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ABSTRACT
In this paper, the Variable Structure System(VSS) theory with new continuous
switching dynamic equation is used to design an automatic controller for the
active nutation damping in momentum bias stabilized spacecraft. In the ap-
plication of VSS theory to a linearized multivariable system with the nutation
damping systems, there exist some disadvantages such as how to determine
the switching gains and how to reduce the chattering phenomina and reaching
phase in input and state trajectories. To solve these drawbacks, this paper
presents the continuous switching dynamic equation instead of the discontin-
uous switching logics to obtain the sliding mode. The new design approach
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is much simpler than the VSS theory. And there do not exist chattering phe-
nomina in this method because the obtained control inputs are continuous.
Simultaneously the reaching phase is reduced by a suitable choice of design
factor.

1.4 &

AFN 4 5L gutA oz 949 A9 &, T2 AA g AT 3] e
AL} A 5= AN WALF S FH3 F2 Ao BH(Celestial mechanics), #
% P 3 (Orbit determination) R $-3 %3 (Space navigation) 5] AFEofl #AAY. 13
A E =EAY AFst AFPBRA] A& AA G JNLFTE AFFH HALFE U3
A ¢ 8 Fotel] BA AT (Roberson 1979, Wertz 1978, Kaplan 1976).
B 22 AT AAAERNA H3ts 349 &9 (orientation) & FA FAA A FFNE
HAsE 3-2 R AFAH L TYE 3, o] AFAPAAM FAE w YL AT 4
R Aoy AAE FEE I n|FARS ANEIY 8743 E37 29F PV AR Y
AN E B33 UFNE dejvts 5P F713QA AL FLE, 9199 MM g
3o U2 922 337 ARE AEZ FH o7 9] Ho FAUAEA A 271 E A
A A7 SAEA At mEtA o] ] FHFE Fol2A sk AU Bl FRH £
tHRamirez and Dwyer 1987, Yuan 1980). o| u| 58 4e] A AXNAANE 82 3
A FIT AR W2o] 9% £F AAZ AT £5F AT G Aojo]EL &3y
AEAAY AEFFE AW WA AT T5F ATz 18 A9 34,
AARA2E 7tA 337, £F% Y(momentum wheel), 271 ZYFo] vt

A9 AAA s} W F AL Aoldy] AP QTP U EA Aorle HAL
ul8)-v] 2 Al o], #3A o] (optimum control)$} Bang-Bang A &1 59l A ojo]&¢] &5 £
o (Wertz 1978). ul#]-ulE Aol $@SA0] F3aA 43, HAA oo I8 AL BAA
E(Performance Index)& AAsloF 319 Al A% velolele] F&T F4& AAAA LYook
3tx stetulEl o] sy o] ti A AW diAs} SsE DA S 23 U Bdd sk
FZ o] &(Variable Structure System: VSS)ol ¢] 3 Bang-Bang A o] & & FA| oo ] 3 A A 0
WA QJYEA e AEH @A 93N o HAFoEH nA 9 meuEHE FFL L
27} g3 9A BeelE e ¥sht o] B FAXLE 82 7] g 18] AA < vl
S8R Aold] AR F2 Agso] gtrh(Valdali 1986). 221} o] ¥y A 49 2 A
#3 o] % (chattering) A5} 2913 B A7A 9] =27 2K (reaching phase)o] EA 3= EAI3
2 23 Aok ol EAAL Ay A8 VSSell Mol 293 27 diile] &eo|F =
(sliding mode) & 2= 2913 dynamicE £¢)3t4 AFILE AASE, AAQRAE A3 A
Bt EE77HE EolE A7/ §33] JAHT A
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|/th| < |H]| (1)

o714 HE 9149 25 Fol 2 N2 4] AL o A ol
gutalos 3-2 A9 LA &3 Zo] I

N1 = L+ (I3 — I)waws
Ny = DLuw;+ (I — L)wiws (2)
N3 = Iws+ (I2 ~ L)wiws

ANA Ii, I, I3%} wy, w2, w3t ZTir roll, pitch, yaw-&¢] #4 nlEs} Zt4 o], Ny, No,
N3E olE 2d] 223t 92 E3o|t). 2 =FJAE 5% Yo o pitch-F¢] &=t
AR A ARG T AREA 1 AL &3 o] Foh(Yuan 1980).

