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Abstract Modeling and attitude control methods for a satellite with a large deployable antenna are
studied in the present paper. Firstly, for reducing the model dimension, three dynamic models for
the deploying process are developed, which are built with the methods of multi-rigid-body dynam-
ics, hybrid coordinate and substructure. Then an attitude control method suitable for the deploying
process is proposed, which can keep stability under any dynamical parameter variation. Subse-
quently, this attitude control is optimized to minimize attitude disturbance during the deploying

process. The simulation results show that this attitude control method can keep stability and main-
tain proper attitude variation during the deploying process, which indicates that this attitude con-
trol method is suitable for practical applications.

© 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
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1. Introduction

Over the past two decades, great strides have been made in the
area of large space structures such as communication anten-
nae,' * solar sails,” ’ space-based radars,” telescope reflectors,’
etc. The sizes of these deployable structures could be larger than
one hundred meters in the near future with extreme lightweight
and flexibility. Therefore, a deployable design is always neces-
sary for folding a structure to fit the space of fairing during
the launch stage and deploying it to a designed configuration
in orbit. Apparently, the deploying process is the key phase
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of such a mission with large deployable structures. In this phase,
the inertia tensor, the structural frequency, and the coupling
coefficients change widely under the influences of some uncer-
tain factors, such as manufacture errors of deployment mecha-
nism, impact torque, and space environment torque.'® During
this phase, the attitude of the satellite is critical to the mission.
If an active attitude control is not performed during this phase, the
attitude benchmark of the satellite may be lost, even the space-
craft would roll out of control, resulting in severe mission risks.

An effective approach toward solving this problem is to
control the satellite attitude during the deploying process to re-
strict the attitude variation in a certain range. As a foundation
of attitude control, a proper dynamic model should be estab-
lished first, which is often considered as a space structure mod-
eling problem. For the modeling problem, the hybrid
coordinate modeling method'' proposed by Likins is widely
used, which utilizes the rigid-body coordinate and the modal
coordinate to describe the rigid-body attitude motion and the
flexible vibration, respectively. This method has been successfully
applied in modeling many satellites.”'” '® However, a
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satellite’s configuration changes continually during the deploy-
ing process of a space structure, so directly applying the hybrid
coordinate modeling method will generate a huge amount of
computation cost as the finite element model has to be built
for each possible configuration with subsequent modal analy-
ses for each model. Therefore, some alternative methods have
been proposed. Taking into account an important fact that
the only change to a single component during the deploying
process is its relative location to other components instead of
itself, the component modal synthesis method'’ finds its
application value here. At present, this synthesis method has
been applied to the modeling of large spacecraft with complex
configurations,'®'” especially for the International Space
Station.”*>' However, no reports have been found for its
application in modeling the space structure deploying process.

The attitude control problem for the space structure deploy-
ing process can be classified as the space flexible structure atti-
tude control problem. There are many researches in this area.
In 1990s, NASA proposed the Controls-Structures Interaction
(CSI) research project, resulting in some new design theories for
flexible structure attitude control,”> which included the state
space based modern design and the frequency domain based
classical design. Due to its good adaptability to uncertain
parameters, the H,, design method has been addressed by

(a) Step 1: Big arm deploying
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(c) Step 3: Small arm deploying
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many researchers.'>** >° With the consideration of maturity
and reliability, the frequency domain based classical approaches
are still widely used in the attitude control of flexible
spacecraft,l3’16‘26’27 while the robust attitude control design
(H. approach) has been validated by in-orbit experiments'*>'*
and applied in the SB4000 platform.?® Currently, there are 15
SB4000-based satellites in the orbit. However, the attitude
control for the space structure deploying process, which is a
critical phase of a mission, has not been studied so extensively.

In this paper, the deploying process dynamic modeling and
attitude control of a large deployable antenna are discussed.
For the deploying process modeling problem, to obtain a
proper and practically applicable dynamic model, a multi-
model strategy is developed. With these models, the attitude
control method for the deploying process is investigated in de-
tail. Finally, the numerical simulation results of the deploying
process attitude control are presented.

