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ABSTRACT

Attitude Command Generation and Steering

Logic for Maximum Maneuver of Spacecraft
installed with CMGs

Min-young Kim
Advisor : Prof. Henzeh Leeghim, Ph.D.
Department of Aerospace Engineering,

Graduate School of Chosun University

Recently, high-agility spacecraft have garnered significant interest in the field of
aerospace engineering to satisfy the demands of commercial and reconnaissance space
missions. A representative method utilized for this purpose involves mounting high-
torque generators (e.g., Control Moment Gyros,CMGs), on spacecraft. However, the
utilization of CMGs to generate a control torque input while performing attitude con-
trol to reorient a spacecraft may create singularities, including an absence of a specific
direction in the control torque.

To avoid this, an analysis chart called the feasible angular momentum chart(FAM
chart) is usually utilized to maneuver CMG-equipped spacecraft effectively. This is de-
fined by considering the gimbal angles of the CMG system that correspond to internal
or external singularities and superimposing the results corresponding to each CMG, ul-
timately yielding a single gimbal space where the actuator limit prevents the generation
of an accurate command torque input.

Various singularity avoidance/escape and robust steering schemes have been pro-
posed to overcome geometric singularity problems associated with CMG systems. The
position of the initial gimbal angle of the CMG system is closely related to the rotational
maneuvering performance of the spacecraft. The angular momentum vector along any
axis is a function of the gimbal angle, whose value is dependent on the gimbal vector of
the spacecraft.

As the value of the gimbal angle must revert to its original value at the end of a
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Collection @ chosun



maneuver, the angular momentum vector must also revert to its initial value, which even-
tually leads to a singularity. In turn, this disrupts the generation of a desired torque
command by the TPCMG. To recover the angular momentum maneuver, the vector
while avoiding a singularity, this paper introduces a steering strategy based on optimal
angular momentum vector recovery.

Attitude command generation in high-agility spacecraft, which aims to minimize
the total maneuvering duration, also requires the consideration of various other con-
straints. An analytical attitude command generation technique is also proposed in this
paper to improve the maneuvering performance of spacecraft. To this end, a novel scale
adjustment and reallocation strategy is introduced to define constraints for attitude
command generation and maximize maneuvering capability and the range of attitude

reorientation.
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A7, ¥l = maz [11 42) € R, [[¥]loo,2 = maz [43 4] € R
Ve, ¥z B HAET 7P 24 Eq. (16) o] 7|Eo 2 7He A $3ke A4 & & v

=

3. 757 4% £4<& $I% FAM Chart 47

o] Thelofl A Aot 25 E 2 L (Fig.(9) L) o 2 A 37 (Fig.(10) L) &
ek A FXtel HA ZAISHE, @ TPCMG 9] 311 45 240] 7Heote s AAE f8 Z425%F
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oz EAsLt ol 818715 e A 4 &5
_h -
hma:c,:rz = e
_hm’zl_
h
hma,r,yz = "
hm,ZQ

14 0) 3% 24 A A% AFE skl 25

nefste] Wrke 4 9lrt.

Eajo] FAM AEE o] &

A EF FHE Trae = 90(Nm) 7} STt

%1: ‘:B}Ei hma:r,z' j‘%

wjele] TPCMGs & #2ha
3 ¥l o] TPCMGs o dist 914 87 7

94 A 2EA ) 2 Zolk.
G R T HE )E %S

E]D

gt TPCMGs 9] 3% 3|d 754%
1Y o] K5 sk oldf, Algd|ol A dlAo] st

HES Table (1) o] J;, 9} Zro] AAstAT Eat el T
A Z+-5F 371 hinae = 90(Nm) 2 A3kt 181

U Ymaz = L(rad/s) = AA ol wizh, A7) oz A

CHAPTER III. FAM CHART

Beyat 4 9t (i = 22,92

e R2

(17)
e R?

of
o
or
rlo
>
I

)

2 =2ollM Aot 253 Mie

ofuf uL YAk, Bl

L

mteta] e 52 Table (1) o A@stlct

¥ TPCMGo| gt o} Z7H&5=

o]

<
T XX

Table. 1 Numerical Simulation Parameters for Performance Analysis of TPCMGs

Parameter Value Unit
hinax 90 Nms
Ymaz 1 rad/s

Y 0.8 rad/s

Yz 0.2 rad/s
Trmas 90 Nm
Tomas 36,36 ,18]" Nm

J; diag [[2000 ,2000,1000] K gm?
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olu), BE Fol hsto] FU 715 A5 MBI okol, F13 4ol Py RAES T2
& AN D T T — [36,36 18] (Nm) 2 AH5ek. olel, @ 55} y Sl
et o) £, 15 Aol W 2 3 we] AA Wae) of Mk 2 68 b0k Bk
LRSI, S141°) B4 RAES] o,y 5 el B40] 2 5] 2F olFo], 5 s8] TPCMG 7}

A5 Sk ARY T2 Q0] AR Eo] YOBR 2 & W] B3, 225 G| 267} 671

olr
o

et

ujZolct. E3h, x, z & Wkl tieh g ZhE = @A o7 7h7 0.8,0.2(rad/s) 2 AT
TE7] TAR

1 thg, Table (1) o4 433 setulel 52 Bgstel, /9% Sol3 el o
Q3 Aol B £3 W4 871 AE FAL Bt

PP5T ) 2125 W] by S OIIE 2) ST A FLE
AAF 4 lek. olwh, AT FAM AE2RE §1 A F1ro] B 3 Qe
Fig.(11) o4 72 wehd 0 2 Sej4el F7tolet. o] FZHe Sold BAISH 157 @A=Ad 2