Ny = huw +hws
N3 = I3U.J3 - hw1
714 hx ¥A] 89 35 % o] o 2(momentum bias) o] .
SR ANy, N3Zt = A, E N =N3=0¢ 3% Al2de] 532 730

3)

A= xj(h/V 1115) = £jwn. (4)

& 71 A wn & 2§ A 54 (natural frequency) 2 o] gtoll &J3 rolls} yaw-Zof %3} % (harmonic
oscillation) o] HAF T} o] AFo] 2WZH] HA N PIANE LTI BEA #1484 v F¥
Aro] Yoju}A A oi{Ramirez and Dwyer 1987).
Rolls} yaw- & A o] 32 0 3gH (22t ¢, ¥)ol A T} 2AR] & &€& & 1 Crouch
1984, Kaplan 1976).
w1 ¢ — woy (5)
¥+ wod

R IR

w3
3714 woels AFAARE A= W&ol oh
A3 hg AL Ytdoz g YHE 2 Jon [ 2 [ = [2 7P Hrl(Wertz,
1978). wetA 4 (4)<k (5)& 4 (3)o Hidstd
B [ N/I

(; 0 Wn — Wo ¢ ¢
HE S [ MR
B B Ny, Nat= ol ¥ A812 262 2 TAE 2A 31 roll-yaw $317] %434 yaw $317]
#o) A TIHAT. o] 9% £} 97 £ Apels] B (Ramirez and Dwyer 1987)

: (6)
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Ny | cosd 0 ur | _ Uy
)=l ]l »

71 uy, usE 2+ roll-yaw #317] B3 yaw F317] Aol o8 @A Y E3YEo|g.
2 (6)& (7)ol A3

$ 0 Wy = Wo
I P

A7 A e

s

¥

é | _ | cosd 0 uy /1
+w0w"[¢]—l3in6 1] [u;;/]] @)

T1=¢, z2=¢, 3=, T4= Y 9)

2 F o3 4] (8) T3} o] A|2| e ATl 4340] 2 o] AU A Al A A
B g3y oz FUY 5 A A

:i:l T2
1:,'2 —wown 1 — (W —wo)z4 + uycosd/I (10)
T3 T4
—(wo —wn)z2 — wownz3 + uisind/I +uz/I

2

3. VTN VTR AFET AW AV A
3.1 P F= X =g @ Aoy AA(LLAE I)

THAFEZ A A Ao YL 2904 FANA 293 23 nje} A2 F2E U3
AU o] ZPAFZ A QYo 2] e F3e] ofF AANME e 293 HyAos B3
A =, 4 o] YA =3 A &etold 2= HAHDorling and Zinober 1983, Zinober
et al. 1986)°] &3] 1 Y AL upe} o] F3A =}

23} & Z37)(regulator) Al A%1-& A 2+3}A}.

X(t)=AX() +BU(t), X € R**!, U€ R™}, A€ R*", B€ ™™  (11)

AA7E 23719 AARAL Aol 27127 X(0) = XoZ ¥H ¢ — o 342 A7} A2
Aoz NFoZ S o F& Aol
2913 WAL 985 o] oA,
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S; ={X :C; X =0}, CjGRlx",j=1,2,...,m (12)
okel Abe] 7} $Ajo] Z+ 2% W (hyper-plane) S;ol ¥4, & t& 43t Zo] 29 FH S
Sg3ty W EA H9 /1 ol 333 &eto|d REJ dojuiA Ao
S(X) = {X : CX = 0} (13)
&gold REUAE tF 2o TFE o

5(X) =0, $(X) =0 (14)
Nadol getolgd REUY A& A, 4 (1) g3t o] ERA
CX(t) =CAX(t)+ CBU(t) =0 (15)
o] A& U(t)ol dia) Felata, &l T4l T A

Ueg(t)= —(CB)"'CAX(t) = -KX(t), (16)
|[CB| #0, K :feedback gain
getA &dto|d REdA Y ey &3 2o
X(t) = [In — B(CB)“'ClAX(t) = Aeg X (t) (17)

7N B CE 294 FAYYE A29] $RSAE s9ap Ank. B Co 2R
Quta o 2 I3 A (pole placement) *# (Dorling and Zinober 1986, Zinober et al. 1986)&
A3

geold REsl dojd YRS EZAR o] & WFd= AL v o] BHAY.

sljigno s;$; < 0,i=12,...,m (18)
U=-¥X (19)
¥ iSj i =
g =] ¥ me >0 i=12,.n (20)
U, 255 <0, j=12,....m

A (20)& 2913 2F] o3 4] (18)9) 27l VFHEF o) Sgh& v F& 294 o5l
.