2. Deploying process modeling

2.1. Deploying process description

The deploying process of a large deployable antenna is some-
what complicated, which includes five steps: big arm deploying

(b) Step 2: Big arm turning

(d) Step 4: Reflector unlocking
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(e) Step 5: Reflector deploying

Fig. 1

Deploying process of a large deployable antenna.



Deploying process modeling and attitude control of a satellite with a large deployable antenna 301

(Fig. 1(a)), big arm turning (Fig. 1(b)), small arm deploying
(Fig. 1(c)), reflector unlocking (Fig. 1(d)), and reflector deploy-
ing (Fig. 1(e)). Divided between the third step (small arm
deploying) and the fourth step (reflector unlocking), the whole
deploying process can be considered as two phases, i.c., the
arm deploying phase and the reflector deploying phase. In or-
der to perform the control design and the computer simulation
of the deploying process, it is necessary to build its dynamic
model. For the computer simulation, the model should be
capable of describing the process, which is basically a dynamic
process, as accurate as possible. On the other hand, the model
should be practically applicable to the control design and
hence has a low order. However, due to the complexity of this
procedure, it is difficult to build a model to simultaneously sat-
isfy these two different requirements. For coping with this
problem, a proper modeling strategy is necessary.

According to the primary features of the deploying pro-
cess (wide range variations of the inertia tensor, the structural
frequencies, and the rotational coupling coefficients), a three-
aspect modeling strategy of this deploying process is sug-
gested as follows. Firstly, to characterize the wide variation
of the inertia tensor, a multi-rigid-body dynamic model
including both the arm deploying phase and the reflector
deploying phase is established with the assistance of commer-
cially available multi-body dynamics software. With this soft-
ware, which is used for simulating the inertia tensor’s wide
variation, and the control design/simulation software, we
take the approach of multi-body dynamics and attitude con-
trol interactive simulation to validate the control design in
the whole deploying process. Secondly, to characterize the
wide variations of the structural frequencies and the rota-
tional coupling coefficients during the arm deploying phase,
a composite flexible dynamic model is established using the
substructure method and the hybrid coordinates. This model
can describe the arm deploying phase analytically. The third
aspect is to select several typical working points in the
reflector deploying phase to characterize the deploying phase
and set up several flexible dynamic models corresponding to
some typical deploying steps in the reflector deploying phase,
which can approximately describe the wide range parameter
variations.

2.2. Multi-rigid-body dynamic modeling
With the commercially available multi-body dynamics soft-

ware and its interface to the computer aided design (CAD)
software, all the moving elements in the deploying process

[ - -

Driving cable

Chain wheel

(a) Diagrammatic sketch

Fig. 2

can be modeled. Then, according to the motion properties of
the deploying process, 278 constraints are added to the model,
including hinge, translation, fix, etc. Next, the forces and tor-
ques during the deploying process are defined (except for the
driving cable force), including torsion spring force, bushing
force, contact friction force, etc. There are totally 375 forces
and torques added in all. In this way, a basic multi-rigid-body
dynamic model is established. In the steps of reflector unlock-
ing and reflector deploying, the unlocking and locking proce-
dures in the dynamic model are considered as changes of the
constraints. Thus, the complicated whole deploying process
(including Steps 1-5) can be modeled with the established mod-
el of multi-rigid-body dynamics.

In the step of reflector deploying, the antenna truss deploys
under the traction of the driving cable as shown in Fig. 2. As
an indispensable part, it is necessary to establish a dynamic
model for this driving cable. Undoubtedly, during the in-orbit
reflector deploying process, the tension force is the main force
applied to the driving cable. Therefore, the driving cable is in a
tensioned state. As the force in the driving cable should
approximately satisfy the Hooke theorem, for a deployable
unit of the antenna truss, the driving cable and the deploying
mechanism can be simplified as shown in Fig. 3(a). During
the reflector deploying, the chain wheel rotates and the cable’s
friction and pressure force drive the reflector truss to deploy as
illustrated in Fig. 3(b).

