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Simulation of The Process of Solar Panels Air
Flotation Deployment on The Ground and Virtual
Commissioning System Design

ABSTRACT

Before the satellite is launched into space, it needs to conduct many
microgravity simulation experiments on the ground to verify the
reliability of the satellite's solar panels when they are deployed in orbit.
As the size and number of sailboards increase, the number of air-floating
support devices arranged under each sailboard also increases, which
increases the difficulty of multi-point coordinated control. Therefore, it is
of great research value to design an efficient and reliable control strategy
to coordinately control the real-time positions of the support points of
multiple air flotation gravity compensation devices to ensure the smooth
and smooth deployment of the sailboard in the ground microgravity
environment. Furthermore, the current solar panel air flotation method
takes a long time to prepare for the ground deployment experiment.
Relying on manual repeated deployment experiments to obtain control
parameters, the debugging workload is heavy and the experiment cost is
high. Based on the coordinated control strategy of multiple gravity
compensation devices in the center, digital twin technology is used for
simulation modeling. Before the experiment starts, various simulation test
parameters are adjusted based on the sailboard unfolded virtual prototype
model, historical experimental data is stored, and physical experiment
optimization is proposed, which will be of great significance.

Aiming at the research background of the ground microgravity
deployment experiment of satellite solar panels, firstly, the dynamic
equation of the multi-board surface deployment of the sailboard is



established by using the theory of flexible multi-body dynamics, and the
simulation model established in Adams is used for simulation analysis.
Aiming at the position control problem of the support point of the air
flotation gravity compensation device, a variable universe fuzzy control
strategy with a new type of functional expansion factor is proposed.
Aiming at the disturbance and mutual interference problem of multiple
support points, a force-position separation control strategy is proposed,
and the simulation verification experiment was carried out, and finally the
human-computer interaction interface of the visualization software was
designed, and the integrated environment was built to verify the
applicability and reliability of the control strategy. The main work done in
this paper is as follows:

(1) Dynamic modeling and simulation of flexible sailboard
unfolding process on the ground

In order to explore the dynamic characteristics of the flexible
sailboard during the deployment process on the ground, the dynamic
equation of the sailboard deployment was established based on the hybrid
coordinate method and modal analysis. air film vibration and other
interference conditions were analyzed in detail, and finally the equivalent
dynamic simulation model of sailboard deployment was established based
on Adams and the dynamic index parameters were extracted to provide
dynamic model support for the design of the control strategy.

(2) Design of self-adaptive control strategy for sailboard ground
deployment process

In the microgravity experiment of air-floating sailboard deployment
on the ground, due to the time-varying nature, high uncertainty and many
interference conditions during the movement of the air-floating gravity
compensation device, a variable universe with a new type of function
expansion factor was designed. Fuzzy PID control strategy uses fuzzy
control to adjust PID parameters in real time to adapt to the current
working conditions. Aiming at the problem of coordinated control of
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mutual interference of multiple support points, a force-position separation
control strategy is proposed. The inner support point realizes constant
force compensation, and the outer support point realizes constant position
compensation. Finally, a control simulation model is built, and the design
simulation experiment verifies the fuzzy reliability and superiority of
fuzzy control strategy.

(3) Design of virtual debugging system for sailboard ground air
flotation deployment experiment

According to the debugging requirements of the actual physical
experiment of the sailboard, a virtual debugging system for sailboard
deployment is designed and implemented. Firstly, the overall technical
framework of the virtual debugging system is designed, and then the
functions of each sub-module are developed and realized separately.
Finally, the virtual debugging system is carried out. Functional test, and a
sailboard deployment simulation experiment based on the virtual
debugging system, which verifies that the debugging system meets the
expected design requirements.

This paper proposes a variable universe fuzzy control strategy suitable
for the air flotation gravity compensation device, and designs and
implements a virtual debugging system for the air flotation microgravity
experiment of sail panels, which provides some technical support and
application guidance for the application that the satellite solar panels can
be smoothly deployed on the ground of ordinary laboratories.

