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ABSTRACT To track moving targets and signals in space, multiple characteristics as large orientational
workspace and excellent kinematic performance are required for the satellite antenna driving mechanism.
Due to variable orientational center and axes, the 3-RSR mechanism is capable of 1T2R with continuous
workspace and becomes a promising solution for the satellite antenna driving mechanism. Influenced by the
topological structure characteristics as none fixed orientation center and axes, the performances of 3-RSR
mechanism are significantly impacted by the parameter perturbation. According to the differential mapping
between finite screw and instantaneous screw, the structure, kinematics, performance, and optimization are
unified under the FIS theory. To be applied for the satellite antenna driving mechanism, this paper carries out
the multi-objective optimization of 3-RSR mechanism under the influence of parameter perturbation based
on the FIS theory. Firstly, the orientational workspace is obtained by finite screw and the instantaneous
motion description of the mechanism is derived through calculation principle of FIS theory. Secondly,
the orientational workspace and kinematics indices of the mechanism are proposed towards the actual
requirements of the satellite antenna driving, and the relationship with the parameters is established. The
discrete operation becomes extremely complex owing to parameter perturbation, and the RSMs (response
surface model) of indices without considering and considering parameter perturbation are modeled. The
multi-objectives optimization of 3-RSR mechanism influenced by parameter perturbation is carried out and
its Pareto frontier is obtained. Finally, a point preferred strategy is proposed and the optimum value of the
parameter from Pareto frontier is selected.

INDEX TERMS Parallel mechanism, multi-objective optimization, response surface model, Pareto frontier.

I. INTRODUCTION

The antenna is a necessary component to track moving tar-
gets and signals. It attaches rigidly to the output end of a
mechanism and is driven to realize two rotations with large
angles [1]. Nowadays, the mechanisms applied in driving
satellite antenna are mainly series mechanisms. According
to the number of rotating shafts, satellite antenna driving
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mechanisms can be divided into one axis, two axis, three
axis and four axis mechanisms. Two axis mechanisms are
widely used, among which the representative ones include
pitching azimuth type, X-Y type and polar axis type [2].
These three kinds of mechanisms have certain singular pose,
and it is difficult to adjust the pose and orientation under the
accompanying motion when the fixed platform moves [3],
[4]. Therefore, to solve the positioning difficulties caused
by the shaking of the fixed platform one or two axes are
usually added on this basis to become three-axis or four-axis
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mechanisms [5]. Note that the weight of antenna is increasing
because of the demands for higher signal gain and narrower
beam width [6]. The series mechanisms might not reach
satisfactory accuracy performance. Therefore, it is necessary
to design a satellite antenna driving mechanism based on
parallel mechanisms to improve accuracy of satellite antenna
driving mechanisms.

The continuous motion of the satellite antenna driving
mechanism is described as one translation and two rota-
tions (1T2R). As a representative 1T2R mechanism, the
3-RSR mechanism, without fixed orientation center and axis,
with the advantages of large orientational workspace and
excellent kinematics performance, is the preferred scheme
to apply parallel mechanism to satellite antenna driving
mechanism [7]. Wu [8] has demonstrated the advantages of
using 3-RSR mechanism as driving mechanism of satellite
antenna. Yulei [9] analyzed the dynamics of the 3-RSR mech-
anism, which is used for antenna driving under the influ-
ence of external forces, and proposed the optimization of the
topological structure of the satellite antenna driving mecha-
nism based on the 3-RSR mechanism in another paper [10].
Zhang et al. [7] studied the singularity of 3-RSR mechanism.
Di Gregorio [11] made a comprehensive kinematic analysis
of the 3-RSR mechanism.

Based on the previous research, 3-RSR mechanism without
singularity within workspace is capable of driving satellite
antenna. For the optimization of parallel tracking mechanism
at the request of tracking moving targets, large and high-
quality orientational workspace is the primary concern [12].
Gosselin and Angeles [13] took the area of the workspace
as the performance indices and carried out scale synthesis of
the 3-RSR mechanism. Moreover, kinematic performances
of the parallel tracking mechanism need to be considered
since the antenna is required to achieve high speed and high
precision tracking [12]. The virtual power transmissibility is
well recognized on account of clear physical meaning and
unified dimension. Tsai [14] and Staicu [15] applied the
virtual work principle to obtain the dynamic model of the
6-DOF Stewart motion platform and optimized the orienta-
tion transmission capacity of the mechanism.

