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526 � 0 s � 52 1�$ihnr�9J6lk8`by� (�1 1∼3 4l\|); �1�8K�leQ9r�}gk�V��1}} 4 w,6l J2 �}}�
℄ T
℄kW\�v�n6lk8\%� 1∼3 4l\|�+℄V� EPS (Electrostatic Positioning/Measurement System, '{*Sn%x8\A�) [15−17] E8\8`W\kK��~.�HO�'{V[V,�EPS k:~%J[��{ {e8\8`W\[-�b!�Sk�z{5w� (�� +℄�{/eKZ) H�k{5 [18]. 1d7.8`W\[1�*S{wH�k{5k$ijG8`W\K��<V{wk*S[q~�-U+℄Y8`W\k�~v���H4��l~� EPS1��O�4\kV�7. EPS k8\�M,Oe4��;T��1d}
 � � (6�
FEEP[19] (Field Emission Electric Propulsion )) gJK�k�V�{℄Vj+℄-4��;Tkv��>W℄8vo8`W\k+~Kt�+℄q~;TkV�℄y-�8\+℄K��Fe9�kq~��QV� � �:KkV,E 
q~|���.YDxk4��+℄���4�S-Y[k�a8`W\��%J/�_(e�[4��+℄kz`~`��y/�k4��+℄ (6 LISA, 2 48`W\� GOCE, 648`W\) 8�U�6�j�.4%3>k1��+℄YV�k8`W\*SP-��8
�Gqq>eTn%P-�_��( 17.;T4;aJ^ ASTROD I 1�;Tk��kP-�[J
�x�;Tkj&O& [13]. � 1 -f ��)

Table 1 Breakdown of control loops

Control loop Sensor Actuator Requirements of controller design

SC attitude loop Star sensor FEEP 2 × 10−6 rad

Drag-free loop EPS FEEP 3 × 10−14
[

0.3 mHz
f

+ 30( f
3 mHz

)2
]

m · s · Hz−1/2

TM attitude suspension loop EPS EPS Depending on the hardwarei
 f $�i
2 KEZGS��1U'5 �
2.1 ℄���4��+℄k+~ [15] 8��"[4/�k+~�+℄B�K��Fe�&Ak+~ 8`W\K��+℄k+~�+℄k��+~�C�̈

ri
i,b = gi

i,b +
1

mSC
(f i

control + f i
dist) . (1)�.k�CY�P\>&"xkP\wV�k�&A���E&"P\k[�y��q(ZP\kE(�6�r i

i,b "+℄ bK��Fe�&A i k*SU\-Fe�&AYk(k� i= Fe�&A� b=+℄�&A� sens= P-��&A� tm= 8`W\�&A�U\>���4yk[���el��[4yk[�
�el�� “ˆ” kr��fQ
�(
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b9aX℄6��-_6��zr�C��?z�=Vw* 527Z[%U\YA��(*� (1) XY ri
i,b "+℄-FeAk�&� gi

i,b "�V�t��
f i

control "� �k;TV� f i
dist "9�k(k2~� mSC "+℄W\�+℄ok+~�C�

ω̇b
i,b = (Isc

sc)
−1[tbcontrol + tb

dist − ωb
i,b × (Isc

scω
b
i,b)] , (2)

q̇b
i =

1

2
ω̂b

i,b ⊙ qb
i . (3)>XY ωb

i,b "+℄K��FeAk�t�� Isc
sc "+℄k~F\,�� tb

dist "�42~V,� tb
control ";TV,� qb

i "+℄q~r$s [20], ⊙ "r$lB��8`W\��+~�C�
r̈sens

b,tm = ∆gsens
b,tm +

1

mSC
(f sens

control + f sens
dist ) −

1

mTM
f sens

coupl,tm , (4)6NÆP�t�� −2ωsens
i,b × ṙsens

sens,tm,!P�Z�t�� −ω̇
sens
i,b × (rsens

b,sens + rsens
sens,tm),�P�Z�t�� −ωsens

i,b × [ωsens
i,b × (rsens

b,sens + rsens
sens,tm)],�Y rsens

b,tm "8`W\-P-��&AYk�&� r sens
sens,tm "P-��&AK��+℄W[kÆ�� ∆gsens

b,tm "_V���t�� f sens
control "+℄;TV� f sens

dist "+℄wek2~V� f
sens
coupl,tm "8`W\�℄V:KkK��t�� mTM "8`W\kW\�8`W\ok+~�C�

ω̇tm
sens,tm = (Itm

tm)−1[ttm
control + ttmcoupl,tm− (ωtm

i,b +ωtm
sens,tm)× Itm

tm(ωtm
i,b +ωtm

sens,tm)]− ω̇tm
i,b , (5)

