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Influence of drive control on dynamic characteristics of

solar array drive system

ZHU Shiyao, GUO Xin, LEI Yongjun
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract; Accurate prediction of dynamic characteristics is an indispensable research foundation for the disturbance mechanism and vibration

control of SADS( solar array drive system). The equivalent mechanical parameters of the drive mechanism were deduced with the consideration of

drive control, the equivalent dynamics-characteristics analysis model of SADS was built and verified via simulation and experiment, the influence of

the drive speed and control gains on the equivalent mechanical parameters of drive mechanism and dynamic characteristics of SADS was discussed.

The results show that the equivalent analysis model can accurately predict the dynamic characteristics of SADS with different drive speeds and

control gains, and the error between the analysis results and the test data is less than 10% . The equivalent damping of the drive mechanism cannot

be affected by the drive speed and control gain, but the equivalent stiffness decreases with the decrease of the control gain and the increase of the

drive speed. The drive control gradually becomes an important factor affecting the dynamic characteristics of SADS with the increase of the drive

speed.
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Fig.2 Typical workflow of SADS
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Fig.5 Dynamic-characteristics equivalent model of SADS

2 EHEEES TR R IE R0 IE

2.1 (HERKIE

B 6 251 T 4 3R S 8O 75 R K
Sy 4] 14 S5 AR R A i B AR Bl s i 188 1100 46
AR TAS B (9K 5l 22 58— B HH e 1 2 [T A A 3
FEZSBEJE L bl 9K ) 3 B 1) A8 Ak il 2% o el T R 6
OFEIR SR 0. 063 5 (°) /s H =34 25 0
700 1}, =H I EAR R MR 3 R G s RS
B A 50T QR UK S o 20 i K, S 800
PGS IR 5 2% 1B R 2l 45 i 1 R R e 15 sl A
AEHRAE— 3, 1A 450 258 257 I 3K ) 348 34 K 1 348 7
Yol B BELJC, B o IR 59 o 5 348 A 2 T K5 L
Pl 3 250N S S BB IR R . SR, 3
T HAE IR Sl il 5 1 S A T T 1R R A S
BTN I 2 S R o 38 25 AR A, FL S S HOHFR Y

-0 - g -9--0 -9

O ZYHHRF Hh&HH2E100
— FH BRI R & 5100
©  BUHHRTT 1E&IY2E700

= = H BRI R & 45700
-------- AR RIS A

— B EE A/ He

Q

o

0 01 02 03 04 05 06
BREYIE L/ (C)s)

(a) —Brlafmms

(a) 1st natural frequency



ARS8, 5 - KSR BAAR 38 3l 22 S8 8l 3 A5 R 2 ) 15

O
[¢]

O BHRRTH&HMER100
—— RT3 100
®  SHORUUTELHAT0
— = BRI 700

-------- PR

o- -6 -0--0 _-6_0__0

Y
o-"2®

0 01 02 03 04 05 06
K iE B/ ((C)s)

(b) —HrEZHLE L

(b) 1st model damping ratio

K6 REHIFRIESEGHEC R L
Fig.6  Relationship curve between dynamic characteristic of

SADS and rotational speed

AFIXT 15 22 Bt K 2y T8 498 DR 0 42 i) 38 4 D /)N T 1
Ko QTEURSHE#IT 0. 635 (°)/s B, S5
TR I Bl 428 ] ) S5 A5 BE 78 Jir 45: [ 431 23 1 AH
XPRZE R —2.32% BLJC U AIXF R 250 - 1. 88% 5
T 5 SR 9K 4 o 15 18 1) S 5 1 R T 45 i1 A 3
FFPHE b 5 S 80ER I 12 B A 3R 25 73 0 mT 3k
4.71% F =57. 11% . LA L4y Hrisi B - 5 7 AR OK
Sl R 1 S A5OSR A 0K 5Tk B 49 K 3
FHJRI B , 1122 1 5K 2y 4 1] 1) S 0B R m] A3
UK 5 8P S T3 4 ) 284k o
2.2 RISISIE