NUTATION DAMPING CONTROL 287

INITIAL
X2 ~ POSITION x4

ol

REACHING
PHASE

nwn
ton
(e N e

29 2. 23 A 29 gfe]lB RE

ol 33} & /pAFE A AR AejPYL A (20)4H & F UKol EASe] =, 0] ¢
3 ad R e FAFel RdF AFANA FAR 250 FHAE L o 7] (excitation) 3t7] o El
A A A¥e] BB 9] At =W, ALHY FE 279X 297 FHAA HolA Y
T Bfdt 2erzte] BA s o] 77t E Al2R A E AFoly ol i AlAF
o] E¢ol "5 AR JpAFE ALY FFE AS & A Bk ol B IAL HAF
71 1A O FoA M2 GLFE AA Bt

3.2 @7 REF o] 48 A2 Ay dA(L2HF II)

ARFZ A 2RAA Aol BASOZ AW A2 AFVRE AA S| A4 4
(20)9] 2914 =23 Aol & (18)% &)%Y ZE EAZAE DHIES 31 2908 2734
& T&3h Qo] Aol vt

s =-Ts, T = diag(m1,v2,...,m) (21)
o71M T AA AAelt). o] 49 &=

5i(t) = s;(0) exp(—vit), si(0) = ; X(0), i=1,2,...,m (22)

of Ao o3 A9 5 g ol wat AFHFF R 00 FI8A He, 2 $5& T
g2 et A 9.



288 LEE

: -K r

Uea

+ SPACECRAFT
O U | ATTITUDE | X N S
®_’_—_—_::> DYNAMICS N C
1T X=AX+BU

AU

-AK

K=(CB)'CA, AK=(CB)™', T=diagl11,3s), ICBI=0

29 3. AL 7199 A2d BEYHAE

2 (19)8] 2918 B8 slEae] 4 (11)e] A2 s,

$=CX(t) = CAX(t) + CBU(t) (23)
ol A& U(t)ol dhsl B3z, stidl 4] (21)& 43t &3 22 AYY & Ad.

U(t) —(CB)™[CAX(t) +I's]

Ueq + AU, Ueg = —(CB)~'CAX(t), AU = —(CB)~'T's

A7l AUE B 27192471 293 FANA Helv A& FF 293 AL T3
e =@ Yolo, Uyt Al20] &3o|W ZEUd 31& He] 7ol

ol s} Zre Ao dyol o 23 AL &TolE REE IH 29 Fef FAY Bt
2PAA & 5 UKol 291F FRNA WGV Qe AY o8I gl REE L&
Fglon, E2/7E I'ghg 223 A9t 24 F 9048 & F A

ol A3} o] A 2L Ao G Fe] AM EYAEE 2¥ 3o B3

(24)

m

3.3 A-FH4 2] wENAL Aoly) A

4 (10)3} 2ol 29LD ATHR A9 0l 5AE Ao AV AAEL 73] 9
o e 2e 2909 B5E BSR
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51 = {X:zs+c11z1 + 1323 =0} (25)
s3 = {X:z4+cs1z1+ caszz =0}

83 &Y REE 2 293 AL o o] AT
$i(t) = —visi, i=1,3 (26)
o] FFH
si(t) = 5i(0) exp(—vt), s;(0) = ¢;X(0), ¢; € R**%. (27)

olAl 4 (24)914 BV FAYYH =YY 9 4 dstq 2 73 &
.

