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ABSTRACT

The trend of scientific development in the future cannot fail to mention the great influence of the
space field, but in the immediate future, the observational satellite systems are related to communi-
cation technology. In fact, in some countries with strong development of communication technol-
ogy and space technology, the mechanical system of geostationary satellite monitoring antennas
has certainly been thoroughly resolved. However, because of a specific technology, the sharing and
transferring of design and manufacturing technology to developing countries is a great challenge.
Itis almost difficult to find published works related to mechanical design calculation and manufac-
ture of geostationary satellite monitoring antenna systems. The problem of proactive grasping of
technology, step by step autonomy in manufacturing technology of telecommunications equip-
ment related to space technology has always been the goal of developing countries like Vietnam
to limit technology dependence, minimizing technology transfer costs, ensuring national security.
The first step in these problems is the autonomous construction of terrestrial transceivers such as
geostationary satellite monitoring antennas.

This paper presents the kinematics modeling analysis of the mechanical system of the geosta-
tionary satellite monitoring antenna. Each component of the antenna system is assumed a rigid
body. The mathematical model is built based on multi-bodies kinematics and dynamics theory.
The DENAVIT-HARTENBERG (D-H) homogeneous matrix method was used to construct the kine-
matics equations. The forward kinematics problem is analyzed to determine the position, velocity,
acceleration, and workspace of the antenna system with given system motion limits. The inverse
kinematics problem is mentioned to determine the kinematics behaviors of the antenna system
with a given motion path in the workspace. The numerical simulation results kinematics were suc-
cessfully applied in practice, especially for dynamics and control system analysis of geostationary

satellite antenna systems.
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INTRODUCTION

Communication via satellite is the greatly important
research result from the combination of the two fields

of communication and space science!

. The biggest
advantage of this invention is its range of information
transmission and low cost. An indispensable part of
this satellite communication technology is the satellite
antenna receiver and broadcasting system. Up to the
present time, space technology is still a specific sci-
ence that requires a very high level of scientific devel-
opment. Therefore, in the world, only a few developed
countries are able to develop this field such as Russia,
USA, China, Japan 1-7,

In Vietnam, autonomy in designing and manufactur-
ing geostationary antenna systems based on the re-
sources of domestic equipment is a necessary step to
minimize the cost of applying satellite communica-
tion technology, reducing the depends on the level of

supply from abroad, ensure national security, and on-
ward mastering the design and manufacturing tech-
nology.

Mathematical modelling and kinematics analysis are
the important steps in design and development of the
antenna system for communications and monitoring
of geostationary satellites. The motion characteristics
and workspace of the antenna system are determined
in details by solving the kinematics problem. A few
works related to solving the kinematics and dynam-
ics problems of geostationary satellite antenna sys-
tems were documented®~!2. The basic construction
of a satellite antenna was described by Bindi®. Basi-
cally, the geostationary satellite antenna system con-
sists of a number of basic components which are base
cluster, antenna shafts, and satellite pan cluster. The
kinematics and dynamics model was also proposed
and analyzed under the influence of heat and joint
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error. A system of dynamic equations is built based
on the finite element method and Lagrange II system
of equations. The mathematical model describing the
look angle of the geostationary satellite antenna men-
tioned by Ogundele’ is based on the use of two con-
trol station models. The adjustment model for the
satellite antenna viewing angle was proposed Ogun-
dele'?. 'The working principles and classifications of
the satellite surveillance antenna can be found in the
report of Lida'!. The geostationary satellite antenna
system, called Horn Antenna, was designed and sim-
ulated by Shankar '2; it was aimed to operate in the
high-frequency regions. Researches related to the de-
tailed design and manufacture of geostationary satel-
lite antenna systems have not been well-documented,
due to the security issues and design copyrights.

This paper presents the kinematics modeling analysis
of geostationary satellite antenna systems. The system
of kinematics equations of the antenna system is de-
veloped, for determination of the workspace through
the limited values of joints. The inverse kinematics
problem is analyzed to determine the kinematics be-
haviors of the antenna system with a given motion
path in the workspace. The simulation results are ob-
tained based on the numerical calculation methods.
The results of this study have important meaning for
the dynamic analyzing and the controller designing of
the antenna system.

The rest of the paper is presented as follows. Firstly,
the materials and methods are presented. The mathe-
matical model and the kinematics equations that show
the relationship between the joint variables and the
pan cluster center of mass position of the antenna sys-
tem in the workspace are mentioned. Next, the posi-
tion, velocity, acceleration, and workspace of the an-
tenna system are calculated. Then, some numerical
simulation results of the inverse kinematics in order
to determine the values of the joint variables to en-
sure the motion system according to a given path are
described. The conclusion is the last part.