T kg 0K 50 2 5 A R PEFUASASE AL, )
WS RGE(WELT FR) o SRah3 a8 R B 4%
A SADA ; K FHMHAR B 9 48 & vl 20 B, T T
EHDLOR B RS 78 3K 2l 5 1) 19 o 12 FR J32 A Ak, it
JE A I 1T S ARCRN 25 A BEAT S 8 o S HRTH AR
FO T SR B2 il A ) ), TE K B R G R e Bl
ek A e ] AR e AR T

M & 48t Kistler 75 [ 1 B 1 °F &
Polytec JOGIMIRIL A5 5 e K & B Rk S 3t
BN SADA Hb 8K Zf ks LA K 5l 5 43 A 3K
PREFLL R, Qi 7 iR W D0 0 R e S
SADA 43 T [l e i 4%, T I = 3K 3l R
Pesh i ot o WOGIN RGN & 9K 20 3% 54 5,
YOI S5 ATS FE A I B LA P 2 4 12 b o
G5 I 5 S ORI AR AUS B itk T4
B, I8 o B R AR AR LB 45 TH APl SADA 4t
BEIK S T A kP S R PR 3l

TEUR B R G0 5] S UK 3 5 38 45 1k 46 4, i85k
KB R GAEAT 1R B ER AR IR S g, IR B B
A PR ENECE (A&l 8 iR ) iE AT 4 B AR 4 5 5]

, ’ ‘
B 7 BRI RGN RS
Fig.7 Disturbance-characteristics test system of SADS

SRS AL o P Bl 7 el 48 2 Ry BRI AR
55 a5, T S 98 T T STk )~ 5 7R 2 A1
B AR UG (EL, JIT X A6 0. 656 Hz RIS 4K 5
RGN S5 RIS 7 K B IR L 5
IR B4 B SRk AL B A, AR SCEk[ 2] 2
B0 o R 225 A AL EE S 680 N+ m/rad , %524
FELJE R 60 N « m -« s/rad, 1452540 #7521 H
TE [ 58 SN R LA W80 T2k, Hop— B
RS R AL[R] o B S8 9K 20 J7 1] 1) — B 41 5 41 2, %o
N3 A5 A 0.610 Hz, 553 50 45 5 4 X 1% 25
-7.01%.

0.4

e
&)

&
o

Hsh J 4/ (N-m)
=

s
=

130 140 150
ks

(a) HFE] DI
(a) Time history

I
=

X 0.656
¥:0.093

101 10° 10! 10 10°
Bi# /Hz

(b) Jii sy

(b) Frequency spectrum

|2 MWD |
=
a

(=]

K8 URah RGBS AR
Fig.8 Disturbance torque in the stop phase of SADS

3 IREhIEHIXT RSB N F R RIS AT

3.1 IREhiEEFLLHIB Xt R BN 1 F 4R

B9 25 T ANFISKSE L T SADS % B %
PRSI A J91 4 Bt LE 49109 4 ) A8 A 2o ol [ AT
0 DIKB LR T 4 45 0.063 5 (°)/s I, Fif P



- 16 -

e AN o 4

542

I 0450 3¢ 4 2 35 KT e T
B /I 1 B30 A3 /N 84 35
{313 R Sk FE /I 88K, L LA % T
PRI 016 9 L 8 2 (A K
5585 B 13 T L X34 4 46 5 i g
AE IR, o th BUR A W B . QR
INT 4 450,063 5 (°) /I, [ 4504 g L 91
25 SRR/ T B T RAE . BLESM AT B 3R
0 3 B A R AL SRS e A FLH 2 e
AN A 22 X L 3 KR | BB R b
%l 3 Y 25 T

€10 %t TR RBK S E K SADS 4 Bl
A BEL TG L B 1358 35 075 1K N 2. o [ T
1 (DYRSNHESE KT 4 £75.0.063 5 (°)/s B, i
IV ELJE LA L 1 25 1 i 0/ B
(R s 7E DR B /D T 4 5 0.063 5 (%) /s
o AL G H /I T S 7, FLB
(RS I E MK . Q5 = BRI
A28 AL 355 AL , 7 0 30 K T
450,063 5 (°)/s I, B Ho f13 2500 K T 5
FEMESNTEIE /DT 4 £50.063 5 (°)/s i S5 =i
25 BHLJE. He S/ NI/ AU TR 5 B LR 1
S /MR T EL AR O 5/, O 3 5 1