KEY WORDS: flexible multibody dynamics, fuzzy control, multi-point
coordination, virtual commissioning, variable universe
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Table 2-1 The first 6 vibration frequencies of one panel

B2 1 2 3 4 5 6

FFAIEE (HZ) 258 565 1323 1522 2158 27.27
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. dr, -
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D~ ~{T.¥ {dF [CHIHT}
1 FIZE KB RELR I1J9 9  AhB2  SHE, IBSRE T (PR 2 p, 1
F1QLIE p s MIBERIES R R
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Fig.2-3 Air float gravity compensation device
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Fig.2-4 Schematic diagram of experiment of floating gravity compensation device
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Fig.2-5 Structural diagram of the air cushion unit
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Fig.2-6 Air cushion unit working process
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Fig.2-7 Schematic diagram of ground conditions
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Fig.2-8 Schematic diagram of air cushion partial load
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Fig.2-9 Slope force change condition
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Fig.2-10 Air cushion mechanics analysis Fig.2-11 Air film vibration model
model
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mh = H p(x, y)dxdy —G (2-22)
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h RASESEBR LR, S EE R ER, SUBEEEEAR hoo UBFESRET
HOTRIAS P B 52 B — AN R B G, SEBR 1B B FE AT LLER R N — A RS E A
— MR BhEZ A, B

h=h,+Ah (2-23)

INREN SRR SR Sy AP, SRR F1A A 45 5 S 3R 78
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P il Fo A l. RN 2-2215:
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=F+AF -G
SR ke ERT, mhy =0,F, =G, FLLEH:
mAh = AF (2-25)
BB AR FE Fo &6 W B8 EITAER .

(2-24)

oF oF - - oF oF - -
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ch oh
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—nggn—K:%E (2-28)
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Fig.2-12 Schematic diagram of the working principle of the CCL mechanism
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Fig.2-13 How the deployment lock mechanism works
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Fig.2-14 Microgravity simulation model of solar panel
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Fig.2-15 The expansion angle curve of each substrate of the solar panel
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Fig.2-16 The angular velocity curve of each substrate of the solar panel
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Fig.2-17 Expansion angular acceleration curve of each substrate of the solar panel

HI 1 2-17 ®TA0, TEJRIFRILERY BL ) 0.8s A FI R IF BB BL ) 8.4s 4b, =kt
PR FEE T ISF ) 03 B8 SR 3, B I IR AR B Ak 52 B g b B0, PRI
SURF I BRI TG A0 T B R I 8] Be AR R T IR S IR A R A, i i 3¢
TR il 2 VR I T BB LA B et Bl B ML AR e T BIX 3 A7 1 i 2%
DR B AR SR A 28 AL FRE O I R~ R R B2

100.0

50.04

0.0

B00+— N T ===

newton-meter

-100.0 1

-150.0 1

-200.0 T T
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100

Time (sec)

B 2-18 K '\ A& WUAR & A 45k FT 3R 3 7 48
Fig.2-18 The driving torque of each substrate of the solar panel
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Fig.2-19 Force change curve of support point under gravity compensation
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Fig.2-20 Detail diagram of force change of support point under gravity compensation
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Fig.2-21 Change curve of support point position under gravity compensation
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Fig.2-22 Details of position changes of support points under gravity compensation
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AR e R E BRI R N, Rz B, fmZERIAEE EC L
Lt AR Y, HIRRHE &NE S AR BB e ERERIE SR, — K
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¥

(1) =ARH R s 3

0,x<=a

f(x.a,b,c) = (x—a)/(b—a),a<x<=b (3-1)
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0,x>c

Her, Z28tatl c RoRn=MLK “I”, #E=MEKNKELREE, S8 bk
AN “UET, B = A AL A

(2) T s J B pr 4
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Hr, 2% 0 5% ¢ 7l e R Eh 42 10 58 B SRR O
(3) sigmod 3 J& & R %

f(x,a,c) = 1 1 (3-3)
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Fig.3-2 Schematic diagram of fuzzy reasoning process of Mamdani method
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PID FZ i & 1 S 3 &l 40 18] 3-8 Fros:

ELBIERTTP

r(t) e(t) y(t)
TRIRTI X WY R

WOIRTD

E 3-3 PID 4] 589 R 32
Fig.3-3 Schematic diagram of PID controller
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Fig.3-4 Schematic diagram of fuzzy PID controller
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Fig.3-7 Schematic diagram of fuzzy inference scaling factor
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Table 3-1 Value table of error classification scaling factor

e b4 R T

= j? ae / aec ,B kp ﬂ ki ﬂkd
1 0.8 1 0.1 0.9
2 0.6 0.6 0.4 0.7
3 0.3 0.4 0.7 0.5
4 0.2 0.2 0.9 0.3
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Fig.3-8 Air float gravity compensation device
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Fig.3-9 Schematic diagram of the equivalent structure of the device
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mX =K, (X, — X) +C, (X, — X)
+k (% = X) + ¢, (X —X) (3-15)
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R LA EJTREIRAL, AT P S AR MO AR B S 15 21
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~ 5 o 3 2 (3-16)
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a, = (k, +k,)m, +c.c, + mk,,

a, =kc, +ck,,a, =kk,

ZCHR[51], BN EL LI A% 3% R HO -

G,(s) = < (3-17)
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KN BRI JG, BT R BT BRI 2, AT R0 2R 1 s vt
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S5 H AKp. AKiL AKd BERIHE LN, 15 3-2 s .

* 3-2 AN &
Table 3-2 Fuzzy rule table
(a) AKp A2 #HL ) &

EC
NB NM NS Z0 PS PM PB NB

NB PB PB PM PM NM Z0 Z0 NB
NM PB PB PM PS NS Z0 NS NM
NS PM PM PM PS Z0 NS NS NS
Z0 PM PM NS Z0 NS NM NM Z0
PS PS PS Z0 NS NS NM NM PS
PM PS Z0 NS NM NM NM NB PM

(b) AKi A #IHLI £

EC
NB NM NS Z0 PS PM PB NB

NB PB PB PM PM NM Z0 Z0 NB
NM PB PB PM PS NS Z0 NS NM
NS PM PM PM PS Z0 NS NS NS
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Fig.3-11 Fuzzy regular surface graph of control variables
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RO G A 753 3 M@ i B AKp. AKi. AKd HISH1E, ¥ PID 2%
FIRIGEE I EABIEME, AR RIRA Y IEG R PID e 2%, Al

Kp = Kp, +AKp
Ki = Ki, + AKi (3-20)
Kd = Kd, + AKd

3.2.3 TR g R T it

B MR RIRE e MIRENZLR ec MZEEAIREON[-EE], I AN
iR T a(x) 5 52 [-a(X)E, a(X)E], [FIHE, =AM AR S 1A
YY1, SINE SR T Bly) a3 212 [-B(Y)Y, B(Y)Y], MR T S
MR, PRms ) R ST SN 1, A ST 3 ol BB A 4 D) A1 D i A\ A1 4 A
T LR AR AR R T RO 20 B RN R B R

a(x)= (%)’ +e& (3-21)
K, 0<t<1, eARD/PIEIETFRIEE.
a(x) =1- Aexp(—kx?) (3-22)

X, 0<1<1, k0.

ERGNSWENERE S, REEMEGR TR EEFEESH, S ETR
AR, FEEREAFKEESH, shZEMHREEREHEESHNTTE.
N, ARSCARYE 2 45 i 22 AR 22 (1 AR A 28R S I T B FR O A 48 TR 1 ) A
K ZH,  FRARAE STHR[46] 7 X (e 247 ER - R 14 J5g 2 SR A HH — ot 24 o 0 2R o 447 AT
T
a(e) =1-A(e)exp(-k(e)e?)

e, E
’1(6):(%) kie)= e[(E+EC)+e¢
a(ec) =1- A(ec) exp(—k(ec)ec?)

B EC
lec|(E+EC)+¢

A, e fl ec 43 TR LR ZE R SERHR ZAL R, E fl EC 4 RN iR ZE
AR Z BRI A T, e N—MET 0 12/ MUIESL

X4 AR AR DR -, AR A A 4 DR B R SR, Kp A1 Kd A 4 A
TR ZE e (REF—30 Ki B IETERAIRZE e Kial. AT 4a

(3-23)

A(ec) = (%)2, k(ec)
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i R 79
'ka = 2|e|
Bu= (3-22)
“ le|+0.7
B =1.6|e|
F T2 ) B2 0 A TR 58, HaS bt B T R oA
u(x) = ZHIAAxw, (3-25)