MATERIALS AND METHODS

Consider the preliminary designed geostationary
satellite monitoring antenna model as shown in Fig-
ure 1 and Figure 2. Accordingly, the mechanical sys-
tem consists of two main parts which are the direc-
tional cluster and the satellite pan cluster (Figure 1).
The movement of the rotating cluster is done by the
rotating joint g; which is driven by motor 1. The satel-
lite pan cluster height is performed by rotating joint
¢q». This joint is driven by motor 2 through the trans-
lational joint A and rotational joint B. However, these
joints are only responsible for driving the joint g, so
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it can be not considered in the kinematics problem.
The center of the rotating cluster is Gy, the satellite
pan assembly center is G,. The kinematics model of
the mechanical system can be constructed as shown
in Figure 2.

Select a fixed coordinate system (OXY Z),, attached to
the ground. The (OXYZ);, (i=1..6) coordinate sys-
tems are respectively mounted at the positions shown
in Figure 5. The above fixed and local coordinate sys-
tems are attached for the purpose of accurately deter-
mining the position of any point on the system. In
particular, taking point G, is the end-effector point
representing the satellite pan cluster and it is neces-
sary to determine the position of this point according
to the fixed coordinate system.

Pan cluster

y G2
q2

Rotating Cluster
s l—" ling

Motor 1

Motor 2

Figure 1: Preliminary mechanical system
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Figure 2: Kinematics diagram

Using the homogeneous matrix rotations and transla-
tions according to the D-H method 13,14 the D-H pa-



Science & Technology Development Journal - Engineering and Technology, 4(1):705-713

Table 1: D-H parameters

Parameters 0; d;
000 0 do
0,0, qi di
0,03 0 0

0304 0 d3
0405 q2 0

0506 0 ds

a; (24]

0 0

0 0

ap 0

0 /2
ay —7/2
0 0

rameters tables can be described as shown in Table 1.
Use the local homogeneous matrix as

H; =
cosB; —sinf;cosqe; cosB;sina; a;jcos6;
sinf; cosO;sine; cosf;sing; a;sin6;
0 sin Q;; cos 6; d;
0 0 0 1

Matrix H; gives us information about the position
of the (OXYZ); coordinate system compared to the
(OXYZ),_, coordinate system. Accordingly, the lo-
cal D-H matrices are presented as follows

[1 0 0 o
Hy — 01 0 0.
0 0 1 dyl’
0 0 0 1
_cosql —singg 0 O
Hy — singg cosqr 0O O : @)
0 0 1 d;
| O 0 0 1
(1 0 0 o
Hy = 01 0 O
00 1 0
0 0 0 1
And,
(1 0 0 o0
H, = 0 0 -1 0f,
0 0 0 d|’
0 0 0 1
_cosqz 0 —singy a4cosqp
Hs — singp 0 cosqy agsing; : 3)
0 0 1 0
| 0 0 0 1
(1 0 0 o0
He — 01 0 O
0 0 1 ds
0 0 0 1

From local D-H matrices, the position of the (OXY Z),
coordinate system compared to the fixed coordinate

system (OXYZ), through matrix transformation '

can be determined as follows
Di=H\H>.H;, i=1.6 ()

A P
1dwhich, matrix D; = 30X3 3x1

position (P3, 1) and direction (A3y3) of local coordi-

represents the

nate systems relative to the fixed coordinate system.
Specifically, the positions and directions of the coor-
dinate systems are as follows

(6)

1 0 0 O
1
D, = 0 0 0 :

0 0 1 dy

0 0 0 1

- : (5)

cosqy —sing; 0 apcosq

sing cosqy 0 apsing

D, =
0 0 1 do+d
| 0 0 0 1
And,
[cosq; —sing; 0 0
sing; cosq; O 0
D3 =
0 0 1 do+d;
| 0 0 0 1
_cosql 0  sing apcosqy
Dy — singg 0 —cosgq apsing
Tl o o 1 do+dy +ds

| 0 0 0 1

Following Figure 3
The position of G, point is determined according to
the fixed coordinate system as follows

Xgp = cosqq (ay +ascosgy —dssingy)
yG2 = sing (az +ay sing; —dssingy) )
2g2 =dy+dy +d3+assing, +dscosqr

Operate an inspection at a number of special loca-
tions.