q̇tm
sens =

1

2
ω̂tm

sens,tm ⊙ qtm
sens , (6)�Y ωtm

sens,tm "8`W\kK��t�� Itm
tm "8`W\k~F\,�� ttmcontrol "8`W\wek;TV,� ttmcoupl,tm "8`W\wek�℄V,� qtm

sens "8`W\K�q~r$s�
2.2 >b�_7"^v)4��+℄k+~x�;T�3u- Matlab/Simulink �{>�S^lL�=��6� 1wZ�lL�=�f��Q SC&TM �Sensors �DFAC �FEEP&SUS 44~��s4~��*TF1�k=��."zukg7gJ\Z�WZ� (��4gJ\Z[d�4kg7) aA4��+℄k;T"℄ke�Ew�*�A54~�k=��

(1) SC&TM ~�TF+~�C (�C (1)∼(6)) k&���Ql�Q8`W\ +℄k�℄
x��}}�V<~`�g7\"+℄k;TV[k(2~�gJ\"+℄x8`W\k+~l~�
(2) Sensors ~�TFP-� (( 1 wa) k/H~��V�`*�/H&O�}/H�ekHePvRl~��/H�e
� 2(c) [ (d). � 2(c) YE& STR trac "℄y-�/H�� 2(d) Y EPS posi [ EPS atti �*"8`W\*S[q~8\/H�
(3) DFAC ~�"4��[q~;Tu��-t 3 �YMDF��
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(4) FEEP&SUS TF� �/H~� (( 1 wa), %J�P-�/H~��/H�e
� 2(a) [ (b). �YE& FEEP t "� �V,/H� FEEP f "� ��V/H�

susp t "8`W\n%V,/H� susp f "8`W\n%V/H�

� 1 Simulink [
Um ASTROD I nN�?�
Fig. 1 ASTROD I numerical simulator built on Matlab/Simulink platform-( 2 YaJ^�=�YV�k�Vr�6l�<Vr�6l-Ewk;T�F�Y�ÆnV�g�

3 KEZGS�/h9;%
3.1 ℄����PT�

2.1 �wak4��+℄k+~�C (�C (1)∼(6)) "�He�C�4�I��~;T�F�k�Q��+℄[8`W\k~Vq-�:~y(#}HeiOJjg�;�QkHeQ1$~`�-:~yO8
~
E�F�+℄k~t�`T� ωb
i,b ≈ 0; 8`W\kp�Æ�\`T�8`W\kq~Æ�\`T�Ctm

sens ≈ E, E "`*��,��7.
>�F.�
D� θ
b
i,b xk+℄q~�+℄ok+~�C (2)∼(3) 8Hei"
{

ω̇b
i,b ≈ (Isc

sc)
−1[tb

control + tbdist]

θ̇
b

i,b ≈ ωb
i,b

. (7)
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� 2 ASTROD I -_R.�!Kd�1J���g
Fig. 2 Power spectrum of ASTROD I’s sensors and actuators� 2 ASTROD I �`8"�
?

Table 2 Basic parameters of ASTROD I simulator

Parameter Name Value Unit

mSC Mass of SC 390 kg

mTM Mass of TM 1.74 kg

r
sens
b,sens

Offset of sensor coordinates (10−4, 10−4, 10−4) m

3 × 3 Matrix diagonal off diagonal

Ktrans Translational coupling coefficient −10−6
−0.39 × 10−7 N · m−1

Krot Rotating coupling coefficient −10−9
−0.1 × 10−7 N · m · rad−1

Ktrans2rot T2R Cross-coupling coefficient −6 × 10−10
−6 × 10−10 N

Krot2trans R2T Cross-coupling coefficient −2 × 10−10
−2 × 10−10 N · rad−1

I
tm
tm TM inertia matrix x = y = 5.4, z = 7.25 × 10−4 0 kg · m2

I
sc
sc SC inertia matrix x = 263, y = 260, z = 351 0 kg · m2

hIStrans
TM Translational actuation matrix 0.22 0.22

hISrot
TM Rotating actuation matrix 1 0.005 m−1i
 K ℄�_Cn-A� h $R�Cn-A
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ω̇tm
sens,tm ≈ (Itm