Considering that both workspace and kinematics perfor-
mances play a key role in the design of the mechanism,
the optimization of the mechanism is a multi-objective
optimization problem. The existing multi-objective optimiza-
tion methods are mostly decision-making before optimiza-
tion. The first way is to transform two objectives into one
objective by using their internal relationship. Stock [16] and
Huang [17] obtained the variation law of a single parameter
with the objective function through monotonicity analysis,
and finally selected the optimal value of the parameter by the
constraints. The second way is to choose one or two objec-
tives as optimization objectives and let the other objectives be
constraint conditions. Based on parallel mechanism with high
speed and high acceleration, Minxiu et al. [18] proposed mul-
tiple performance indices about kinematic and dynamic, and
established a standard multi-objective optimization model as
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the objective function and constraint conditions. Although
these methods can reduce the difficulty of optimization and
easily obtain the optimum value of optimization objectives,
the solution is not a win—win result since the indices act
independently without cooperating with each other [19]. The
optimization objectives of parallel mechanism are equally
important [20], different indices should be equally regarded
without preconception. And the relationship between internal
competition and cooperation needs to be considered. Multi-
objective optimization should obtain a set of multi-objective
equilibrium solutions, known as the non-dominated solution
set or Pareto frontier. All the solutions on Pareto frontier
are deemed to be equally good [21]. Compared with the
single-objective optimization method, Pareto frontier method
considers multiple objectives equally, instead of abandoning
some goals for the superiority ones.

In view of above issues, this paper carries out multi-
objective optimization of 3-RSR mechanism considering
parameter perturbation. The introduction of this paper
reviews the research status of 3-RSR mechanism, satel-
lite antenna driving mechanism, and the method of multi-
objective optimization. Remainder of this paper is organized
as follows: in second section, a method for multi-objective
optimization of 3-RSR mechanisms under the influence of
parameter perturbation is proposed. In the third section, the
kinematics analysis is completed, and the two key perfor-
mances of 3-RSR mechanism, orientational workspace and
the virtual power transmissibility are analyzed. In the fourth
section, the RSM of indices is built through design of exper-
iment, and the analytical model of performance indices is
obtained after accuracy verification. In the fifth section, con-
sidering the influence of parameter perturbation on the per-
formance, the RSM of indices under considering parameter
perturbation is established to reduce the difficulty of discrete
operation. The Pareto frontier is obtained with PSO. Based
on the point preferred strategy, the value of parameter of the
3-RSR mechanism is selected from Pareto frontier. The sixth
section is conclusion of the paper.

Il. MULTI-OBJECTIVE OPTIMIZATION PROCESS
Engineering application is the first guiding principle of
mechanism optimization, and the results of mechanism opti-
mization ultimately serve engineering application. Based on
engineering requirements, the optimization process is divided
into three steps, as follows (Fig.1).

Step 1: RSM models of performance indices without con-
sidering parameter perturbation

Based on the engineering application requirements, the
continuous motion required by the mechanism can be
described by finite screw, and multiple key performances
can be determined. According to the topology of the mech-
anism, the normalized design parameters can be extracted.
After analyzing performance with FIS theory, the RSM of
indices without considering parameter perturbation can be
established by design of experiment.
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Step 2: Establishment of statistical objectives and proba-
bilistic constraints

Based on RSM established in step 1, N sets of design
variable are randomly generated by regarding the assigned
values as mean value and the machining tolerance as the stan-
dard variance. A probabilistic constraint concerning param-
eter perturbation is built and RSM of indices considering
parameter perturbation can be established.

Step 3: Implementation of multi-objective optimization and
optimal result selection

l—i " Performance index‘ —l

Constraint : P
condition Design parameters Objectives

—

v Yes

Step 1

No

N sets of design variables

Statistical objectives R

Probabilistic constraints

Analytical model of
optimization objectives

Pareto
Frontier

The model accuracy
meets the requirements N,

Appropriate
optimization
algorithm

FIGURE 1. Multi-objective optimization process.
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The Pareto frontier of parameters under parameter pertur-
bation can be obtained by applying appropriate optimization
algorithm. Finally, considering engineering application, opti-
mal parameter of mechanism is obtained by appropriate point
preferred strategy.