Ureq = Ifwownzy — c11%3 — (€13 — wn + wo)z4] secd
Uzeq = Ifwowntandz, + (wo —wn — c31 — c11tand)zs (28)
+wownzs — (c33 + (c13 — wp + wo) tan 8)z4]
Au; = —Isecdyis; (29)
AUQ = —[tan 5‘7’1 81 — I‘)‘383

wjebd WA AUAL 4 (24)o) ol Thest o) fERT

uy = Iwownz1 — c1122 — (€13 — wn + wo)ZT4 — Y1 51] secd
uz3 = Iwowy,tandz; + (wo — wy — €31 — c11tand)zz (30)
+wownzs — (a3 + (c13 — wn + wo) tand)z4 — tandy; sy — ¥3s3)
4. #AA R JE
4.1 x4

2 AFNA ALE Ao G FE #AE] ASA AFAEY 7 AvHE G 2
o] 4333l tH{Ramirez and Dwyer 1987).

I = 1327.98 [kg m]

wo = 727 x 1077 [rad/sec]
h = 20 [N m sec]

Wn h/I = 0.01506 [1/sec]

) 10° = 0.1745 [rad]
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4 (25)A1 M At 29 9] BULY 948 & Zo] AR

C11

i
P
w
fl
(=
[y
[\

C13 31 = 0.03

a9 W 4(25)8] 2919 B The 2| vheharh.

S r9 +0.122, + 0.03z3
Sz = z4+0.03z;+0.12z3

oA 4 (30)9) ALY & FaH thest Aok

]
o

I

I
o

u; = 0.00147z; — 161.663x5 — 20.225z4 — 1347.19v;5;

us 0.000255zx; — 87.775z9 + 0.00145z3 — 162.785x4 — 233.9995v151 — 1327.2873s3

B A7NAME AAAR} i 3= 052 2 oz g A2dde JaiaSFEe] 27g%
(Ramirez and Dwyer 1987)& th&3} o] M43t AJ&EH A 3t3th o] AlEH A A,
Z 1] AeiA A et T AAUY AF S 1Y 4004 11e] 7189 FMAFZ A|2FE o] &8
AS9 B Ao A AAIS dxEFe AHAE I 2T

4273 =

Roll# yaw-%2] Zt¢-3834 22 F8 ZAE 719 o3 A35a A29 $34 (10)2
B T Al2doln. o= HlZ AF9Eel A+ BA A=RRAA A2 B & A @32,
Bl F3E Y& u Bt oA VAL Aejdy] A 7S SHAFR AL L o] 8T B
o ¥ A7l A AAS g F FHE 29 4-119] BTk I 53 TN & Fo] Awst
& AAL 71E Bo AP ARRY & =EdA Y d2YdFL F YL A AFILS
fARAA T, eHFES} 4 SRS & F AT ET 7|29 VSS G FIN 29T =
Ao EALA AT AP AFEAE 2™ 83 99 Byt olH T AFHALS A8 71AF
FEE F71 i 9149 vlFEAY Ao EAHe] At P & A7 AH 29 ¥
B4 E =Yse] A% Y9E A8k AeidYE T =W 29 103 119 Ao M &
UKol AP IFERXE AAE & Y5& €%k 22y o] A I AT APy A
71& ¥lZ3t, 19 1054 118] F 97 ARE € F Aok dEA dutd oz Q398 £9&
AR A ool AL = 71AF FA o A8 Fof Y gleng, duly FAE 233 Ao
S0 g% AP T AR I'ghs AFsoF & 2o
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5.4 &

B AL pitch-Fof] £F5F0] UFD 20 GF ] AFAENAM SAHE o] FH Y
o3 roll#} yaw-%2] QAgtE Fo17] $18] BF A4 7t2 FAINE A3 AN
o &8 F YL A/E AU A8 AL FeFFAL A el o8 A ¥
3te 2d& AHEEs T

B A7AA AL Ao e FE T8 WFHA A H-8H A rollH yaw-F
of g Ao AASN FEV FEFEEL & 7 ANeH, JtA 3379 €9 DA AU
A Tgkoll o8] 238 &+ Jleug A8l A9 BHee n T AFE 4E3A 3
¥ & A AlEG A B AAUA & 2A FF BH 9 FHE] MER T 7h]
Eolet ftad, 3 Arist A LM FEN AA Y L e A ¥2AL 22 sto 3 A
3 AANA Tgre A3d ok . AGE GAAFTAAET €8h0l3 REE /1 AR 29 =
Fo] glouz AoAFe] FHo| WIHAZZ AA #1489 v]FHY AT A7l ¥ v}
2 348 + A& Aol
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