-
O F U TF5 S AAS] AAT GO DR, Bold FAle] e A4 lol Af2e UE 28 F

%3 TPCMGs 7t A28 AF 949 % 7P e 814 715452 FAM AES F§3}o]
B % Gl TPOMG o ARED Me 70, 9 ATl 225F W oy S AHE5He] 47
A0] hs st olul, 2 lA|e] ) £2 ZHEFF MEE her = 120120 645 (Vms) =
I3 4 Gith. E, TPOMG 089 28 M9l tha Zrh: 35 <71, 17 < 116 (deg) E

—116 < 2, ,v4 < 35 (deg) °]t.
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Iv. $14 AP D44

2 olMe Ad3989 Al 71545 TIE AT 4 AAFHAE 7S Lo
A, AA A EAA - F2A 2US LT AAYZEA e =S5 st ted 22

Algk 270 Ao] WyHolohy]. 1) 757] As(HAHEL/ AR A )] w2 944 Az (H
9 A S Y EE), 2) 4A] S TER A 0 ADE (e, TGAES Q). =,

o
do
&
i
r (o]
do
oX,
_)lil‘
=2
e
EX
)
o

71 e oz A% Alefxo] AoHE o, ol =3
W& Foto] HFAQ A4 A2 E =EAH I ohE, sl Altzde 28T gt 71E
/\

(e.g., Rest-to-Rest maneuver , Spin-to-Spin maneuver)A&}o]| A4 9] 2pA|H &

EG, AP g

i)
)
=
od,
ol
oX
ox,
o
(]

ol
ol
2
N
ri
1o

3] 4AfskARR Tkt 2eh2). Kt Apaoln zhekate S)A
(

2
3= 9] BA|(3-axis rotation prob.)E 1= 3|7 (Eigen-axis

rotation) & 7H4ste] 1% 81 EAR tsh Btk 1 ok, 2t 7150l o AFEAL L5t
choret Ll FAskste] BRat 7o Zenel Fej] et 15 AAEEe AT F,
15 39S 35 Pyon th Qus) sk B4 AW vza 4 7150l e A4 e}

A71E 8] A 2 vhget AltEA2 aLeshE, 7] AR Maneuver time)-2 %45}
t= Zo] HF H2oltt. ojuf, 9] o] AgtE] A At 2AvEE esto] AAEH
SHE ABESH =9, 57 45 2 iAo whet AstE R o] dE o] ARt TR
TEE o AEF ta HpA]l o8 =E5tER 714 S SHAlA ool ARt =,
A9 el 149A At 271 9149 7S E (Maximum Angular Acceleration)@}b 2|t
714 & (Maximum Angular Velocity)gt-2, st9l @l o] Atz 571 5ol g 2E=

E

ol

(Maximum Torque for the Spacecraft)?} |t R (Maximum Angular Momentum of the Roof-
array TPCMGs)gt 02 R E = Z2H 444 o Z7F5e /2o 2455 gtEth 27171 2how, o]o
ue 9149 715 4% skt ZeEt

- 19 -

Collection @ chosun
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ot AAER Y A 7154 Zd) EolMe] B 12 /42 A, 59 Aol Ae] 757
ARZAL A9 dmel A AFEAC Afskn} wek. olo] A,
9= 7% (Eigen-axis Maneuver) S 7}43H0 2 4] ] 9] 9] 24| 7te] MghS 1783 (Eigen-aixs) 7}
52 9 91317 (Eigen-angle) 0 & AO|jtt}. £, 7|FE ILi5He 7€ L 25t= 71549 Se
2e g,
ojmf, $1499] 3% AA B WHo® FE YA (Quaternion) S ARG, 27| Z4A| #E (Initial
Quaternion) qo &} %|F AbA| HE (Final/Desired Quaternion) gr ©f thet HAHU A A dHH
(Rotation Quaternion ) q & -2 Zo] A% 4~ Qitt.
4 = ar®qo !
= [0 qagal
esin (07/2)
[ cos (07/2) ]

(18)

A71H, 1% 7152} 0 9} 3% 145 WE e = 0433} Zo] Aojdr}.

O = 2cosT(qq)
€ = |qqaqs] /sin(0r/2)
AA 27Tt 37 Y] W8S Edl®, FAM Chart A4 9 TPCMGs®] 7|54 &£4 0] ©|ste] 5}9]
gl 157 AeAge=m gt Al 24: AHES 4 MRS AT 4 ok 2 =129
A, ANELE Thaw = [Tz Tmy Tm.z] 1 € R3[Nm] 3} 20w, FAM Chart2 28 E&3 2]
HEHE L hnae = [hm,z hme hme] T € R? [Nms] 22 AA5}9lct
ofmf, sh9f M o] At =S Fto] A9 Ao A At HRATIER B ML
=5 Fohe e thadt 22 D= AP
FAM Chart 278 =& 57|19 HAHED Timee X HNZHE hpe, WE B x 1] & 7]FES
= oto], A G0l B gt wheulEQl 15 5ol et 91444 HdA7tEe 9 Hoa45e
[1x 1] gh& ALt 4= Qo A, M ED 2 2diedld HEE 949 & ¥4 LW E(Total Mo-
ment of Ineartia of the Spacecraft, MOI) J; 2] Gy A7} FA AAS 3P5HH, 3= gt Y49
AR ZIIEE 9 ZrEE HE 2 -8} Zo] 18 2 9]

t

%
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L 914 F 5L o AAFFAY Az CHAPTER IV. 914 A3 244

—1
Amaxr = Jt Tmax

—1
Wmazx = Jt hinax

HFHor otz ok 35 ANEHE2 15 PPl Li5 HEHE &5t =28 4 Uk

o, 3% AAEH A& E /255 Hr) ghe et 2k,

AFHE A 715 9T 15 AP I 255 B3 A AYstnA drk ojnf, FAM
Chart 22 ¢ 3% A2/ I4E D A4 At YRo| BE ZolH FAT 715 452
Uhehc ZPg itk el B, (20) ] 5 ASE 22 MEo] g A B (L-oo norm) ZH
0 18 A4V AALE AIIAAY, o/ Gmasldeg/s?) 7 22 elo] 54
A7) Hed), ol% 1% ¢
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B
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3
_WL
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lo,
o,
{T
1
N
r [e]