To meet the requirements of engineering applications for
the stiffness, mass, workspace, etc. of mechanisms, the per-
formance indices of mechanisms are usually diversified and
complex. Consequently, the optimization of mechanisms is
a multi-parameter and multi-objective nonlinear problem.
Pareto frontier method considers the competition, conflict
and coupling of multiple objectives, which is an advanta-
geous solution for multi-objective optimization of parallel
mechanisms.

The errors caused by processing and assembly during the
manufacturing process of prototype can lead to the pertur-
bation between the real value of parameters and the the-
oretical value obtained from optimization, which is called
parameter perturbation. The existence of parameter per-
turbation can make the real performance of the physical
prototype of the parallel mechanism deviate from the the-
oretical results of its optimization. To reduce the influence
of parameter perturbation on the performance, the influ-
ence of parameter perturbation must be considered in the
optimization.

The addition of parameter perturbation will greatly
increase the discrete operation of optimization. RSM is a
method to establish a mathematics model between optimiza-
tion objectives and parameters based on the input and out-
put relationship of the system using Design of Experience
(DoE), to reduce the difficulty of discrete operation. The
RSM of indices without considering parameter perturbation
is the basis of the establishment of RSM of considering
parameter perturbation. After the parameter perturbation is
taken as the constraint added in, the RSM of mean vale
of indices considering parameter perturbation is obtained.
The accuracy of the first to fourth order RSMs is evaluated,
and the analytical model with the highest degree is selected
respectively.

lll. KEY PERFORMANCE ANALYSIS

As to the satellite antenna driving mechanism, there are two
key performances are most worthy of attention. To ensure the
stability of signal transmission, the satellite antenna needs
to orientate in a large range to find the best transmission
angle. The satellite antenna drive mechanism is required
to have excellent orientation capability. At the same time,
the satellite antenna driving mechanism is required to have
excellent kinematics performance to achieve rapid target
acquisition.

A. INVERSE SOLUTION OF MECHANISM POSITION

For 3-RSR mechanism (Fig.2), the finite motion of its moving
platform can be obtained in (1) by calculating the intersection
of finite motions of series limbs that constitute the mechanism
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with the static platform and the moving platform.

St |3-Rsr

=2tan%( Sa )AZtan@ ( Sb )AIC(O)
2 \Irqg X $q 2 \rp XS8p Sc

ey
As shown in Fig.2, fixed coordinate system O — xyz and
follow-up coordinate system P—x’y’7’ are established at point
O and P which are the center point of static and moving
platforms respectively. In the fixed coordinate system, the
z axis is perpendicular to the plane of the static platform,
the x axis coincides with OB, and the y axis direction is
determined by the right-hand rule. At the initial pose, the
axis projection of the follow-up coordinate system P — x'y'7’
coincides with that of the fixed coordinate system O — xyz.
The rotating pair centers of the moving and static platforms
connected with the branch i are A; and B; respectively. The
spherical pair center of the branch i is C;. The midpoint of the
line segment OP is D. Define p for vector OP. Define d for
vector PD. Define a; for vector PA;. Define b; for vector OB;.
Define ¢; for vector OC;. Define m; for vector PC;. Define h;
for vector AC;. The angle between the unit normal vector w of
the moving platform and the z axis is defined as the inclination
angle 0, and the angle between the projection of the normal
vector w in the plane xOy and the axis x is defined as the
azimuth angle ¢. Set the included angle k = 6/2 between z
axis and OP, then the coordinate of the center P of the moving
platform is

p = plske ¢ sks ¢ ck]” )

where, s and c represent sin and cos respectively.

FIGURE 2. 3-RSR mechanism coordinate system.

