied, while at time 2–4 the designed sliding-

mode controller is applied to maintain the antenna in a

specified orientation, while the ship pitches and rolls under

the combined effects of wind and sea waves. Note in these

figures that corresponding numerical results are presented

for comparison purposes. It is seen from Figs. 10 and 11 that

a clearly good agreement is present among command,

numerical and experimental data of arm angles, showing the

effectiveness of the proposed sliding-mode controller

designed in this study. However, the chattering is still present

in experimental torque data, despite the use of a saturation

function in the control rule. This is due to much larger control

signal noises embedded in practical actuating hydraulic

cylinders and other platform components. Finally, Fig. 12a

shows global orientation angles of the antenna, where the

strong agreement between the experimental data and

numerical counterparts are clearly seen. On the other hand,

subfigure (b) illustrates the gestures of the ship-carried

satellite antenna at time 1 (t = 0) when no controlled torque

is applied, and at time 2 (t = 1), time 3 (t = 1.5) and time 4

(t = 2) when the designed sliding-mode controller is applied

Fig. 11 Experimental and numerical results for displacement and

torque of the arm-2

Fig. 12 a Experimental

azimuth and elevation angles of

the antenna dish; b illustration

the of the ship-carried satellite

antenna at time 1 (t = 0) when

no controlled torque is applied;

at time 2 (t = 1), time 3

(t = 1.5) and time 4 (t = 2)

when the designed sliding-mode

controller is applied to maintain

the antenna in a specified

orientation relative to earth
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to maintain the antenna in a specified orientation relative to

earth. It is also noted from subfigures (a) that the times

required for the experimental system to converge to the

required antenna dish orientation is slightly longer than that

predicted numerically, i.e. 2 s rather than 1.5 s.

6 Conclusion and future studies

This study has developed a sliding-mode controller to

stabilize a ship-mounted satellite antenna as the ship per-

forms non-linear roll and pitch motions. The performance

of the controller has been demonstrated numerically and

experimentally. Both sets of results have confirmed the

feasibility of the proposed control scheme. The antenna

converges to the required azimuth and elevation angles

within 2 s and then maintains the specified orientation as

the ship continues to pitch and roll. The numerical results

have shown that the chattering effect observed in the

response of the controlled antenna system can be elimi-

nated via the use of a saturation function in the control rule.

However, the chattering phenomenon still remains in the

experimental results even when the boundary layer thick-

ness of the saturation function is broadened. Chattering is

undesirable in the present system since it degrades the

quality of the signals received from the positioning satel-

lite. It is probably due to the fact that this chattering effect

stems partly from the noises embedded in practical actu-

ating hydraulic cylinders and other platform components.

Consequently, a future study will attempt to suppress the

steady state positioning errors induced by chattering by

sliding-mode controller.
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