tm)−1[ttmcontrol + ttmcoupl,tm] − ω̇tm
i,b

θ̇
tm

sens,tm ≈ ωtm
sens,tm

. (8)��8`W\k��+~~6E�F� ∆gsens
b,tm ≈ 0; �Hek6NÆP�t�[�P(��t�8ek��[8`W\��+~�C (4) 8Hei"

r̈sens
b,tm =

1

mSC
(f sens

control + f sens
dist ) −

1

mTM
f sens

coupl,tm − ω̇sens
i,b × (rsens

b,sens + rsens
sens,tm) . (9)Æ (9) X_78`W\[+℄�k�℄DA
x EPS kP~DA�BJ8j6EHe�Cz�

{

ẋ = Ax + Buu + Bww

y = Cx + v
, (10)�Y+~l~ x �;Tg7 u [;T�/H w �*"

x =























ωb
i,b

θb
i,b

vsens
b,tm

rsens
b,tm

ωtm
sens,tm

θtm
sens,tm























, u =









tbcontrol,cmd

f sens
control,cmd

ttmcontrol,cmd









, w =









tbcontrol,noise

f sens
control,noise

ttmcontrol,noise









.l~k�,��
A =























0 0 0 0 0 0

E 0 0 0 0 0

0 0 0 1
mTM

Ktrans 0 1
mTM

Krot2trans

0 0 E 0 0 0

0 0 0
(

Itm
tm

)

−1
Ktrans2rot 0

(

Itm
tm

)

−1
Krot

0 0 0 0 E 0























,

;Tg7,� Bu x;T�/Hg7,� Bw "
Bu = Bw =























(Isc
sc)

−1
0 0

0 0 0

Asens
b Rsens

b,sens (Isc
sc)

−1
−E
mSC

hIStrans

mTM

0 0 0

−Asens
b (Isc

sc)
−1

0
(

Itm
tm

)

−1
hISrot

0 0 0























,

�Y
Rsens

b,sens =









0 −(rsens
b,sens)z (rsens

b,sens)y

(rsens
b,sens)z 0 −(rsens

b,sens)x

−(rsens
b,sens)y (rsens

b,sens)x 0









.
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v =









vnoise star sens

vnoise eps posi

vnoise eps atti









, C =









0 E 0 0 0 0

0 0 0 E 0 0

0 0 0 0 0 E









.

3.2 ,e7�:$;T�k4;6( 1 wZ��C+℄ 3 dq~1}�4��;T[8`W\q~n% [15,21]. "qx ASTROD I +℄;T�&�;T�kF��&f�[�T�;$\k/H� H2 {�;T� [22] ^℄�}�h�ek/Hk�T�A�k H2 �l"A��\k�\Al�
HeA� F g7"`*�/HQ�gJ
ẑ k H2 �l�

‖ẑ‖2 = ‖F ‖2 . (11)��8E8;kHeQ1$A� F (� 3), ŵ "I
/H� û "I
;Tg7� ŷ"I
8\\Z� ẑ ";T�F�Qj�$\	Tk\Z� K2 ";T��
� 3 JÆ�=JgS2%C�

Fig. 3 Generalized linear time-invariant (LTI) plantZ- H2 {�;T� K2, VX ẑ g ŵ kPvRl Tẑŵ k H2 �l{T [12−13]:

T ẑŵ → min ‖T ẑŵ‖2 . (12)+� H2 �iJlF�;T��t 1 3�[{_�k�3[}
I
�;A� P . P-�xJ
�k/H�e
x�;T�gJ�\k�-�j��Q- P k}
Y�jg^ P dV� Matlab Y Robust Control :/LkKDRlE� (12) Xk�i2��jg� K2.�� ASTROD I k;T�F��I
�;�Q�C� 4wZk�5��Y�G(s) "�C (10) ��kHeA�� d1 "P-�/H*~ (�/H), W 1 "P-�/H�h�ekj0� (�C�℄y-�/HW STR trac; EPS *S8\/HW EPS posi; EPS q~8\/HW EPS atti), d2 "�;�Qg7/H�W 2 _(g7/H�h�ekj0� (�C�
FEEP V/HW FEEP f ; FEEP V,/HW FEEP t; EPS q~n%/HW susp t). W u "�;T\kF�Rl�
�P;T�gJ�\\j4��e (�C� FEEP VF�Rl
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W u FEEP f ; FEEPV,F�RlW u FEEP t; EPSq~n%V,F�Rl W u susp t; W r"��;l~kF�Rl).