T
3
3
v@
3
3
=2,

Hsto] Eq (21) 2 P8 25T e o] 4% Augte ARHOR g A2 PO £ PO,

SEREL L

71%-49% Asrk ol e

wetA, 9 BAEE AEel7] AT B2 amas = amar oo D wmar = [@rmas oo ol 2712
(

212 Azo] Bt Eq. (22) 7 2& 15 94 A Z714E 9 Ag7EE ASE0L

nllo
moh
o_V|L i
st
4L
EQ,
o
o
lo
iy
S
ik
glx
2
=
o,
o,
0%
o
)
1o
Hy
P>
tu
rO
ol
&
o
2,
lo

— 1
Umax - Hamaz”oomazlel

(22)

_ 1
Wmaxr = mea:r‘loomax‘e‘
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olof] W} 7]&2] Eq. (21) o] th33 o] A H

Amaz,cmd = QAmax€

_e
= ||amax‘|oomax\e\

(23)
Wmaz,emd = Wmaz€

__€
- ||wmaz||°°maa:|e|

£, Eq. (22) 2A1Y4 24 H2& Tl 259 wnaz, mae 15 AT 270 22 12 A8 Bt

ko] SEEA Het. wpetA, 35 o 7S E W 245 e #E 9] g2 Eq.
=] T T

( )Oﬂ —40}'0:] Wmax,ecmd = [Wm,cx Wm,cywm,cz] €R3 9’1’ Amaz,cmd = [am,cw Am,cy am,cz] eR3

7 Htk &, 94971 3% % Holw olo] @ Fowk 715 ¥ Ao gro] FHel whet 914

Za

- =

)
o
fr

71582 M7= AoE TE E o e Aol
web A, Zhzte] shetul eSS BelSHARE g, (20) 9] apae = 949 35 AZEE
[amax S R3x1 O D:L Umax =

] VFFol tigt 15 HANATEE A amae: € R] oItk B, winas
&} wimaz £ 47 3% Hd &L HE Wi, € R oF D550 it 15 HidEe &2
[Wmaz € RIE 2@ @maz,cmd [@maz,emd € R & Winae,emd [Wmae € RPN E 22 35
Z7VE5E /7t Y WE Q] Hdigho]t).
%, 9 HorEE TEE 94A 15 A4S 9 ZA7EE gh2 919 9] 71Eol tigk &
A F878 dAA Y At e R AGEm, Eq. (22) o &709 15 Az
274 HAE Foto] 94 A 71E d5S BAots olAA AAEFANE 2EF 4 e TS

A A5t T
2. Rest-to-Rest 7]%% 1= AW AA

271/2%F YA & 7F G E (Zero Vector)Ql Rest-to-Rest(R2R) 7152 434 5H= 21A|
BHEY GAE aofstaA} gttt ofuf, Eq. (22) o= R Y =EH AUV &, A 9442
frd 22 Qsto] njaFo] BASHA =], olof tieh Aexd S esfiof etet. 942 tiA
e FA 2] T (Solar Pannel) 2 Ho]E{H 3 %(Data Link Boom)o] &zHe X2 2lsto] ZFA|R

fr 2ol B Aghsitt. ofof mhet 9144 9] A-f71-54(Natural Frequency)7} Hopsd o = 4]
A o] tfHF(Bandwidth)o] $1/4S ZHIAIZ| A ™, A= u|4Fo] IAR o] what ZpA]of
ajA @27 A E T 2 =Role 9449 natlEs olushs Mo tlEAQl dH949

(Input Shaping) W' 5 SFubel 35t A 3 (Finite Jerk) WA A5 o], A2+ 94 714

i)
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o] Aol ot mlE gk Sfm|ettt

HA, 71E2] 94 35 2] 2AIE L=l i 15 93 £A41 =2 ges) o A= AAIRH
ojuf, A4te sl I-F= €, 7152 (L-axis) O, HHATIEE amar, HHAEE winas THEFTE 7}
Hasiet. of wjo] 42 247} Eq. (19) , Eq. (22) & Faleit

1=, Eq. (19) 2 F8 EEd 7§29 A7]ef 2o uhg 84| Alet 235 A&, &3
7HA O] A Y Y Zend FEi7E FeEHe oS that 2ol 2 4 Ao

1) Bang-Bang I (a, < a,, and w, <w, [/ 01 <0y )

7128 2717F 22 g WA s EAt. ofuf, AMIT P O] M 5271 (Peak Angular Ac-
celeration) apeak (= ap) 2 HNZIAEE apmar(= ) 7} ST 22 BAS 01211 4, < ay, ]
k. E51, 24 E o] AT 2H4 & (Peak Angular Velocity) wpeak (= wp) & FHAEE winas (= wim)
£ wp < wp 2 FA Y et ofw, 22 7152 (Small Angle)d wjo] ZMEH T2utdS Fig. 12
of =AISHA.