During the movement of the mechanism, the rotation
matrix R of the moving coordinate system P — x'y'7’ relative
to the fixed coordinate system O — xyz can be expressed as

el + 529 spcpcd — spcp  cpsh
R = | s¢pcpch — s¢pco s2¢ch + 2 s¢psO 3
—c¢so —s¢pso cl
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Due to the symmetrical of the mechanism, the connecting line
between D and C; is perpendicular to the line segment OP,

according to the parallel vector:
d-(¢c,—d)=0, i=1,2,3 “4)

The inverse solution expression of the driving angle §; can be
obtained

—4]cosk + /1612 cos? k — dmn

B1 = 2arctan @)
—4l cosk + /1612 cos? k — 4gh
B> = 2 arctan > (6)
—4] 16/2 cos? k — 4
B = 2 arctan COSK + COS“ K qr @
2q

where, §; is the driving angle of branch i, [ is the length of k;.
m = (—p+2bcos¢sink — 2/ cos ¢ sink)
n=(—p+2bcos¢sink + 2l cos ¢ sink)
g:—p—bcosqbsin/c+«/§bsinfcsinq)

+ lcosqbsin/c—x/glsin;csinqb
h:—p—bcos¢>sin/<+\/§bsin/<sinqb
- lcos¢sin/<+\/§lsin/csin¢
q:—p—bcosqﬁsin/c—«/gbsin/csinq)
+ Icos¢sink ++/3 I'sink sing
r:—p—bcos¢>sin/<—\/gbsin/csinqb
— lcos¢sin/<—«/§lsin/csin¢>

B. ORIENTATIONAL WORKSPACE ANALYSIS

Orientational workspace refers to the maximum orientational
workspace that the moving platform can achieve in three rota-
tion directions after the pose of the center point of the moving
platform is determined. As shown in (8), g; describes the ori-
entation in Gibson form. s; is a unit vector that expresses the
orientation direction from the initial orientation to the current
orientation. 6; is the orientational angle which is measured
from the initial orientation.

Oy oy Oxy
gx = 2tan ?sx, gy = 2tan Esy, gxy = 2tan 7sxy ®)

[2 Oy 0, by
‘tan 58y +tan 5 + tan = tan 55y X Sy
Oxy =2 arctan

0.
1 —tan 97* tan %s;s .

Ox 9}’ Ox 0}'
tan 5y + tan - + tan 5 tan 5§, X §y

S =
w t 0): 6," 0)( 0}’
an sy + tan = + tan 3 tan 55, X Sy

{em} < {20}

9 U
N

Oy € [0,27],s € R¥>! |s| =1 ]
©))

Therefore, {gM} is a sub-three-dimensional orientational
workspace. Based on MATLAB, the maximum angle search
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method is used to obtain the orientational workspace of the
mechanism when constraint #y (60, ¢) is satisfied. ty (6, ¢)
should include

. . . Os <6
a) Maximum rotation angle constraint: 5 § max

>

OrR < ORmax
where 65 max and Ogmax are respectively the maximum allow-

able rotation angle of the ball suit and the rotating pair.

b) Connecting rod interference constraint: D > Dy, where
Dy is the minimum safe distance.

In a plane which p is given, the reachable workspace of
the maximum inclination angle 6max > 45° is regarded
as the orientational workspace. With the help of MATLAB
software, the maximum orientation angle under different
values of p and three-dimensional diagrams of the orienta-
tional workspace are obtained, as shown in Fig.3 and Fig.4
respectively.

0 ) ) ) ) A
0 10 20 30 40 950(0) 60

max

FIGURE 3. Maximum orientation angle under different values of P.
z(mm)
1504
100+

504

50
0" xCmm)
=500 250

FIGURE 4. Orientational workspace of 3-RSR mechanism.

C. VELOCITY JACOBIAN MATRIX

Based on FIS theory, instant screw is the derivative of finite
screw. The instant screw of the center point P of the moving
platform is

5

$c=S8nls-rsk = > pij8ij (10)
j=1
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where, Sﬁ |3—rsg 1s the description of continuous motion
of 3-RSR mechanism based on finite screw, $,/>i,j and p; ;
respectively represent the unit velocity screw and inten-
sity of single degree of freedom motion amplitude j in the
branch i.