� 4 ASTROD I �.JÆ�=C� P �B�
Fig. 4 Structure of weighted generalized plantÆ� 4 �:� 3 &m
�>kaX_YBJ8jg� 5. �:� 3 � 5e��<���k4��8
jI
�;�Q�I
/Hg7 ŵ =

(

d1

d2

)�I
;Tg7 û = u �I
8\gJ ŷ = y =









θb
i,b

rsens
b,tm

θtm
sens,tm









, j�{Tik\ ẑ = z =

(

W ry

W uu

)

.

� 5 � 4 
'nÆ�?bYaZCL�N
Fig. 5 Reformation of Fig.4 into standard two-port network- Matlab Y�:� 5 k����Æ5�A�Z��E8jg P kPvRl�+�

Matlab k Robust Control toolbox {8�Jwjk;T���� ASTROD I ;T�kF��P-�
xJ
�k/H�eW 1 [ W 2 	&-�=�Y6J��EEk_y[�-Rl W r. &O�&kF�|`�F;T�&- 1mHz O�
jgqx�w
-Rl
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W r j�_-<���kF��p26E�
W r =

(s + 0.6283)(s + 6.283 × 10−6)

(s + 0.006283)(s + 0.0006283)
.�E��k� 8 8
U-Rlkp2VA��;9J\k/H- 1 mHz O��\ktT�[g;T�F�k�&�

4 /h9�!�L��;l~ rsens
b,tm � θb

i,b  
"kkPvRl�<�s4l~P\p+� x �\�<��*" rtm,x � θsc,x. �8`W\kK�*� rtm,x kPvRl��<�M
� 6(a).�YF<TH" rtm,x {℄/H�qx4��kk;T�&�m<(#" “"(”(: 734�qxF��&). �zx<k)H"5/H(��CP-�[J
�k/H� rtm,x/Hk?G��Q��8
� rtm,x -p�h�k/H[ FEEP f /H{� �/H���1��kf�/H[ EPS posi {*SP-�/H���+℄l~ θsc,x PvRl��<�M
� 6(b). �YF<TH" θsc,x {℄/H�qxq~kOP%�;T�&��zx<k)H"5/H(��CP-�[J
�k/H�
θsc,x /Hk?G�m<(#" “"(”. �Q��8
�q~kkf�/HEv� FEEP t{� �kV,/H�8`W\L��t��{8`W\egk��V�t�$8�T[4��kk{℄;T�&�Æ (10) X63.WA�\aX.+�t 3 
�{ v̇sens

b,tm ��k
8j�
v̇

sens
b,tm = Ktrans

mTM
rsens

b,tm + Krot2trans

mTM
θ

tm
sens,tm + hIStrans

mTM
T tm

control+

Asens
b Rsens

b,sens (Isc
sc)

−1
T b

control − f sens
control/mSC

, (13)>X�#� 3 O"8`W\wek��V�t��8`W\���℄ Ktrans

mTM
rsens

b,tm, 8`W\ok�℄ Krot2trans

mTM
θtm

sens,tm, EPS ;TV,k�vV hIStrans

mTM
T tm

control , t 4 O"!P�Z�t��t 5 O"+℄k;T�t��
∆asens

tm,nograv =
Ktrans

mTM
rsens

b,tm +
Krot2trans

mTM
θtm

sens,tm +
hIStrans

mTM
T tm

control . (14)7. (14) X+�"kPvRl��<j8`W\��V�t�
� 7(a). �YF<TH"8`W\�t�/H ∆asens
tm,nograv, qx4��;Tk�&���8
8`W\ok�℄[ EPS;TV,k�vVA"��
Vkf��A�I��N^4��k;Te���U4��;TkF�1��oz�	T8`W\kÆ� rsens

b,tm �Q��-8`W\n%kF�kQ
5fg;T�gJ T tm
control ^Ek�t�/H�+℄vo8`W\�
~v�o�+~����V�t�/H6� 7(b). ��t�/H ∆asens

sc,nograv kf�E("� �k/H FEEP f 
x4��kkP-�/H EPS posi,}}"Ct/Hk�N8ek1��+℄GeEv}9k2~��U��t�/H[8`W\k�t�/HKg��8
�-8\��>8`W\�t�/H�T 1∼3 4l\|�
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� 6 RxTn�!>� (a) rtm,x, (b) θsc,x