897 H5FZ71EE =E A7 Rising time to Peak Angular Acceleration) t1-2 7152+
7 glo] AA gro g AT} Tk AI7HS YR Zol7| W, E5 Walo] yFuld tejo] =7}
SHAl =o] 77t A A (Infinite Jerk) @A} FAFSHH 224 944 £ RELFS] 53 (Resonance)
BEA7F ST 7HsA o] A5 w&oltt. weba £ 75 A 7H Total Maneuver Time) T= 4¢1 37}

Lottt 2 =RollME & o 2ol G ofRtt

4
=
[}

= dm (24)

Jm
WA, Fig. (12) 9 442,214 % 2445 el Foi2 21ste] 4747 (Peak Finite
Jerk) jpeak (= jp) & 7182 Op o] TAE EEo] ¥ 5= =, ol& 4% o2 B0 th31}

2t
or = 20,

%5 Bang-Bang I B119] 2714 a(t), 24 w(t), 71552} 0(t) A4 mautel Ale the

gt B, o AAE ol it F 71EAIRE T = 4ty ol
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. A A
]]" _________________________ ==
S o a,l
>
l oL L T l
tl
— jp_ .......... -a, ;
B e
(a) l-axis Finite Jerk Command (b) l-axis Angular Acceleration Com-
Profile mand Profile

(c) 1-axis Angular Velocity Command Profile

Fig. 12 Commanded Profiles for Rest-to-Rest Maneuver : Bang-Bang I

0<1t<ty,
a(t) = jpt
w(t) = 3jpt?
H(t) = %jptg
(26)
ty <t <ts,
a(t) = ap — jp (t — t1)

w(t) =wy +ap(t—t1) — 5jp (t — t)?
O(t) = b1y +wony (= 1) + Jap (= 01) = 3G (t = 1)°
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(a) 1-axis Angular Velocity Command Profile (b) 1-axis Angular Acceleration Command Pro-

file

Fig. 13 Commanded Profiles for Rest-to-Rest Maneuver : Bang-Bang 11

t3 <t < t4(: T),
a(t) = —ap + jp (t — t3)
w(t) = wiy + Lap (t—t3)% — L5, (t — t3)°

O(t) = O, +wi, (t —t3) — Sap (t —t3)° + Ljp (¢ — t3)°

2) Bang-Bang I1 (a,=a, and w, <wp, /[ On <Or <04 )
qkeF, Fig. (12) 9] 7157 e] 27171 A3 AXH AFA 27T H A 2ol e st= Al o] A8
Sh=tl, o] Al A 9] 715242 A 7152 (Boundary Maneuver Angle) 6 S8 & O] &= Qlt}.
1 2
0., = gam (ts) (27)

5, 7187 Or 7t BA 71857 Oy Brk & A% 71E 20 oA (07 > 0p1) Bang-Bang
IT e o & mzupel YE|o] HMst7t ey, o] & Fig. (13) ¢ o] ZA|sHH. oju, {527t
HLof APAVIEE 210] PAl= b2 ZOoW ap = ap, Ol AFATIELETL A7
Taotgthe A ouRith. 28y, AFAEET) SR gt 2 dH ol B R 7]
E£9] Bang-Bang T 233} GARRE BFYIT JHZ UERE Zlo]tt.
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27 Z7HEE TRH(F7HAZR ¢ 2 o)A Bl Zaudit FUsH Eq. (24)2 ot &

= [€)
e te £ Fig. (13) o] AA5E e 4oz e & YA S AAlsto d&

Bang-Bang IT 8} 9] ZI7HE5 a(t), ZHEE w(t), 7182t 0(t) B84 =

Zh. 283 s A Q] F 71SAIZE T 2(t2 + 1) o]t

0<1t<ty,
a(t) = jmt
w(t) = jmt2

w(t) = wiy +am (t —t1)
0(t) = 04, +wi, (t—11) + 3am (t — t1)?

to <t <1y,
a(t)

w(t) = wi, + am (t—t2) — 5jm (t —t2)

Am *jm (tftg)
2

O(t) = Op, +wiy (t—t2) + 2am (t —t2)? — i (t — 12)°
ty <t <ts,
a(t) = —am

w(t) = wry — am (t — t4)

e(t) = 9t4 + wiy (t - t4) - %am (t — t4)2

ts <t <tg(=T),

a(t) = —am + jm (t —t5)
w(t) = Wt; — am (t - t5) + %jm (t — t5)2
O(t) = Oy +wig (t—t5) — Sam (t —t5)° + Ljm (t — t5)°
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of1) alt)

aW [T f—
wm -
Oy pmmmmm i )
) | by L gy T ¢
L 2nt f Sint t0 fl tZ int [30
oL - ——— IS N
1 [2111! [ tﬁim
: t 3int
to fl tluﬂ t}a L b t4 Ziim T
s T S -
(a) 1-axis Angular Velocity Command Profile (b) 1-axis Angular Acceleration Command Pro-

file

Fig. 14 Commanded Profiles for Rest-to-Rest Maneuver : Bang-off-Bang

3) Bang-off-Bang (a, =a,, and w,=w,, / Op <0r)

271 7129 27178 A 7 HE AFAEErT A4S o] EEste Al o] 2As)

Tl (wp = wm), ol AIHAA 2 7522 E O A 7184 b 22 F o3

Op, = am (t1t2int + t%mt) (30)
Wm

) 31

2 (31)

N
N
o
&
>
S

N
N
ol
2,
N

1552t 01y Btk 2 90l (07 > O1) o)A Z2utel B91e] A Bang-off-
Bang BrJ0 2 m2utel Fejo] Wakst e, o] Fig. (14) 9 o] A5k o, 13, =

o= Aok
0 — 0y
tay = 134 + 2 = t34 + t3int (32)
Wm
T3t Bang-off-Bang o] ZI7FE% a(t), ZHEE w(t), 71872 0(t) HP84Y 2ot A2 oh5it

2t 293 s AP B O] F 7S AR T tap + 1+ taine O

27

Collection @ chosun



2. REST-TO-REST 7] 15 RFAIH G Y CHAPTER IV. 9J4 2IAE A4

Collection @ chosun

0<t<ty,
a(t) = jmt
w(t) = L, t2
0(t) = &jmt?
t1 <t <ty
a(t) = am

w(t) = wiy +am (t —t1)

0(t) = 04, +wi, (t—11) + Fam (t — t1)?
to <t < s,

a(t)
W(t) = Wiy + am (t = t2) — Ljm (t — t2)?