105 % 3
=
1 #
@ =25
w095 T
I 1.0X00635()s iy
;g 0.9 I 25%X0.0635()fs S 2
1 [ 4.0X00635 (")s H
0.885 E 55X00635( ;S 0
70X00635 ()
%Q-Oé S 0 85X00635 (s %&063 S
Ay 0254 1 100X00635 "8 3, 02
G, 0.444 5 1000 R 0.444 5
R 0635 600 800 € 0635
7, o 200 400 7y 0
%, PRLEE %

(a) #—PrisA R

(a) 1st natural frequency

(b) 28 B &A 45
(b) 2nd natural frequency

Rtz L3 Hrisd B - 2% Bir i 25 BHLUE B i A2
PRFTFEAAALE , (H AR 2 75 L B 9 45 550/ B3R
B BRI A AR AR, A HE B f K T e (H
AT RE o
3.2 EEhEEMRIEEX RGN N FEER I

Bl 1L ARSI T SADS 45 [ e 15
BB PR AR 3 5 A S A ey T AT R
(D24 5K By 2 50/ N I [ A 00 50 40 R B ¢
IRFIFEE WU ;s QR WKl L IR, [ A A
B R TR A 2 M /N, R ) O 2 K gl R T
5.51%0.063 5 (°)/s Ji , A WAL FEIE H
PR R 308 g 3 K, AR TRE

K12 D9 AR SRS T SADS 4% [ 4 A
ASPHJE HRERR 2 4 2 AR bt 2. AT D
AT BMEEZS ELIE HE 3 B AR 7338 i 38 R/ ) , H.
i/ N 3R K 50 R 9 A 3% D 5 () R 2
BELJE P KAR 24 %k 18 R0 496 4 fe /M EL s 9K 3k
SR ARSE e/ MEAWIE R . @5 =K
FRASRHJE HEREAE B3 i (1 5 T4 K5 A de /s
YRS T 00T, H B oA 4 g R, AR
JE TG E s HEIR Bl B3R, AR e H s Rk
AN s (E R R IR T 00 T, BASELE HE
BEAR 08 A 1 AR

= 38

%

375

&
I 10X00635 (s H 37 10X00635 (s
25X 00635 s &= 25X00635 (s

500632008 Mas =L
&l

C7.0X00635()is 0.0635 C17.0X00635 /:
C85X00635C )is %, 0254 C85X00635( s
C100%00635 () v;@ 4445 C110.0X00635 "

1000 : 1000

5 00 600 500 <@'/ff 0835 S5 g o0 800

H s 7% Ml

() 5B =R E AR

(¢) 3rd natural frequency

IO LU il 3 4 0k 28 8 A 900 3R 1A 52

Fig. 9 Relationship between the proportional gain and the natural frequency of SADS

I 1.0X00635
2500635 "fs
400,063 5 ("Yfs
55X 00635 (Vs
C17.0X00635 ("5
[C85X0.0635
DD
% ;
200
00 400
2RV E =S

[0 O><00635§ /s

/s

0.0635 > 6
07000 800

(a) H—HrBaSHE

(a) 1st model damping ratio

Ei/s

(b) S _IBSHE L
(b) 2nd model damping ratio

=)
=3
=N

100063 5 ()
25X 0.0635 ")/
.0 X0.0635 ")/
[E05.5X00635 (/s

0.04 C17.0%0.0635 ()
§9.06 5 185X 0.0635 ()4
é‘\ 0.254 C10.0X0.0635(")3
P 04445 00 1000
00 60 s 063 200 A00 600
Ho At > 0 Ho 2

() H=KrEisHE L
(¢) 3rd model damping ratio

B0 BE il 4 Xk R GERLAS B JE B2
Fig. 10  Relationship between the proportional gain and the model damping ratio of SADS