Fig. 6 Transfer function analysis. (a) rtm,x, (b) θsc,x

� 7 RxTn�!>� (a) ∆a
sens
tm,nograv , (b) ∆a

sens
sc,nograv

Fig. 7 Transfer function analysis. (a) ∆a
sens
tm,nograv , (b) ∆asens

sc,nograv��PvRl�<�[lL~�k'S��<8
 (� 8): ���;l~ rtm,x �
θsc,x 
x ∆asens

tm,nograv �∆asens
sc,nograv [^�<��[g^�R�q{^;T�k�Ue�-;T�F�kOCY�~`kHei�F[8
�ek��YTH">k54$\PvRl��<k�M (�� 6 � 7), kH"lL�=�~�kgJ}�h�<k�M�[;-8\�h(�r�_℄�
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� 8 RxTn!>�N!nN�	!>�Nm 	� (a) rtm,x, (b) θsc,x, (c) ∆a
sens
tm,nograv , (d) ∆a

sens
sc,nograv

Fig. 8 Comparison of transfer function analysis and numerical simulation. (a) rtm,x, (b) θsc,x,

(c) ∆a
sens
tm,nograv , (d) ∆a

sens
sc,nograv

5 (3�.�k^4��+℄k:~%J.�e^�+~�C�-UrL>+� Matlab

/Simulink �S^
 EPS "*SP-�[ FEEP Iu� �"� �k`8`W\4��+℄k~Vq/=lL�=��1d7.;T�F�kj��e^+℄x8`W\kHe+~�C.V� H2 �iJlF�^{�;T��Vj�;l~k H2 �l{Ti�PvRl�<({;T�#℄4��+℄k4��k[q~k;T�&�."ÆH_7lL�=�jg9�#=T#AklL~��|E^;T�F�OCYkHei.(;N��e"lL�=��`Yr~�+℄x8`W\k+~�dQ -X�%��d�>k ASTROD I kKDp` �l�-X Antonio k�l�-Xw�"3�>q?�Kp5�w�h COks{GM�l�*-Xb4,GM d9$GMk�h FH�



536 � 0 s � 52 1	 + H N
[1] Lange B. The Control and Use of Drag-free Satellites. Stanford: Stanford University, 1964

[2] PH�7�+�9�i�o�"Xs�� 2010, 31: 1511

[3] Jafry Y R, Cornelisse J, Reinhard R. ESA Journal, 1994, 18: 219

[4] Danzmann K, the LISA study team. CQGra, 1996, 13: 247

[5] Everitt C W F. Proceedings of the Sixth Marcel Grossmann Meeting on General Relativity, 1991: 1632

[6] Ni W T, Bao Y, Dittus H, et al. AcAau, 2006, 59: 598

[7] t�8��&���0��0s�� 2010, 51: 198

[8] Men J R, Ni W D, Wang G. ChA&A, 2010, 34: 434
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Simulation and Controller Design for Drag-free and
Attitude System of Single Test Mass Drag-free Satellite

LI Hong-yin1,2 HU Ming2

(1 Department of Control Science and Engineering, Huazhong University of Science and Technology,

Wuhan 430074)

(2 School of Physics, Huazhong University of Science and Technology, Wuhan 430074)

ABSTRCT Taking the ASTROD I mission as an example, the structure and principle of

drag-free satellite are presented. We derive the dynamics of drag-free satellite and its test

mass, based on which a numerical simulator is built for them. Then, H2 optimal strategy is

used to develop the controller for the satellite to reduce the resulted noise. The comparison

between the transfer function analysis and the periodogram of numerical simulation indi-

cates that linearization of the dynamics is appropriate and the simulator is correct. Also we

can conclude that the controller can fulfill the requirement of the mission.
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