Hrf, x NEIARR, wﬁﬁﬁ%ﬁﬁ,%ﬁﬁﬁﬂﬁo%AT@%H¥

Ja ARV IR 5 ] 2 B ) RO
UUW)ﬂZHﬂ ()
FTER T AR R AR PID in%d%ﬁﬁﬁtzvf R FE e 246 A 7 0 28 R RE AR 1
SVE L, AR TR AR R, W XA I OBTRE L PR, 42
TR R GE N S R

(3-26)

3.3 MRS MR I N 53 B I SR BRI T

3.3.1 Z R E BRI

AT B PR H A2 B R AR P T S A e B KT T, | LA
NFNEA, A S R AL AL B A 2 T, ﬁ%ﬁ%ﬁ%&ﬁiﬁ
NN Z RSCHEBOR . A S8 RO B A8 A 2 252 3y T 1 52
T2 WUBR B 5 SRAEAE R B R R SR S R B A W&, 507
1] 52 Bt iR TOLRI 2, S ECOE AL ESE H AL B ML B, [
I A S8 RO B AR 2 2 BRI QRS R L B A T30, 2R T IR A
BUPUR ) 2 s A B IR AR LUAC R 2% o xS T8 3-12 Pom i =Rl 6
RSCEERR, 6 SO R AL B A B PO AT, /R BT AR
HISRIS L 6 ST L B A iR KR ZE IR BIAE FO VR R ORIR ZEVE B N, RAE
3 BLUAROBR] PRI o A S48 bp 2SR i KR Z AN H AR E R 1%.
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Fig.3-12 Schematic diagram of panel 6 support point model
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(152 J31E e i, WA 52 380 b T ER: (4 52 1)t 2 e 25 /K S T, 5 LR R B < 3R
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Fig.3-13 Panel offset schematic

A SCRET [ —AMEE A B H RS0, AR WUARE T IR A AU R LR
IR BE, 232 2 M i AT A DL sl AR U B S 2 IIRsh I L T, =
R B A SCHE AL B AR Z IR A R K e VR Z I VE B Y

UL AH QB S AL B A LT PR 1) R, 1 A s AR A Dy — g [ € 1)
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172
F1 F2
B 3-14 R TH B ALE
Fig.3-14 Simplified diagram of support deformation
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Fig.3-15 Schematic diagram of AB segment deformation
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Fig.3-16 Schematic diagram of BC section flexible deformation
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It C b3 #¥ i B me rl o AB B Sl B INIPERAZ N BC Bt H & 5%
5K A Z A, B
W =Wqe + @O (3-30)
MCETR B AT R, WA S R R AL B A% — 20 SRk B LA B B B SR AL
F—E o R BB SCHE R A E A, RN IS A s iR SR BT RS,
% 2 BT RAE R, BRI RG  R, CLAS RS R, 7R ) AR A
N PN S S A B ANNE L AMIN S8 s AL B ANE B N, R B
HMIN S HE s AL BAE B K SC VPR ZE VR N, U A S48 e A0 67 B R 22 th 3 a2 4R
PREER, AT LR RESR AR R SMIN S m O RPN S 4 ey 7
R, T EZRR ARG S, BN UFEMERER TR S, R
RSO BT B B 5K, i 3-17 s, WEAHS T HERERN
VAR SV E QRN WAL SR v

7

4
D\
4

B 3-17 % =i ipds ) Kok
Fig.3-17 Multi-point coordinated control strategy
N T A IERIRARE, REIEH R, IR EEERH PID 2] SN sL
B, A7 B AR R AR IR IS PID 26 SEBE SEI, 42l AE Bl an &) 3-18 Fio .
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Fig.3-18 Force-position separation control strategy
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R, SR RS S BT LB 1 S A B PR B, RN A 47 TR T DA
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IR PID $2 AR 3-20 A . WS #3 m ivIaa 7 B RIS s N B A
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Fig.3-19 System overall control block diagram
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Fig.3-20 Variable universe fuzzy PID controller
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Fig.3-21 Convex Step Disturbance Response
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Fig.3-22 Response to Convex Concave Step Disturbance
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Fig.3-23 Random disturbance response
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Fig.3-24 Sinusoidal random mixed disturbance response
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Fig.3-25 Response to step sinusoidal random mixed disturbance
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Fig.3-26 Response to mixed disturbances under complex path conditions
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R 3-3 BH [ ER/VM SR T A R . A ARSI PID
PRI A R, B AUREERN PID FEHI i 07 Jas KA, & moRAL
BREFR AR ERES B ERAE, R, ZREEE PID 12
RERH IS R T A v 333 U B R A B IR 2 2845 ) 0.2%7E LAY, AH T i A
1 PID %] 0.6% (1 fix KAL B VR ZE I/ T2 66%,  H KSR A2 1 5 I R A X
B 721 60%, T AR PES) TOC R B4 (10 30 25 PRk i N R A
PRI o