5 A —fr 4 A - = > . .
55 6 1] ARS8, 5 - KSR BAAR 38 3l 22 S8 8l 3 A5 R 2 ) 17
B 0X00635( )% B 0300635 ()
: e I =
Iz 000633 () T 3 E40X00635 (s Z 4 0X0.0635 ()
% 05540033 (s % 355 X00635 ;/s % 38 355 X00635 ;/s’
= C370%00635 3/5 ®28 70%00635 (s = C07.0X00635 (') siguess=™
: 85X00635 05 85X 006350
m E385X00635C)is o St o ‘
=l 0 /g E[z p S 375
& & =
1 Y Ry
0 4 .
00635 4 400635 §>0.068 5
4 0254 %y 0254 Gy 0254
QAN N3 1000 @@, : @@./- 1000
70 Ty 200 400 7, 0 7 o 200 400
& Borifat 5 Borifat 7 BUrHaAE

(a) #—PrisA s

(a) 1st natural frequency

B 11
Fig. 11

)
= )
B0 2 03
2 S
> 7 025
£ &
% ’ £ 02
11
0.635 0.635
. Sk
. 200 . 0.
Q%'/((h 00635, 00 600 400 Q%'/( 0.063 5
) 1000 BUMHS s,

(a) HH—HrESHEELL

(a) 1st model damping ratio

& 12

0 000 800

(b) 28 B[4 45
(b) 2nd natural frequency

(b) S FiASE I
(b) 2nd model damping ratio

600
B Ty 0

() B =P EA s

(¢) 3rd natural frequency

UG A 18 A X 8 8 A W3R 1 5

Relationship between the integral gain and the natural frequency of SADS

& 0635 400
200
1 B

(¢) H=BrisHE L
(¢) 3rd model damping ratio

BRI 56 4 Xk R U RS BELJE B 52

Fig. 12 Relationship between the integral gain and the model damping ratio of SADS

4 #ig

B R gl S K BH AR 38 3 22 58 8l ) ¢
PESZ R [l , Kt T 3 ) R A R A Y, T
Ji& TSR R B AIE , o3 A T4 ) 1 A 9K Bl
FEXTER S 2R G 80 1 2 R e R . AR
W

1) B Sl 1l AN 23 03 BIK 2y 2 B 0 S5 2R e
(L2 o K 2 5 A0 P R 0 sisy , ELik 583 7R B 5 K
Sl BE R LY, S5 4 A U L

2) Jraey gt i) S5 A% BT 5 L BB 8 1A [ 3K 5
RN I 25 15 D0 T HERR R BB RGeS )2
Rtk , 2 pral R S I B R 22N T 10% o

3) UKl 25 46 [ A A0 30 5 4 ol 49 A AR A OC
KA, IS B E R

ARWFFEY R T W8 R G 8y 1 2Rt A e
LA FHYE R, 7T DA B CARR RS A P4
PEII AT LA B AR sh 7 i 75 S8BT HR L RIS ST A
RS%

2% 3R ( References)

[1]  Woodard S E. Upper atmosphere research satellite in-flight

dynamics study: lessons learned [ J]. Journal of Spacecraft

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

and Rockets, 2000, 37(6) : 794 —800.

ZhuSY, Lei YJ, Wu X F, et al. Effect of drive mechanisms
on dynamic characteristics of spacecraft tracking-drive flexible
systems[ J]. Journal of Sound and Vibration, 2015, 343.
194 -215.

Gossain D M. Dynamics of stepping of the Hermes flexible
solar array [ J]. Canadian Aeronautics and Space Journal,
1979, 25(1) : 50 - 60.

Kumar R R, Cooper P A, Lim T W. Sensitivity of space
station alpha joint robust controller to structural modal
parameter variations[ J ]. Journal of Guidance, Control, and
Dynamics, 1992, 15(6) : 1427 - 1433.