Position 1: g; = gp = 0. This is the position where the
direction cluster is in a stationary position. The cen-
terline passes through the basin of the pan parallel to
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Then,
€0Sq1C0Sq, —sing, —cosq,sing, C€0sq4(a; +a,cosq,)
p. — |51141€05q2  cosqy  —sing,sing, Sing;(a; + asSing,) %
? sing, 0 €osq;  dy+d, +dy +a,sing,
0 0 0 1
Finally,
€0Sq;€08G; —sing; —cosq,sing, €05q;(a, + a4c05q; — dssing,)
D, — |S191€05G2  cosqy  —sing,sing, sing, (a, + a,sing, — dssing,) )
° Sings 0 €0sqz;  dy+d,; +d; + a,sing, + dscosq,
0 0 0 1

Figure 3: Equation (7) and (8)

the axis (OX)g and parallel to the ground. We deduce:
XG2 = ax+aq; ygo = 05262 = do +dy +d3 +ds. This

position is completely consistent with the kinematics 6
model. 55
Position 2: ¢q; = 0,go = 5. This is the position of '

the satellite pan cluster with the centerline of the pan T ?
in the direction of vertical (OZ)g. Now: xgy = as — N45

ds; yoo = 0; 262 = do + dy + d3 + a4. This position 4
is also completely suitable for the kinematics model.

Thus, the results of the modeling of the system ensure = 2
: 1

reliability and accuracy. 0 0

1 -1
RESULTS AND DISCUSSION i

Y(m)
The forward kinematics problem Figure 4: The possible workspace G,

Apply with expected geometric parameters of the an-
tenna to design and manufacture as follows dy =
3.62(m), d; = 0.87(m), ay = 0.39(m), d3 = 0.2(m),
aq =1.15(m), ds =0.21(m). Limited joints: 0 < g <
21, 0 < gy < w/2. The possible workspace of point

G is shown in Figure 5.

The forward kinematics problem is described with in-
put is the law of variables of joints ¢, g, and the out-
put is the motion law of point G; or any point on the

N W A O O 0~

system in workspace including position, velocity, and

-

Values of q1, g2 (rad)

acceleration. this problem can be solved by using the
MATLAB calculation software according to the dia-
gram in Figure 6.

o

0 2 4 6 8 10
The given law of variables joints is g; = 7¢/5,q> = Time (seconds)
7 /4. The coordinate zg; is constant, the trajectory of
G, point is a circle parallel to plane (OXY ). Figure 6: The law of variable joints
The input of the forward kinematics problem is the
law of the joint variables and is shown in Figure 6. The
results of this problem analysis are shown in Figure 7

i . i ) ~ Theinverse kinematics problem
to Figure 10. The position of point G, is shown in

Figure 7. The maximum value along the (OZ)y axis
is 5.68(m), the (OX ) and (OY ) reaches 1(m) . Fig-
ure 8 and Figure 9 show the velocity and acceleration
of point Gy, respectively. The point path of the G,
point in the (OXY)y plane is shown in Figure 10.
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The inverse kinematics problem is described with
input as the desired path of the end-effector point
G1(x62,Y62,262) in the workspace and the output
as the law of the joints variables that satisfy the re-

quired input trajectory. The inverse kinematics prob-
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Figure 5: Forward kinematics calculation diagram
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lem can be solved using either the analytical method
or the numerical method. On the one hand, the an-
alytic method allows us to use the kinematics equa-
tion transforms (9) to find g1, q>. However, the solv-
ing process will encounter transcendent trigonomet-
ric functions, so there are many satisfying results. The
problem of choosing the right answer to the system
configuration is not a simple problem and takes a lot
of time. Sometimes this approach is not feasible for
complex systems. On the other hand, the numeri-
cal method uses modern algorithms to solve prob-
lems according to the approximation method. The
outstanding advantage of this method is the feasibil-
ity and response to the requirements of the system
configuration, which can solve complex problems that
the analytical method cannot meet. The limitations of
the numerical method are errors. However, with the
strong development of computer science and mathe-
matics, this problem is almost completely solved com-
pared to the requirement of the problem. The algo-

rithm of adjusting the generalized vector '4~17

is ap-
plied to solve this problem.
To facilitate the presentation of the generalized prob-

lem, some vectors are defined as follows

T
x(t):[sz Y62 ZGZ] ; 10)

Q(t):[QI ) an

Relationship between coordinates of G point in the
workspace and joints coordinates in the joint space
can be described as follows

x=f(q)

The derivative of the two-sided derivative (11) respect

(11)

to time
. df. :
x=5.4=7 @4 (12)
where,
oh h o
dq1  9Iq» IGn
(9)= ? =1 .. . (13)
“ lan ah ah
dq1  Iq IGn

The matrix J(q) of size 3xn is called a Jacobi matrix.
For the redundant system, it is common to choose the
pseudo-inverse matrix of the rectangular matrix J(q)
as