According to classical Palmgrem empirical formulae, the
friction torque M on the chain wheel bearing can be expressed
as
M = f, Fydy, )
where f] is a coefficient, Fy is the composite torque load, which
approximately equals the radial force F, of the ball bearing,

and d,, is the bearing diameter. Let f = f1d,, Eq. (1) can be
rewritten as

M = fF, 2)
The dynamic equations of the chain wheel could be written

as

T,+ T, +F, —ma. =0 (3)

R, xT,+ R, x T, +M—%m|R,-|2(:1—a;:0 (4)

where m, a., and o represent the mass of the chain wheel, the
acceleration of the chain wheel’s mass center, and the angular
velocity of the chain wheel, respectively. Here R, is the vector
from the chain wheel center to the action point of the tension

(b) Engineering drawing

Reflector deploying driving cable.
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L]

(a) Overall drawing

(b) Part drawing

Fig. 3 A simplified model of the driving cable.

force T,, and M corresponds to the magnitude of the vector M,
so as the other vectors. For a specific antenna, m and | R| are
4.43 x 1073 kg and 13.7 x 107> m, respectively.

Considering the fact that a typical tension force is 10° N
and a. is relatively small in a practical deploying process,
Eq. (3) could be approximately simplified as

T,+ T, +F=0 (5)

Similarly, because | R} and @ are also relatively small, Eq.
(4) could also be simplified as

RMXTI1+R}1+1><TW+I+M:0 (6)

The essence of this simplification is to neglect the inertia of
the chain wheel. In a large deployable antenna, the chain wheel
is so small and light that the simplification is proper and
acceptable.

According to Eq. (5), there is

F12* = Ti + Tr21+1 + 27, T,y cos 0 (7)
and from Eq. (6), another relation is derived as
(Tn - Tn+])R _pr =0 (8)

where R represents the magnitude of R;. From Egs. (7) and (8),
one can have

(T, = Tu)R—f\/ T2+ T2\ + 2T, T, c0s0 = 0 )

which is the dynamic model of the driving cable.

In Eq. (9), for a given T,, the subsequent cable force T,
can be calculated. Thus, if the initial force T is given (by the
electric motor), all the cable forces in the reflector can be cal-
culated during the reflector deploying process. However, each
calculation with Eq. (9) needs to solve a quadratic equation,
which complicates the calculation and decreases the calcula-
tion accuracy and efficiency. Therefore, a further simplification
is required. For one ball bearing, the cable force on each side is
nearly the same, i.e., T, and 7,,. are almost the same. From
Eq. (9) and the trigonometric function formula, a further sim-
plified cable dynamic model can be obtained, which is

.0
R —fcos—

Ty =—— 2T, (10)
R—O—fcosz

The simplified cable dynamic model of Eq. (10) can be val-
idated by comparing the results calculated using Eq. (9) and

\/ '

Already locked —— " Under deploying

Fig. 4 Unsynchronized phenomenon in the reflector deploying
phase.

Eq. (10) with the typical values of parameters and forces,
where R is 0.0137m, fis 6x10™*m, 0 is 120°, and T, is
1000 N. With Eq. (9), the cable tension force 7, is
957.1127 N, whereas T+ is 957.1428 N by Eq. (10). There-
fore, this simplified cable dynamic model is usable.

In the subsequent simulation, the unsynchronized phenom-
enon in the practical ground deploying test can be generated
with the dynamic model and thus built as shown in Fig. 4,
which also validates the model’s reliability and accuracy.

2.3. Composite flexible dynamic modeling for the arm deploying
phase

Except for the inertia tensor, the structural frequencies and the
rotational coupling coefficients also change widely in the arm
deploying phase, which cannot be characterized by the multi-
rigid-body model established above. Therefore, for this phase,
a composite flexible dynamic model is developed with the sub-
structure method and the hybrid coordinates. The related
coordinate frames and vectors are defined as shown in Fig. 5
and listed in Table 1.

Fig. 5 Sketch map of the deployable arm deploying phase.
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Table 1 Coordinate frame description.