O(t) = Op, +wiy (t— 1) + 2am (t —t2)* — Ljm (t — t2)

Am — Jm (t_t2)

3

t31 <t <ts2,
a(t) =0 -
w(t) = Wtgy

G(t) = Oy, + Wiy, (t — t31)

l3z <t <y,

a(t) = —jm (t — t32)

w(t) = Wiy — 2m (t— t32)>
O(t) = 01y, + Wigy (t — t32) — 2 im (t — t32)°
tqg <t <ts,

a(t)
w(t) = wi, — am (t —t4)

0(t) = O, +wiy (t—ts) — 3am (t —ta)

—Qm
2

ts <t <tsg,
a(t) = —am + jm (t — t5)
w(t) = wey — am (t—1t5) + %jm (t— t5)2

O(t) = Oy + wiy (t—t5) — Sam (t —t5)° + Ljm (t — t5)°
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3. REST-TO-REST 7]% 3% A5l &l A4 CHAPTER IV. 94 A2 204

3. Rest-to-Rest 7|5 3= AA|YIAA

A FEl| (Bang-Bang I, I and Bang-off-Bang) of @2 1= Z7F&
a(t), A&E% w(t), 7152 0(t) B8 5 =E6HHH, Eq. (26), Eq. (29), Eq. (33) ¥ 22 15

32 AP PL 35 AAYL O A Qi) sk BL ARF AFA 35 HAH Y I

a(t) = a(t)e (34)

w(t) = w(t)e (35)
qc(t) = ar(t) ® qo (36)
- 0] n

4. Spin-to-Spin 7|5 AA|EFAA

A =4 (Earth Observation Satellite) ¥} Zro] 2] 2| (Earth Pointing)2 Sh= 1]
Ae st H 4 Azel metA Aol 44 ZAEE 7ol 875 (=R 0.06(deg/s))[1],
Tl dof =

B
kel
)
ju)
™
V)
=t
=
)
=
@]
o
=
o,
i)
Q
=
=
o
re
1P
2
l
Hl
)
ot
olt
el
N
do
ol
ol,
=)
Y
mlo

é
R
-
w2
§)
7
t
o
@5
§=)
=
)
1o
:?—l'_l,
_La
1
R
=
ol
o
o
ox
:?:

i

A 5P A B, 2
97} Qe Bt A8 o fEaR At Ft

1) STEP 1. : Spin-to-Spin 7|F 7t A 9]

Spin-to-Spin 7150 AW A4 AL 71 E Rest-to-Rest 7153} 4151, 715 72 4412
Fig. (15) 9 o] 471X ©A|(Phase) 2 He]sto] Lrehiich. @, 7155 77bo] et o7 24
k. webA, 919]9] 15 ZA7b4E 8 24T ARo] 3502 A¢Wet 9 o), 7550 wet 217t
75 F7rolA o] HEgESe] mE A =2 fol@th Eat Spin-to-Sping] 1% 24 H 4l
Aol 7+ 715 2708 A Al Phased) — Phasel) and Phase3) — Phase2) 2 w2t}
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4. SPIN-TO-SPIN 7]-& A HAIA] CHAPTER IV. 94 XA HAHA

Phase4) ¢3S 7H(Stabilization Phase) : t = [t5 7;56}
i 72 AA| 3 g o] /] F 2 Q1 2] (Disturbance) & 2 B WA= 914 A =
]

FE 22 WS Sl AR s & AT o, SiF RS 15 AV E P2

E

]
alt) =0 °]m, 1% A% E B 55 SATTh w(t) = wy

Phasel) Spin-to-Rest 77t (Spin-to-Rest Phase) : ¢ = [to ’tQ}

o F7HE 914 27|75 WE] w § 0 MER FEL 24T 74 Spindown 7ol Z,
S 2] B A b AL 15 ST BHE w, = 0 0] HE Aolth. B, 71F EE
(Criterion Velocity) werit 915 2717H5 5 wy ©] o0 1.8 Foho] mentel Fej7t 5 F744 2
LIt} : Jerk-Bang-Bang / Jerk-Bang-off-Bang.

Phase3) Rest-to-Spin 17} (Rest-to-Spin Phase) : ¢ = [t?) 7t5}

A T 94 2712450t 0 WHelA HE 255 WY wp A ASohe ALE 4%
Spin-up F7oITh. Z, A F74e] 271 AA 1 ©] 12 245 §ale w, = 0 o] 5= Aolch. i,
715 2445 (Criterion Velocity) weriz 9F 15 ZFA4EE ws o] t2H[WE Foto] Z2utd FEj7}

Z E7MA 2 Ut : Jerk-Bang-Bang / Jerk-Bang-off-Bang.

Phase2) Rest-to-Rest 7F (Rest-to-Rest Phase) : ¢ = [ }

o] 77+ 914 27] 9 A% ASwaEs} B 0 W | TR, o AT 2)Rest-to-
Rest 7]'& ZHAE 384T FLsIH. 718242 2710l utet Zzutd Fejrt § A7 = vt -
Bang-Bangl , Bang-Bang/I , Bang-off-Bang.

2) STEP 2. : Spin-to-Spin 7|5 77t ¥ 15 93

Z]ZFHH Spin-to-Spin 759 7+ H 15 VST a(t), 24
L5 X 12t gt

N
N
B
H1
€
=
N,
offt
I
<
=
o,
o,
o
[Ulm

Phased4) ¢tA3SH17H(Stabilization Phase) : t = [t5 ,tﬁ}
I LLNAY 3% 2SR MEL at) = ay = 0 o] 1 A5 MEE w(t) = wy = w 2
dAsteh. F, ol 11HY] 271 AlA t5 ol A9l 914 ZAAAE AlLtst?] flste] E Al te(=T) o=

=
FH ¥ A2 (Backward Integration) & AR &, 715 3] FHF A A9 7524=
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4. SPIN-TO-SPIN 7]5 X}Ajj 2 &l 04 CHAPTER IV. 94 A2 204

o

a); \ R2R

Bang-Bang I .11/ 3
Bang-off-Bang / 3
! .