For branch i,

A _ (_pi —{-bi) X 81 A _ | mixe
81 = s Srin = )
L Si1 el
. (m; x e> - m; x e3
$ [ = ) $ [ = 3
t,i,3 e t,i,4 e
. [a; x s;5
815 = '
T 8i,5

where, $ is the axis unit vector of the rotating pair j in the
i.j
branch i, and
si1 = (c¥i, 893, 0),5:5 = (cvi, 894, 0),

W

T . 21 T
—54—(1—1)?, er=[1 0 0],

ex=[0 1 0]", es=[0 0 1]"

T .
- and the constraint screw

For the branch i, the drive screw ﬁwa’l

AT

$y.,i are respectively used to do the generalized inner product

of the two ends of (11), which can be obtained

~T AT ~
Swaibt = 1,184,811 (11)
AT
§r 8 =0 (12)
where,
AT m; X §;
Swai = [ ' ’],Si=hi,
s S
AT m; X Se.; (si,1 % 8i2) X (503 X 8i.5)
$wc,i = ) ySc,i = .
Sc,i ’(s,',l X Si,2) X (Si,g X Si’5)|

From (11) and (12), the motion mapping model of 3-RSR
mechanism can be expressed as

J$ =Tpp (13)
where,
_ _Jxa . Jpa _ Py
JX__ch] Jp_|:03x6i|’p_|:03x1
[ AT AT
$¥a,1 $%/c,1
Jxa - $wa,2 s ch - $Wc,2 s
A AT
| Ywa,3 $wc3
-
$war$11 0 0 0 0 O
AT A
Jpa=10 Swa2$i21 0 0 0 0 |,
AT -
| 0 0 S43831 0 0
[ 61 P11
pa= |0 | =] P21
| 03 P31
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The motion mapping model of the mechanism can be further
expressed as

$c=JTpp (14)
where,
T pskco + pkckcp — pq')s;cscp
$=[pw]| .p=| psks¢ + pkcksp + phskco |,

PCK — PKSK
R31Ro1 + RaRo + R33Ro
o = | Ri1R31 + Ri2R3 + Ri3R33
R>1R11 + RR12 + Ro3R13

The force Jacobian matrix of the mechanism can be
expressed as

3
AT
Sw=> S$yi=Jxd (15)
i=1

where,

f=[fvar1  fua2 fwa,3,l]T-

D. VIRTUAL POWER TRANSMISSIBILITY

The virtual power transmissibility 7 is defined to evaluate the
kinematic performance of the 3-RSR mechanism. The larger
7 is, the better the kinematic performance is.

. ~T ¢ . $
n = min {‘$wa,l$t’lsl‘ s $Wa,3$t!3’1 H (16)

Without losing generality, taking / = 784.8mm, a = b =
449 7Tmm, p = 100mm, 0 < 6 < 45°, the virtual power
transmissibility is shown in Fig.5.

AT
$wa,2$t,2, 1

’

50

500 -50 ' x(mm)

FIGURE 5. Virtual power transmissibility of 3-RSR mechanism.

IV. ESTABLISHMENT OF PERFORMANCE INDICES
The establishment of mechanism performance indices is
a process of parameterizing the objective and method of
mechanism performance optimization. Based on engineering
requirement, the key attributes expected to be obtained are
large and high-quality orientational workspace and excellent
kinematic performance.

Establishing {fmax}max and to evaluate whether the orien-
tational workspace is large enough. Establishing Ig to eval-
uate whether the quality of orientational workspace is high
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enough. The orientational workspace is required to be large
and of high quality. Index {Omax };max 1S defined as the maxi-
mum value of 6. in global orientational workspace, which
is established to evaluate the maximum orientation angle in
orientational workspace. The lager {fmax}max 1S, the larger
local orientation angle is. Index S is defined as synthesis
of Omax corresponding to different planes in orientational
workspace, which is established to evaluate the global ori-
entation ability (Fig.6-a). The lager the S is, the stronger
global orientation ability is. Index /g is defined as Iq = I /p,
where /; is the value of p corresponding to x> 45°,
which is established to evaluate proportion of the interval
with excellent rotation ability (Omax > 45°) in the global
orientational workspace(Fig.6-b). The larger the Ig is, the
more symmetrical orientational workspace is.

p(mm) p(rm)

140

10 20 30 40

0, ac()

@ S ®) lq

FIGURE 6. The definition diagrams of S and /q.

Based on (16), n; is defined as the minimum value of
virtual power transmissibility under the determined structure
of the mechanism.

Nk = min(n) a7

The virtual power transmissibility of the mechanism changes
with the change of the pose of the mechanism. ny (18) is
established to respectively evaluate whether the global kine-
matic performance is excellent. And 7y (19) is established
to respectively evaluate whether the global kinematic perfor-
mance is steady.

dx
ﬁw=f$ (18)
— \2
— dx
ﬁw=L@7#L— (19)

where V is the orientational workspace volume of the 3-RSR
mechanism.