Coordinate Description

Oxyz The inertial coordinate frame, simplified as o frame
OpXpYpZp The satellite bus frame with the origin located at the
satellite mass center, simplified as b frame

Oxyizi The first-stage flexible appendage i (big arm) frame,
simplified as i frame
Oz, The second-stage flexible appendage j (small arm and

reflector) frame, simplified as j frame

For a point on the satellite bus b, its location in the inertial
space is

Rb:X+V/, (]])

in which X is the displacement of the satellite bus mass center
and r; is the vector from O, to this point. Thus, the velocity of
this point can be expressed as

where Cﬁ is the transformation matrix from o frame to b frame,
F, the external product matrix of the vector r, with *“ ~ ” being
the external product sign, and o the angular velocity vector of
the satellite bus. Then the kinetic energy of the satellite bus »
can be written as

1

T[, == /RZR;,dm
2.,

1 . . 1
= EM,,XTX +XT (szbeOTi'z> s + Ew? <§h:mbt7bi{> [O8
(13)

where M, is the mass of the satellite bus and 1, the mass of the
point. There is no elastic potential energy in the satellite bus
(rigid-body).

For a point on the first-stage flexible appendage i, its loca-
tion in the inertial space is defined as

Ri=X+d+ri+0 (14)

where d; is the vector from O, to O;, r; is the vector from O; to
dm; shown in Fig. 5, and §; is the deformation displacement of
dm;. In the modal space, d; can be expressed as

0; = {i}T¢/t’I; (15)

where {i} is the basic vector of the i frame, @, is the normal
modes matrix of the first-stage flexible appendage 7, which only
includes the translational modes, and #; is the corresponding
modal coordinate.

Let
A; = C;ﬁcl;b (16)
B =Cid" +¥'C] (17)

The velocity of this point is

R =CiC'X + Bo, +7 v+ (18)

b>~o

where C:,j is the transformation matrix from the b frame to the i
frame, d; is the external product matrix of the vector d;, and w;
is the angular velocity vector of the first-stage flexible

appendage i. Thus the kinetic energy of the first-stage flexible
appendage i can be expressed as

1 Lo
T,-:E/R,.TR,-dm

_ %M;XTX"' X' (ZmiA,-TBi> o, + X' <Zm,-A,.TP,-T> ;
Y (Zm,—ATM>
n %wsT <ZmiBiTBf> o, + 0! (Zm,-BTP?) ;
+of <ZmiBfT¢iti’f>
+ %w,T <Zm,-t7,-l~',-T> o+ o] (Zm"i"gm’)

1 . .
+ 5 Z’"i'l?dﬂq&n’li
(19)
where M, is the mass of the first-stage flexible appendage i and
m; the mass of the point. Different from the satellite bus, the
first-stage flexible appendage i has its elastic potential energy,
which is

1

V= %”T¢}-Kén¢f'l[ = %”?—Ai”i (20)
where K' is the stiffness matrix of the first-stage flexible
appendage i, @; is the normal modes matrix under the con-
strained boundary condition, and 4; is the eigenvalue matrix
under the constrained boundary condition.

For a point on the second-stage flexible appendage j, its
location in the inertial space can be expressed as

Ri=X+d+d+r+0 (21)

where d; is the vector from O; to O}, r; is the vector from O; to
dm;, and §; is the deformation displacement of dm;, which is
caused by two factors which are the deformation of the first-
stage flexible appendage i (boundary displacement) and the
deformation of the second-stage flexible appendage ; itself.
In the modal space, §; can have the form as

0 = {j} Dum; + {j} Wag (22)

where {j} is the basic vector of the j frame, ®; is the normal
modes matrix of the second-stage flexible appendage j which
only includes the translational modes, #; is the corresponding
modal coordinate, ¥ is the constraint mode matrix, and ¢;
is the boundary DOF corresponding to ¥j.

In order to obtain ¥, one should find the internal displace-
ment r; of the appendage j caused by the boundary DOF’s unit
rotation in the O;x; direction

X
Fi = X (23
J | x[ ‘ J )
which can also have the form of
AT aT X
ri =J
{I} J { } | xj |

X Fj (24)
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where

Tjix X,
= | = < (25)
e j

is a unit vector, there is

In fact, because —~ o ‘

1
Yo~ 1o (26)
| x; |
0

With Eqs. (25) and (26), the internal displacement r; can be
obtained.