& 3347 AR
Table 3-3 Comparison of simulation results

B R E R 2 Imm B KR Z B B Imm WATINA) /s

A B A B A B
iEsEE 1 0.6 0.9 0.6 0.9 0.8 1.4
e 2 06 0.9 1.2 1.8 0.8 1.4
fiEEH 3 05 1.3 1.1 2.3 / /
PiES% 4 05 15 1.2 2.5 / /
PIEH 5 0.6 1.8 1.3 3.6 / /
PiESs 6 0.6 1.6 1.2 32 0.6 15

3.4.3 Z R R REIE

NI HEAT TR A A S 05 ELIE B USRI BN, SR
MR AR BN, 22 AN SCHE 05 A B 4 1) AN T 38 G 52 B AR B AR AR, R
BN SIS B S A BSOS AT . N, AN EERE RS
SERCRSOR] 425 1) S 5 7 1 AR 5 o SRS 2 AR FH R, 2N SCHE s R i R o 4 S
ERIE . ARYE 3.2 T, EE =B EGR 5 A B AMESE B AR N
% SR T O B

D PiESER Rt

Bl 3-27 JrR T =SS MI S 4 SSELRR Je i F v % E s 3, A
BT SIS B s S N R, B AR KRR, RIS R B NIZ )
B NIRZE, BRKETEK, SMRIIZSI P AR R K L, BE S BB
B SCHE AL, RIS R B RS A, BRI T .
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Fig.3-27 Top view of the movement trajectory of each plate support point
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Fig.3-28 Real-time position change of support points under the action of variable universe fuzzy
control strategy
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Fig.3-29 Real-time position change of support points under the action of normal fuzzy control
strategy
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Fig.3-30 Air floating gravity compensation
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Fig. 3-31 Schematic diagram of real time position during the expansion process of the inner
support point
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Fig. 3-32 Schematic diagram of real time position during the expansion process of outer support
point

& 3-4 M I IAZ T FIF Elzdz s Rtk
Table 3-4 Comparison of constant position control results during panels dynamic deployment

B KiRZE/mm fr B ¥ 3,/mm BRKRER

P | M Pyl M Pl AM
I PID 1.7 2 3.6 3.9 <0.5% | <0.6%
EAEE PID 3.2 4 6.2 7.8 <0.9% | <1.2%

7 34 0[5, {EI BB PID FamlAuE A B A B hr B
EELE T 1.2%, TEASR I PID Pl I T, B B i s e
PIHIZE 0.6%BA1, FLATEWANGE T /N, SClst B A SCRE I — R
T B MR 45 TR T8 6 SRS PID 35 M AT T A PID J37 M 1
PRI R R, GUTARAE AR, AT I MRS L E T A e
BT
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AN B AR b T e T I AR A B IS B L ek T AE A R
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PID FEHISEMS, FF48H 1 J1A000 B SR Al o 2 A SO R AEWUR R F i R Fh A7 42
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Fig.4-1 System requirements analysis diagram
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Table 4-4 Orthogonal experiment table design

KRGS B 1 B2 BT 3
1 1 1 1
2 1 2 3
3 1 3 2
4 2 1 3
5 2 2 2
6 2 3 1
7 3 1 2
8 3 2 1
9 3 3

SRR T SESR VAL 45 R EZA 3 iR, el Eyk, H
PR 505 ok, A& 8720 38R 3 MoC iRl 111 3 FKF, w1 1
(EHIHESD M=K 058K 1 (PID 535, K 2 B PID i),
KA 3 CRWIEN] PID 832, B1 2 CHEPLEEE) 1) =F7KF7 5 8K 1
(3° /s), KV 2 (6° [s), /KF 3 (10° /), BT 3 CRuEIEM) ) 3 4KTF
2R 1 (0.2Mpa) |, /KT 2 (0.4Mpa) , 7K°F 3 (0.6Mpa) , Lkt 9 4