Z{2 t3 t4 a t4 b tS T

— : Phasel. Spin-to-Rest
— :Phase2. Rest-to-Rest
a ( t) ~— : Phase3. Rest-to-Spin

— : Phased. Stabilization

A
a]ﬂ
t, Ly tllb Z, R2R .,
' Li bty s T
Bang-Bang I .11 /
Bang-off-Bang !
S
_am

Fig. 15 Overall 1-axis Commanded Profile for Spin-to-Spin Maneuver

b5 = 002 7141T, A2k A 7157} 0,5 otk 27] A1 @ HE Aol A st Azke
ASHE ek ts = tg — ..

o] 74 1% A% A% 752 Hae] that Al ket 2t

ts <1t <tg,
a(t) =0 (38)
(.d(t) = Wi

0(t) = wi, (t — t)

Phasel) Spin-to-Rest GL7FH(Spin-to-Rest Phase) : t = [to ,tQ}

N 71E Aol A el 7] BAZAE  to, wo, O = 0 °H, HE BA XL ta(unknown), wi, =
0. Oy, (unknown) olck. o), 715 ZH4% 0] wsy B} S1F 7154 0] 27] Z4% wp ©] 27]7}
A2 ATt wo < werin , ZEIFA O] FHj= Jerk-Bang-Bang & THETh 123 wy > werin O

Jerk-Bang-off-Bang T 21t JefE w2t
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T4, o] TN 1% ATEE a(t)

. SPIN-TO-SPIN 7] % A5 244
o|], Spin-to-Rest ©] 7|5 ZA& % wepi1 = THSTF 2ok

Weril = Amitl

o17]4 Eq.(39) ©] $-F(Right-hand Side) 4552 242t Eq.(22)

1-1) Jerk-Bang-Bang : (wg < weri1)

0<t<ty,
a(t) = —jypt
w(t) = wo — 3jpt?

0(t) = 0o + wot — jpt?

th <t <tg,
a(t) = —ap + jp (t — t1)
w(t) =we, —ap (t—t1) + 5p (t —t1)

1 2

2

1 2 1. 3
9<t):0t1 +wt1 (t—tl)—ﬁap (t—tl) +gjp (t—tl)

ST w(t), 152 0(1) BHEAS e

CHAPTER IV. <] FAJE A4

(40)

Z Spin-to-Rest 7]%9] Jerk-Bang-Bang T2t of|tfjgt | Z 7|5 A| 7t to= to = 2¢; O|Th

1-2) Jerk-Bang-off-Bang : (wp > werit1)

0 S t < tlav
a(t) = —jmt
w(t) = wo — %jth

0(t) = 0 + wot — & jmt>

tla S t < tlba
a(t) = —am
w(t) = wey, —am (t —t1a)

e(t) = etla + Wiy, (t - tl(l) - %am (t - tla)2
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4. SPIN-TO-SPIN 75 }AJ5 &l 4047 CHAPTER IV. 94 A 244

tip <t <to,
a(t) = —am + Jm (t — t1p)

. 2
w(t) = wey, — am (£ —t1p) + 2im (t — t1p)

0(t) = 04y, + wiy, (t— t1p) — 3am (t—t1)° + Sjm (t —t1p)°

o] 7] A, Spin-to-Rest 7]=2] Jerk-Bang-off-Bang Z 2ot X|& 7| EA|7t tol= ty =

tlb+t1 O]q— O]uﬂa tie = tla tlb :wo/ap O]]q-

Phase3) Rest-to-Spin 77t (Rest-to-Spin Phase) : ¢t = [tg ’t5}

N 715 F7tel A Q) 7] AAZRAL : t3(unknown), ws =0, O3(unknown) o|H, 2|Z A

4
l t
O -
_ap
—-a,
t2
(a) 1-axis Jerk-Bang-Bang Command Profile
a(r)
Iy
(= Il)
IO ”tla tlb“tz >
T L k
_a”i
(=)' 1,

(b) 1-axis Jerk-Bang-off-Bang Command Profile

Fig. 16 1-axis Commanded Profile for Spin-to-Rest Phase
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4. SPIN-TO-SPIN 7]& A &4 CHAPTER IV. 94 xpA5 &84

k1
rO

Z7L t5(Phased oA EEH) , wy, =wy, , b, (Phased oA =&H) o[t} o|uf, 7|&F 4%

weriz BT S 7] 5014 9] HF AEE ws o 2717 H A2 A ws < weriz , ZRIA O] FEHE

Jerk-Bang-Bang -2 W2t} 1281 ws > weriz )W Jerk-Bang-off-Bang T2 1}l FEj S w2,
oju, Rest-to-Spin ] 7|& ZAEHE weriz & T 2T

Weris = amtl (42)

rlo
v
lleS
i3
L
q

whabA], o] FZFA Q] 1% ZI7ME T a(t) , ZHEE w(t) , 7152} 0(t) B4
2-1) Jerk-Bang-Bang : (w5 < weri3)

t3 <t <ty,

a(t) = jp (t — t3)

w(t) = wry + 5Jp (t = t)?