T () =" (q) [T (@I (g)] " (14)

Then from the expression (14), the joints velocity is
determined as

q(t) =T (q)x(t) (15)
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The derivative of the two-sided derivative (12) respect

to time
() = J(q)4(t) +J (q) 4(t) (16)
From (16)
T(q)4(t) = %(t) = J(q)q(r) 17)
Put (15) into (17)
T (q)q(t) = x(t) = J(q)J * (q)x(r) (18)

Then the joints acceleration vector can be written as

q(t) =J" (@)x(t) =" () ()T (9)x (1)
The velocity and acceleration vectors can be calculated
from Eq. (15) and Eq. (19) if know q(t) at the time of
investigation and x (¢) ,x (¢) , X ().

Consider the desired motion of point G as follows

(19)

T
Xgp = cos —t (m);

Ye2 =sin 1 (m); (20)

2o = 5.68 (m)

Operate the inverse kinematics problem in MATLAB
software, the results of this problem are described in
Figure 11 to Figure 16. The values of variables joints
are shown in Figure 11. The joints errors are presented
in Figure 12. The velocity and acceleration of joints
also described in Figure 13 and Figure 14, respec-
tively. The position of end-effector point G, can be re-
calculated through the forward kinematics equations
with received q(t) is shown in Figure 15 with small
position error which is presented in Figure 16. The
3D model of antenna system (Figure 17) can be simu-
lated in the MATLAB software by using the results of
the inverse kinematics problem.

Value of g1, q2 (rad)
N w £ o o

-

N

o
(=]
N

4 6 8
Time (seconds)

Figure 11: The positions of joints
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Figure 12: The joints errors

Values of acceleration of joints (rad/s2)
=)
g
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Figure 13: The joints velocities
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Time (s)

Figure 14: The joints accelerations
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Figure 15: The position of G, point

Path error in workspace on XOY (m)
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Figure 16: The position error of G,

0 0

1
X(m) Y(m)

Figure 17: The motion trajectory of point G, in
MATLAB
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The dynamics equation and control system problems
has been built and solved based on the results of the
kinematics modeling analysis above. Figure 18 shows
the entire antenna system fabricated and is in the pro-
cess of assembly. The details of this issue will be pre-
sented in the next studies in the near future.

Figure 18: Geostationary satellite surveillance an-
tenna was fabricated

CONCLUSIONS

In conclusion, this paper presents the kinematics
modeling of antenna systems for geostationary satel-
lite communications and monitoring, with the fo-
The

workspace, position, velocity and acceleration of the

cus on analyzing the kinematics problems.

pan cluster center of mass are calculated by using the
limit value of joints and solving the forward kinemat-
ics problem. The rules of joints are determined en-
suring the given trajectory of pan cluster center of
mass in the workspace through analyzing the inverse
kinematics problem. The numerical simulation re-
sults kinematics were successfully applied in dynam-
ics and control analyzing and in practice.
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gidm sat vé tinh dia tinh.

Bai bdo nay trinh bay viéc phan tich mé hinh dong hoc cho hé théng anten gidm sat vé tinh dia
tinh. M&i thanh phan ctia hé théng anten dugc gid thiét la vat ran tuyét déi. Mo hinh toan hoc
dugc xay dung dua trén ly thuyét dong hoc va dong luc hoc hé nhiéu vat. Phuong phap ma tran
chuyén d8i thuan nhat DENAVIT-HARTENBERG (D-H) dugc str dung dé xay dung cac phuong trinh
dong hoc. Bai todn dong hoc thuan dugc phan tich dé xac dinh vi tri, van téc, gia téc va khong
gian lam viéc clia hé théng anten vdi cac gidi han chuyén dong géc clia hé théng da cho. Bai toén
dong hoc ngugc dugc dé cap dé xac dinh cac ing xi dong hoc clia hé théng anten vai quy dao
chuyén déng cho trudc trong khéng gian lam viéc. Két qua tinh todn va moé phéng sé déng hoc
da dugc ing dung thanh cong trong thuc té, dac biét la tng dung dé phan tich bai toan dong luc
hoc va bai toan diéu khién cho hé théng anten vé tinh dia tinh.

Tukhoa: Vé tinh dja tinh, hé théng anten, mé hinh hoa, déng hoc

Trich dan bai bdo nay: Hoang P Q, Hung L X, Tung D M, Thanh N T H, Phong N H, Trung V T, Tudn P V,
Bién D X. Phan tich mé hinh déng hoc hé théng Anten giam sat vé tinh dia tinh. Sci. Tech. Dev. J. -
Eng. Tech.; 4(1):705-713.
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