SIS T AN 4-5 FR:

F 4-5 AR T R DR SR e 77 Rkt
Table 4-5 Design of virtual commissioning experiment scheme for panel deployment

LWHS  EHEE CzW5 1R =373 REER
1 1 (PID i) 1(3° /s) 1 (0.2Mpa)
2 1 (PID i) 2 (6° Is) 3 (0.6Mpa)
3 1 (PID i) 3 (10° /s) 2 (0.4Mpa)
4 2 (I PID 52920 1 (3° /s) 3 (0.6Mpa)
5 2 (IR PID 52920 2 (6° /s) 2 (0.4Mpa)
6 2 (IR PID 52920 3 (10° /s) 1 (0.2Mpa)
7 3 (ARIRIEEOH PID 7%) 1(3° /s) 2 (0.4Mpa)
8 3 (AR IBOR PID %) 2 (6° /s) 1 (0.2Mpa)
9 3 (AR IBOR PID %) 3 (10° /s) 3 (0.6Mpa)

ot O R4 o TR RS L TR )42 o 5006 I P B0 B T Rl IOAE ,  AE mT I 1)
HEH, %P “PID” , “FuzzyPID” , “VUFuzzyPID”, WILEBEAT 07 BT,
J& i AR Y 22 U FH P B B s i SRR TR B R R B S AL, i LR
M EAAE, AU R A RE T DU N SL 58 T R A S, e SR
T, BIRT AT R UL SEES,  dnl&] 4-18 s .
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SiFEE(Mpa):
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5L Stz e
B 4-18 i dLiR X2 R R & B
Fig.4-18 Schematic diagram of virtual debugging function operation
WEN 9 AT R 24, WMl BRI KA 0 HitE, &
“EERLMT TR BT DS R SIS T RS IR 45 IR, i 4-19 Bk, R
4-6 ILEEH 7 9 H ISR I A5 R

o -
-

SN VZ

it BER MRS BHME(s) RmARE(mm) RAIRES(%)

B 4-19 47 A K 2%
Fig.4-19 Result of simulation test

& 4-6 ANRKF T RLER
Table 4-6 Results of virtual commissioning experiment scheme

LWHRRS JEFFI (6] (5) XEERBRKRER (%)
1 30.3 2.2
V) 15.2 3.1
E X 9.1 27
GEL! 30.2 19
F%5 15.1 16
HE6 9.1 1.5
ik 30.1 0.8
VEX: 15.0 0.3
VE X 9.1 1.2

WA, R 5 8 o 2 WU T T SR R AR 205K, IIbER& Bk
I MR RIAE SERRPUS T MRS AR T, HERERSRI T Sl PRI I AL
AR PID PR, WALEE Y 6° /s, RIEE AN 0.2Mpa,
FiT AT LB A IR R o A SCHTH A E S B AR g8 T AR BEAT SE PR B I
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B AL RE R b AT AR S 00, oA R0 1B SR pAs, R AUL IR
SR IG 45 R R Oy Ja SRV PR SLI6 T SRR B AR S, DA SRR B S8 Ty
KB RIR 2.

4.5 KRG

AERIE TR R GBI UL & R G % T, 58 T IUREIT
MEUFERURAL, @I CHRAVAS T FH a2 o 1 Bl ks AR R i e s 5l JF
i HdE rT AR TS SR R R B BT s, W P R R RS . BB
SR AR GEEEAT T IhREM B, Bk TR AR S U S RE K RTAAL SE L, i
9 AL RELSEIR I, EOWHLIGUE AP 4 HY A 42 i S g DU, HeE 1
WU R I REA IR R GE4T & BEih K o
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VE AR PR 2R B30 1 2, 3T Adams N7 EBL AT 5
PEMUBR J& I A2 R 30 ) SR i o B0 A0 B R MEE e B AR IR SR I AR 1
FELR M 5 A AR ) ), e vh T — R A T 2 ok A 4 R ) AR 1 A A
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