Endoa T, Matsuno F, Kawasakia H. Force control and
exponential stabilisation of one-link flexible arm [ J].
International Journal of Control, 2014, 89(9) . 1794 - 1807.
Matsuno F, Hatayama M, Senda H, et al. Modeling and
control of a flexible solar array paddle as a clamped-free-free-
free rectangular plate [ J]. Automatica, 1996, 32 (1):
49 -58.

Na S, Tang G A, Chen L F. Vibration reduction of flexible
solar array during orbital maneuver[ J]. Aircraft Engineering
and Aerospace Technology, 2014, 86(2) : 155 - 164.
HALSE, IR, WH A KPHRE P IR R AR i AR R
Rk e A (0], B B AR 2 2 4R, 2014, 36 (1)
27 -33.

ZHU Shiyao, XIE Yan, LEI Yongjun. Characteristic analysis
of disturbance aroused by solar array tracking drive [ J].
Journal of National University of Defense Technology, 2014,
36(1): 27 -33. (in Chinese)

Low T S, Ding Y P, Lock K'S. Analysis and control of torque



- 18 -

e AN o 4

542

[10]

[11]

[12]

ripples in inverter-fed permanent-magnet synchronous motors

using the electromechanical — spring-stiffness  coefficient
dTe/00[ Cl// IEE
Applications, 1994 169 - 176.

Yang Y L, Cheng W, Wu S J, et al
simulation of electromagnetic stiffness for stepper motor[ J].
Applied Mechanics and Materials, 2010, 29/30/31/32:
1567 - 1573.

Middleton R H, Cantoni A. Electromagnetic damping for

Proceedings  of  Electric ~ Power

Experiment and

stepper motors with chopper drives[ J]. TEEE Transactions on
Industrial Electronics, 1986, 33(3) . 241 - 246.

Cabilic J, Fouriner J P. Design consideration on the solar
array drive mechanism developed for SPOT[ C]//Proceedings
of the 2nd Space Tribology Workshop. ESTL, Risley, UK,
1980 116 - 120.

Wood B, Sutter G, Hamze N. The development of a low
power solar array drive mechanism [ C ]//Proceedings of the
10th European Space Mechanisms and Tribology Symposium.
Constance: European Space Agency, 2003: 1 -5.

Lu W, Li H G, Li C. Bifurcations and chaos in a gear
assembly with clearances for solar array drive assembly[ ] ].
Journal of Vibroengineering, 2017, 19(4) . 3030 —3039.
Sattar M, Wei C. Analysis of coupled torsional disturbance
behavior of micro-stepped solar array drives[ J]. Journal of
Sound and Vibration, 2019, 442 . 572 -597.

Chen J P, Cheng W, Li M. Modeling, measurement and

[17]

[18]

[19]

[20]

[21]

simulation of the disturbance torque generated via solar array
drive assembly [ J]. Science China-Technological Sciences,
2018, 61(4) : 587 -603.

Li X, Cheng W, Han W. Disturbance modeling, simulation
and testing of solar array drive assembly [ J]. International
Journal of Hybrid Information Technology, 2014, 7 (2):.
123 - 137.

HKf5E, HHEE, RATiE, & OKHAER PRI Sh R 5
TR AE S HGE M (D] 4R 3h TR 244, 2015,
28(2): 183 - 189.

ZHU Shiyao, LEI Yongjun, WU Xinfeng, et al. Influence
analysis on dynamic characteristic parameters of solar array
drive system[ J]. Journal of Vibration Engineering, 2015,
28(2): 183 —189. (iin Chinese)

Zhou T, Guo H, Xu J Q, et al. Adaptive robust control with
input shaping technology for solar array drive system[ J]. Acta
Astronautica, 2017, 140, 264 -272.

Kenjo T, Sugawara A. Stepping motors and their
microprocessor controls [ M ]. 2nd ed. Oxford: Oxford
University Press, 2003.

A2, TIF. 2RI M]. 3 bR BRAREE: MRUR

BT R L, 2015.

70U Jingxiang, YU Kaiping. Structural dynamics| M]. 3rd
ed. Harbin; Harbin Institute of Technology Press, 2015. (in
Chinese)