O(t) = Op, + wiy (t— t3) + Lip (t — 13)°

ty <t <ts,
a(t) = ap — Jp (t—ta)
w(t) = wi, +ap (t - t4) - %]p (t — t4)2

O(t) = B, +wou, (1= ta) + Jap (¢ = ) = 3p (t = ta)”

%, Rest-to-Spin 7]-59] Jerk-Bang-Bang 21t of|tfet X|F 7]-GAIZ tinkss = tintss = 2t
oltt. ouf, t5 = t5 — 2t1 ot

2-2) Jerk-Bang-off-Bang : (w5 > weri3)

ty <t < taa,

a(t) = —jm (t —t3)

w(t) = wiy + Ljm (t — t3)

O(t) = Oz, +wiy (t —t3) + Ljm (t — t3)°
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4. SPIN-TO-SPIN 7]5 XA E 244 CHAPTER IV. 94 2R3 244

tag <t <Tgp,

a(t) = am

w(t) = we,, + am (t — tag)

0(t) = b1y, + wiy, (t — taa) + Fam (t — tsa)’

tap <t <5,
a(t) = am — Jm (t — tap)

. 2
w(t) = Wty + am (t - t4b) — %]m (t — t4b)

0(t) = Ory, + Wiy, (t —tap) + 2am (t —tap)? — Ljm (t — tap)®

A
Y ey
Q=0 A | | > { ! TR\ ..
I E g ® TR
tint35 '

mn

—
Il

ﬁQ

N —

’ fi H > 1 I I > 1
8 Lo Ly s I lba Ly 15
(=4) —s
riut45

(b) 1-axis Jerk-Bang-off-Bang Command Profile

Fig. 17 1-axis Commanded Profile for Rest-to-Spin Phase
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4. SPIN-TO-SPIN 7]'5 A% &A1 CHAPTER IV. 914 4224

& 7] A, Rest-to-Spin 7]59] Jerk-Bang-off-Bang T 2o} A ot st =& 7| S A| 7 tiniss = tintss =

ts — (tl + t4b) O]E} 0]Hﬂ, tintds = wts/am, tag = t5 — wt5/am7 tap = ts — t1 O]E]—
3) STEP 3. : Spin-to-Spin 7|5 77t ¥ 3% 93

opz]ako 2 Spin-to-Spin 7|52 77 ¥ 3% ZW7t&E 9 a(t), 2455 9EH w(t), AEHYA
e q.(t) FEYAATFAHL Jotr L,

STEP 2. 28¥ T&3% 15 ZVET at)

g =

Phase4) ¢t SI7H(Stabilization Phase) :
WA, 7155 e e = 033} 2o] olH

w(t) =w(t)ee = wy

dc (t) = Qrel ® d6 (47)
{eﬁsm (1) /2)]
Qrel =
cos (0 (t) /2)
36
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4. SPIN-TO-SPIN 7]5 }Aj & 247 CHAPTER IV. 94 A2 204

Phasel) Spin-to-Rest #7F(Spin-to-Rest Phase) :

HA, 7155 HE o 2t 2ol Fojdn

wo
el 48
€= (48)

wo = [|woll2 (49)

wfabA, Spin-to-Rest F7HolAe] 35 AP MelE ohgal 2o Ag Aol RET 4
ATt
a(t)=a(t)eo
w(t)=w(t) e
Qe (t) = drel ® do (50)
eosin (0 (t) /2)
Qrel =
cos (6 (t) /2)
Phase3) Rest-to-Spin F7H Rest-to-Spin Phase) :
WA, 7155 W e & b2} 2o] FoHT)
Wty
5 = 51
€t = o (51)
ws = [lweg |2 (52)
wehA], Rest-to-Spin TS 3% AAEY Mes om 2o 4L Aask TET 4
et
a(t)=a(t)es
w(t)=wl(t)es
de (t) = drel ® g5 (53)
essin (0 (t) /2)
Qrel =
cos (0 (t) /2)
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5. 222] A B0l CHAPTER IV. ]9 XA g H4

T2 Al ol

1) Rest-to-Rest 7]'5 ZTz2u}¢ oA

AlzEeold AAE Tl Z2utd FY o] AZekE ags) Kz ghrt. ¢ ]9
(no / my)oll HiRF Rest-to-Rest 7] 549l 15 FY Z2atd(A7HEE, 455, 7572 Fig.
(18) ¥ Zom, AAFY A AutetE A3 35 ¥ Z=atd2 Fig.(19)o] =AskH . o, A
29l A ERL $l5te] AHUA A S U7 ZHEuler Angle) 0.2 ®Wglslo] TA5Hct T3
A 4=2ofl at Al ohetu]EE2 Table. 20 A5ttt

ojuf, AlElold A& 15 et B T Lo A ] HAA7IEE/ HAHNAEE (amaes/Winas)
st B = Eq. (22) o Al o= RE A2 =28 ) 752 At HdA7tE e/ Hd 4=
ol
Rest-to-Rest ZFA|% & ol tiet 7]-5 AlZF(Maneuver Time) 2 th3h 224, 1) 15 ARt
= =YsHA] oS w9 914 715 A2 33.69(sec) o]t} 12U, 2)
< o] 715 A|7He 23.21(sec) o]t} o]= 949 H 7|15 9ete] 1%
J HAS 283 HRHAYg ol 71E0] YA E T} 10.48(sec) A T WHE

BN
N
~
B
ofN
D)
=

A

A B4 NS S mautel Welo) A2tstE Ae] ®uz} gk ol 271/21% A4
(o / mp)ol B Spin-to-Spin 71 ENHe] 15 Hed maRd(lEE, A4E, /15 Fig

(20) @ Zom, AAY A LS 73 35 BY TRrd2 Fig(21)0] =AY &, A
2 AN EAL 9l5te] FAHUA RS 2 A ZHEuler Angle) 02 Wgsto] T A5tk T,
A s=Boll Fagt Algdo]d ohepu]E S5 Table. 30 A 2ottt
Algeold oAl o] 15 Z2atd B D mol A o] TS/ Htz4EE (amax/wmm) x}
e S 715 bl whet ) ES Mt A7IBR A AR BE des 7Y S,
O A o rRE M2 =gy HARWA/IEE /AN ASE g2 4714] 75 FRPER EAe.
Spin-to-Spin 2B G el tet 7]-5 AlZH(Maneuver Time) 2 T2t Z-2d], 1) 15 Algz21ef
iR 2 27 WA S EASHA] eoks Wl 914 718 AIRE2 30.66(sec) ot T12iut, 2) 27
< o= #1749 Al 71E& fIste] 15

=)
O
N
ol
>
o
rlo
DO
(@)
=~
0:¢]
3
D
&
o
_v;
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5. 2=2] ] Beo] A CHAPTER 1V. 9] ZFAIE H4Y