Based on the analysis of orientational workspace, the
mechanism has large orientation capability, but in actual use,
the mechanism only needs to complete large load work in
the area with the best working capability. Therefore, the
kinematic performance of the area with the best working
capability is investigated as an performance index, that is, the
nw and 7w of the orientational workspace in area meeting
{p € (100mm , 120mm), 0 € (0,45°), ¢ € (0,360°)},
which are selected as the kinematic indices of the mechanism.
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V. ANALYTICAL MODEL OF PERFORMANCE INDICES

A. NORMALIZATION OF PARAMETERS

According to the analysis about structure of 3-RSR mech-
anism, the design variables of the mechanism include two
parameters, x = {x1 xz} = {a Aifa } a is the design
parameter of moving and static platforms. A/, = I/a, [ is
the length of the link. The range of initial parameters of the
mechanism are set based on topological design, 400 < a <
500mm, 1.5 < A[/a <2.

In order to meet the requirement of the mechanism for large
orientation capability and excellent kinematics performance,
the performance indices of {Omax}max> 19> S, 7w and 7y are
established. Under the given constraints, the optimization of
3-RSR mechanism can be reduced to a class of constrained
nonlinear programming problems, namely

F(x) = max ({fmax }max) & max (S) & max (Iq)

& max (7jy) & min (ﬁw)
|J|min >0

s, | 05 < Osmax (20)
Or < OR max
D < Dy

B. ESTABLISHMENT OF RSM OF PERFORMANCE INDICES
WITHOUT CONSIDERING PARAMETER PERTURBATION
The RSM of indices without considering parameter perturba-
tion is established to lay a foundation for RSM of mean value
of indices considering parameter perturbation. The accuracy
assessments of the obtained RSM are shown in Table 1. RSM
with highest accuracy have been painted in gray in Table 1.
The RSM expressions with the highest accuracy are shown
below, which are obtained for the establishment of RSM of
performances considering parameter disturbance.

S = 41100.0956553297al; 4 + 508285.0559941792,,
+ 282.3712846520824a% — 3276147.21710864A;/4
— 88532.1629021167a + 4795465.23546571;
lg = 0.0119009967815519a; /4
+ 0.0883885031928216A7,
+ 0.0001543450182792694°
— 0.587491204435973;/,
— 0.0323832137956043a
+ 1.10829091092029;

{emax } max

= -0.0363987373418507a
+ 17.096621565958;/,+26.7211825936555;

fiw = —724.0258550468391,",,
— 0.0001526629275690134*
+ 5204.303748905012;),, + 0.02968061918474254°
+ 4.69811502392542ak;/, — 13888.88214051547,
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TABLE 1. Accuracy of analytical mapping model of performance indices.

Type RAAE RMAE RMSE R?

Linear 0.03954  0.05387  0.05387  0.96491

la Quadratic  0.04783  0.08281  0.05343  0.97499
Cubic 0.15906 031564  0.19218  0.60625

Quartic  0.14173 030245  0.17349  0.77228

Linear 0.03525  0.04026  0.04026  0.98282

f0..) Quadratic ~ 0.05997  0.12200  0.07074  0.95501
" Cubic 0.04058  0.10081  0.04834  0.97528
Quartic  0.04425  0.12438  0.05721  0.97762

Linear 0.08302  0.09206  0.09206  0.89449

s Quadratic  0.04697  0.12416  0.06503  0.96394
Cubic 0.14803 035345  0.19395  0.53999

Quartic 0.0939 0.22704  0.11201  0.85832

Linear 0.15114  0.16446  0.16446  0.77908

i Quadratic  0.0776 0.20215  0.09823  0.94494
Cubic 0.11307 024798  0.13194  0.87384

Quartic  0.05447  0.17538  0.07474  0.95474

Linear 0.10186  0.11227  0.11227  0.87684

_ Quadratic ~ 0.02242  0.04763  0.02610  0.99547
hr Cubic 0.0245 0.05506  0.02841  0.99283
Quartic  0.01231  0.04158  0.01668  0.99686

— 2.097731590666954> + 16062.43637514812/4
+ 54.8858932824178a — 7337.17255400874;

VI. ANALYTICAL MODEL OF OPTIMIZATION OBJECTIVES
UNDER PARAMETER PERTURBATION
A. PARAMETER PERTURBATION
Generally, due to the existence of processing error, assembly
error, temperature and other factors, there is a perturbation
between the actual parameters of the prototype and the theo-
retical parameters obtained by the optimization design, which
makes the performances of the prototype and different from
the design performance. To effectively avoid the influence
of parameter perturbation, reducing the influence of param-
eter perturbation should be considered in the optimization
design process. In the calculation of each basic parameter,
1000 perturbation points are selected as the actual processing
parameter.

The fluctuation degree of mechanism performance caused
by parameter perturbation can be calculated as

h(x) — h(x)

h = =
p(h(x)) oo

21

where, h(x) represents the performance indices determined
above, and Z(x) represents the average level of corresponding
performance indices affected by parameter perturbation.

As shown in Fig. 7, the fluctuation of each performance
indices of the mechanism with respect to its mean value
under the influence of parameter perturbation is different. For
a group of optimization parameters generated by parameter
perturbation, the fluctuation coefficient value of the perfor-
mance indices of the mechanism is expected to be within a
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FIGURE 7. Relative dispersion extents of performance indices.

certain range, that is

Ip(h())| = S (22)

where, ¢y is the maximum allowable value of the rela-
tive fluctuation coefficient of the corresponding performance
indices. In this example, the value of ¢y is 5 x 1074,
Np(h(x)) is defined as the number of relative fluctuation coef-
ficients meeting the allowable conditions for corresponding
performance indicators in N groups of random values. xj(x)
is defined as the dispersion coefficients of corresponding per-
formance indices under the influence of parameter perturba-
tion, as shown in (23). The higher value of relative proportion
indices the more numbers of performance values are within
the acceptable ranges. With more values within acceptable
ranges, parallel tracking mechanism is more likely to resist
the effect of parameter perturbation and become robust.

_ Ny(h(x)
- N

Therefore, the influence of parameter perturbation can be
described by two indices in terms of mean value and relative
proportion. The mean value represents its average effect and
is used to form objectives in the following content. And the

(23)

h(x)
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relative proportion shows the overall dispersion level caused
by the perturbation. It is utilized to set constraint conditions
in this paper as

Xh(x) > Sh(x) 24

where, () is safety factor of performance A(x).

B. ESTABLISHMENT OF RSM OF MEAN VALUE OF

PERFORMANCE INDICES
F(x) =max ({fmax},,,, ) & max (§) & max (Ig)
& max (fjw) & min (ﬁ_W)
|J|min >0
Os < 65 max
s.t. 1 Or < ORmax (25)
D < Dy

Xh(x) > Chx)

The mechanism optimization function considering parameter
perturbation is shown in (25).

Based on the RSM of indices without considering param-
eter perturbation established above, the boundary value of
parameter perturbation is considered as the constraint con-
dition, and the RSM of mean value of indices considering
parameter perturbation is established. The accuracy assess-
ments of the obtained RSM are shown in Table 2. RSM with
highest accuracy have been painted in gray in Table 2.

TABLE 2. Accuracy of analytical mapping model for optimization
objectives.

Type RAAE RMAE RMSE R
Linear ~ 0.03248 007173  0.03779  0.98928
7 Quadratic ~ 0.00054  0.00114  0.00064  1.00000
Cubic 0.00045  0.000918  0.00053  1.00000
Quartic  0.00068  0.00153  0.00081  1.00000
Linear  0.00052  0.00108  0.00062  1.00000
(B Quadratic  0.00045  0.00102  0.00054  1.00000
mx - Cubic 0.00068  0.00150  0.00081  0.99999
Quartic  0.00063  0.00152  0.00078  0.99999
Linear ~ 0.08570  0.15122  0.09631  0.91158
3 Quadratic ~ 0.00134  0.00299  0.00156  0.99998
Cubic 0.00034  0.00065  0.00041  1.00000
Quartic  0.00087  0.00163  0.00095  0.99999
Linear  0.09935  0.15768  0.10648  0.91040
- Quadratic ~ 0.01649  0.04203  0.02047  0.99503
Cubic 001132 001535  0.01187  0.99886
Quartic  0.00071  0.00206  0.00096  0.99999
Linecar 008118  0.11942  0.08759  0.92884
7  Quadnatic  0.00508 001110 0.00583  0.999s8
Cubic 0.00445  0.00588  0.00464  0.99982
Quartic  0.000842  0.00221  0.00108  0.99999

The RSM expressions with the highest precision are
shown, which are the approximate explicit expressions
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between the mean value of the performance indices and the
parameters of the multi-objective optimization.