AgzAc] 2AY 23 WAL A5 FRPPHo] 1E0] PR 418(sec) = ] WE
O
=}

= HoAE

1 T
a |\
il
(deg/ s? ) \ /
4 i !
0 5 10 15 20 25 30
4———— : : : . —
® (I) N
(deg/s)
b I
0 5 10 15 20 25 30
100F
ot
()mA
(deg)
; 3 ! ; ; ; !
0 5 10 15 20 25 30
time(sec)

(a) 1-axis Commanded profile : w/o Maximum scale reallocation method for 1-
axis Max. Angular Velocity and Acceleration

a(t) \ a, =1.61
(deg/ 5%) or \ /

3 I ! i I
0 5 10 15 20
Er==——— ——————

®, =578

(1)

(deg/s) 2[
. !
0 5 10 15 20

0 5 10 15 20
time(sec)

(b) Maximum scale reallocation method for 1-axis Max. Angular Velocity and
Acceleration

Fig. 18 Rest-to-Rest : 1-axis Commanded Profile
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5. 3] AlE o)A

20 L memrmememmsm—m i
o 2
Roll
=20 2 (]
{deg) {deg/s)
-40 -2
50 - —_———== ===
] 10 20 30 1] 10 20 30
20 4 o= —=—=—=—=
o 2
Pitch .20 ar &
(deg}) e {degis}) \ /
-2
60
e e e e
] 10 20 a0 o 10 20 30
20 e
o 2
Y aw fcs) s N,
=20 ) 1]
{deg) {degiz)
-40 -2
B0 gE======s====
] 10 20 30 o 30

(a) 3-axis Commanded profile
Velocity and Acceleration

10 20
time(sec|

CHAPTER IV. $]4 214554

1
0.5
Ce
(dears” )
0.5
-1
o 10 20 30
1
0.5
a, )
(deais’ )
0.5
-1
o 10 20 30
1
0.5
a:
(degrs) ©
0.5
-1
0 10 20 a0

: w/o Maximum scale reallocation method for 3-axis Max. Angular

: 3-axis Maximum Acc. or Vel.

20 b 1
1)=3.70 a, (1)=1.03
. , (M . / B
Roll @, a.
ds deg/! 3
(deg) w0 (deg s)»2 (deg/s _)0_5 /
-60 = -1
o 5 10 15 20 o 5 10 15 20 o 5 10 15 20
20 e 1
10 2 0.5
Pitch o @, a,
(deg) -10 (deg/s) (deg/s™)
g 0.
20
B -1
o 5 10 15 20 o 5 10 15 20 o 5 10 15 20
60 e —— e —— 1
40 2t/ X 0.5
Yaw . a.
de deg/s deg/s’
(eg) (degls) | (deg/s™)
20 4E===mm— == o -1
0 5 10 15 20 0 5 10 15 20 0o 5 10 15 20
time(sec)

(b) Maximum scale reallocation method for 3-axis Max. Angular Velocity and Acceleration

Fig. 19 Rest-to-Rest : 3-axis Commanded Profile
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5. 2] Algeold

CHAPTER IV. <] FAJE A4

Table. 2 Numerical Simulation Parameters of R2R Attitude Command Generation Example

Parameter Value Unit
o [-57.30 ,12.95 ,—10.32] " deg
ns [15.12 ,—26.80 ,57.30] " deg

Wrnaz [3.70 ,3.70 ,3.70) " deg/s
Amar [1.03,1.03 ,1.03] " deg/s?
Romas [129 ,129 ,64.5] Nms
Toas 36,36 ,18]" Nm

Wimax 5.78 deg/s
Amaz 1.61 deg/s?

Table. 3 Numerical Simulation Parameters of S2S Attitude Command Generation Example

Collection @ chosun

Parameter Value Unit
o [—44.79 ,—30.47 ,—57.30]"  deg
ny [17.25 ,—57.30 , —18.19] " deg
wo 0.98 ,—1.21 ,—0.14]" deg/s
w; [—0.77 ,—1.19 ,-1.05]"  deg/s

Ornas 3.70 ,3.70 ,3.70] " deg/s
Ama [1.03,1.03 1.03]: deg/s?
T [129 ,129 ,64.5] Nms
Toma 36,36 ,18]" Nm

Winax 4.77 / 4.54 / 5.48 / 5.48 deg/s
maz 1.33 /127 /153 / 1.53  deg/s>
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CHAPTER IV. 9J4 2IAE A4

1 T
ait \
) b L
(degi 5° ) \
" ; ; ; . . i
a 5 10 15 20 25 k1]
e = 3 T T Vs [y T
@) ,
{deg/s) \
¢ : : : s
(] 5 10 15 20 25 an
_BOT :
Ot) 4ol |
(deg} apl 4
5 . .
o 5 10 16 20 25 3o
time|sec)

(a) 1-axis Commanded profile :

w/o Maximum scale reallocation method for 1-
axis Max. Angular Velocity and Acceleration

a, =133 a, =127 a, =153
o, =4.77 o, =4.54 o, =548
2 T — -t — ]
a(r) %
(deg/ s%) a \/ \
2 : . : P I S i
0 5 10 15 20 25
6 T T e e
o(f)
(deg/s) 2R 3
) | | N
0 5 10 15 20 25
——
60 b
(1) aof J
(deg) o0f g
0 T L . . .
0 5 10 15 20 25
- - == : l-axis Maximum Acc. or Vel.
time(sec)

(b) Maximum scale reallocation method for 1-axis Max. Angular Velocity and
Acceleration

Fig. 20 Spin-to-Spin : 1-axis Commanded Profile
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Fig. 22 Rest-to-Rest Maneuver ; The Multi-target Attitude Control Scenario of Spacecraft w/o
Applying the Momentum Vector Recovery Technique (HL-logic)
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