§ = —6996.601106841881),,
+ 0.3191330756322824°
+ 41080.2177052155aA1/, + 543943.866697879,
+ 240.6801596944084a> — 3335508.94779555; /4
— 86690.583386284a + 4801791.62546645;
Iq = —0.00240890656652093,,
— 2.01758410796695 104>
+ 0.0118990874443818al; /4
+ 0.1004207474583681,,
+ 0.000182475376045731a*
— 0.6072993199027642;/, — 0.0336829721209771a
+ 1.13911708982782;
{Omaxtmax
= 0.000216962850398162a/q
— 0.0349936872077747A7,
+ 5.5317315143541 % 107 % a°
+ 17.20867218946132; 4
— 0.0417408577649318a + 26.7442693302875;
Aw = —724.0258550468392,",,
— 0.0001852254687697184*
+ 5229.48075934411;), + 0.03564016784914084°
+ 4.69461469097792ak;/, — 13956.00659202517,
— 2.506139018643994> + 16142.5616717967A; /4
+ 67.3126950327253a — 7514.79519447776;
fw = 560.2433967711524}),,
+ 4.07134749553258 % 1072 % a*
— 3880.199136002224;),,—0.006464540254275594
— 8.81479875760181ak;/, + 9899.759860653842 7,
+ 0.215734803639072a> — 10538.0257167546/4
+ 23.0302151343259a + 3377.40268282703;

The particle swarm optimization (PSO) based on Isight soft-
ware is adopted. The analytical mapping models are coded
and directly typed in the interface that provided by the
Isight software. Then Isight software will execute the optimal
calculation.

Pareto frontiers are obtained after the multi-objective
optimization, since the five objectives are simultaneously
considered. Pareto frontier denotes the nondominant solu-
tions that none of the objective can be improved in value
without degrading some of the other objective values. All
the solutions on Pareto frontier are deemed to be equally
good.
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C. POINT PREFERRED STRATEGY

To further ensure the global mean and fluctuation of kine-
matic performance of the mechanism in the orientational
workspace, the global performance index is constructed.

—2 =2 ~
G(x) =max(yV nw + nw ), st.{nw < 45 (26)

The final solution can be selected from Pareto frontiers as
a = 34; A1/, = 1.830644564;

The comparison of orientational workspace and virtual
power transfer rate before and after optimization is shown
in Fig.8. and Fig.9. Where, the red part represents the com-
parison of orientational workspace and virtual power transfer
rate after optimization. It is obvious that the orientational
workspace and virtual power transfer rate after optimization
are better than before.

FIGURE 8. Comparison of orientational workspace before and after
optimization.

BR 3 8 2

50

()

FIGURE 9. Comparison of virtual power transfer rate before and after
optimization.

VIl. CONCLUSION

Based on the actual requirements of satellite antenna driving
mechanism, the multi-objective optimization under the influ-
ence of parameter perturbation carried out on 3-RSR mecha-
nism in this paper. Achievements in this process include:

1. To apply 3-RSR mechanisms for the satellite antenna
driving mechanism, a multi-objective optimization method
based on FIS theory for 3-RSR mechanisms under the influ-
ence of parameter perturbation is proposed.
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2. The orientational workspace and kinematics perfor-
mance indices of the mechanism are proposed towards the
actual requirements of the satellite antenna driving mecha-
nism and its relationship with the parameters are established.
Two RSMs of performance indices without considering and
considering parameter perturbation are established to sim-
plify the discrete operation process considering parameter
perturbation.

3. The multi-objective optimization of 3-RSR mechanism
considering parameter perturbation is completed, and the
Pareto frontier is obtained. According to the point preferred
strategy, the final value of parameters of the 3-RSR mecha-
nism are determined.
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