With the same approach, the internal displacement r;; of the
appendage j caused by the boundary DOF’s unit rotation
along the O,y; direction can be expressed as

Tjjx

Fij = | Tipy

=Xy (27)
Tjjz

Since ﬁ is also a unit vector, there is
J

0
fw: 1 (28)
o,

and thus the internal displacement r; can be obtained from
Eqgs. (27) and (28).

Similarly, the internal displacement rj of the appendage j
caused by the boundary DOF’s unit rotation along the Oz,
direction can be expressed as

rjkx- %
ik = ’jky = ‘ Z | X ¥ (29)
Vikz i !

Because ﬁ is a unit vector, there is
j

0
& o_ o (30)
|2 | |

According to Egs. (29) and (30), the internal displacement
r; can be obtained.

With Egs. (25)-(30), the constraint mode matrix ¥; { can be
given by

L0 0 o ripe Tie
Yi=10 1 0 ry my 1y (31)
0 0 1 Fjiz Fjiz  Tikz
The joint point O;, which connects the first-stage flexible
appendage i and the second-stage flexible appendage j,

can be considered as a point of the flexible appendage i, and
thus

(Y e = {i} o, = {j} Q/6: = {j}' Q/®sm; (32)
where 0+ is the O/s deformation presenting in the flexible

appendage i, @+ is the O;’s normal modes matrix under the
fixed boundary condition, and

Q/ = diag(C/,C)) (33)

where C/ is the transformation matrix from the i frame to the j
frame.
According to Egs. (22), (31), and (32), §; can be expressed

as
8 = {j} ®um; + {j} ¥, Q/ P, (34)
Let
=C/cyd + Cld/C, +7¥C/C; (35)
D;=Cld +¥/C/ (36)

The velocity of a point on the appendage j can be expressed as
R; = C/C/C)X + Bjo, + Dy, + ¥} ; + Dy + ¥, Q) Dr iy
(37)

where d; is the external product matrix of the vector dj, ¥ the
external product matrix of the vector r;, and ; the angular
velocity vector of the second-stage flexible appendage j relative
to the first-stage flexible appendage i. Thus, one can have the
kinetic energy of the second-stage flexible appendage j:

T, = % / R'R;dm
— % MX"X + X7 (ijA,-TB/> o+ X' <ZmiA_fTD./> o
7 j
+XT <meA,,-T'~’ /T> o + X" <Z’W/A,,-Td’_n> 1l
; 7
+ %wf (ZW/BJ-TB/> o + o] <meBjTD./> o
J J
cor (S oot (e o
7 j
+of <Zm,B,T q’jt) /@1,
j
+ %w,T (Zm/D,TD/> o+ o] (Zm/D/T'~1T> i
J J
+of (ZmiDjT‘I’jt> i + o <ZmﬁDjT Wﬂ) Q/P: i
7 7
+ %w,T (ijfﬁ’ 7) o+ of (Z’”j@?n) 1
J J
+o; <Zm,-;7,q’/t> 0/ P
T(DT Ql <Zm1 '1) Q,'/d)i* i
4+ XT <Zm,-AjT Y’,t> Q/d.7;
j

(38)

where M; is the mass of the second-stage flexible appendage j
and m; is the mass of the specified point. The second-stage flex-
ible appendage j also has its elastic potential energy, which is
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Vi= ; [P K] Dy = ;q/.Tqu_,. (39)
where K/ is the stiffness matrix of the second-stage flexible
appendage j, and ®@; and A; are the normal mode matrix and
the eigenvalue matrix under constrained boundary condition,
respectively.

With the above derivations based on the substructure meth-
od and the hybrid coordinates, the system’s kinetic energy and
potential energy have been obtained. Using the Lagrange
equation, the composite flexible dynamic model for the arm
deploying phase can be obtained as follows:

MX + Py, + Pii>; + Pyio; + Fyii; + Fyij; = F (40)
PIX + Ly + Ryiv; + Ryay; + Fyif; + Fyijy = My, (41)
P{X + R, + L, + Ryé; + Fii; + Fjiiy = My, (42)
PIX + R, + Rjovi + Ly, + Fyi; + Fili = My, (43)
FLX + Flio, + Fyo + Fioo + Viigy + Vi + A, = 0 (44)
FiX + Flo, + Fyov + Fioo; + iy + Vidj; + A, = 0 (45)

where

M =M, + M;+ M, P, =" mA#l
J
P.=> " mCi + Y mA B +> mAB;
b i j
P, = Zm,-A + Zm,A D;
Zm,A D, + Zm,ATY’,tQ D, F;=
L= miyiy +> mB B +> mBB;
b i j
Zm,BT T+ Zm,B D, R, ijs,?i}
F, = Zm,B D, + Zm/BTWnQ &, F;= Zm,B D,
I = Zmp 7] +Zm,D D;, R;= Zm,DTrT

F;= Zm Dy + Zm,DT'I’,tQ @, F; = Zm,D D,

/*5 m,,l, //*5 mii; @, F

D i} B
J

_ = J
ji = § mji; ¥ Q7 D
J

Vi=> m® %0/, Vi=1+d.0]" (Zm] v W) o
7 7

F is the total external force of the satellite, M, is the total
external torque of the satellite bus b, M, is the total external
torque of the first-stage flexible appendage i, M) is the total
external torque of the second-stage flexible appendage j, and
I is the identity matrix.

In the deploying process of a large deployable antenna, the
total external force and the external torque are relatively small,
so as the angular velocity of the flexible appendages There-
fore, some small variables such as X, F, w;, ;, My, and M}
can be omitted. In this way, the composite flexible dynam1c
model can be further simplified as

Is Fsi st (x)s 0 Wy M},l
F, ; Vi V/Tz |+ A; m|=10
Fy, Vi 1] Ly A; | L 0

(46)

Utilizing the effective inertia matrix truncation criterion,
the number of modes included in the model of Eq. (46) can
be selected according to specified requirements.

To validate the composite flexible dynamic model for the
arm deploying phase, an example is made as shown in
Fig. 6. In this example, the structural frequencies are calcu-
lated according to the composite flexible dynamic model (Eq.
(46)) and the classical hybrid coordinate model, with the re-
sults compared in Table 2. In the composite flexible dynamic
model, the mass matrix and the stiffness matrix are

Vi V!
M= ) (47)
Jt
A;
Kurm: A (48)
J

2.4. Flexible dynamic modeling for the reflector deploying phase

In the reflector deploying phase, it is difficult to establish a
practically applicable low-order dynamic model because there
are hundreds of movable parts in the reflector, and the config-
uration is uncertain during the reflector deploying. To solve
such problems, we take the modeling strategy of only building

The first stage flexible appendage i The second stage flexible appendage
(Big arm) (Small arm and reflector)

Fig. 6 A validation example of the composite flexible model.

Table 2 Validation results of the composite flexible dynamic
model.

Model The 1st The 2nd The 3rd
modal modal modal
frequency  frequency  frequency
(Hz) (Hz) (Hz)

Composite flexible model — 0.4448 0.4691 1.2112

Hybrid coordinate model  0.4446 0.4688 1.2101

Relative error (%) 0.04 0.06 0.09
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(a) State A: small arm deployed/reflector in its initial state

(c) State C: reflector two thirds deployed (2/3)

(b) State B: reflector one third deployed (1/3)

(d) State D: reflector deployed and locked (final state)

Fig. 7  Finite element models for the four typical deploying states.

dynamic models for typical deploying states of the reflector. In
this paper, four states are modeled to approximately character-
ize the reflector deploying process, as shown in Fig. 7.

The inertia tensors, the structural frequencies, and the
rotational coupling coefficients of these typical deploying
states are calculated with the built hybrid coordinate flexible
dynamic model. Results of the calculation are given in the
Appendix A.

3. Attitude control for the deploying process

Considering the dynamic features of a satellite with a large
deployable antenna, major requirements on the attitude con-
trol design include the following:

(1) The closed-loop system stability should be independent
of the inertia tensor, the structural frequencies, and the
rotational coupling coefficients, for the fact that these
dynamic parameters change widely and are difficult to
be accurately estimated.

(2) The attitude control system should be designed with
multi-input multi-output (MIMO) approaches owing
to the notable coupling among the roll/pitch/yaw axis.

(3) The control method should have good disturbance
rejection capability for keeping attitude stability under
deploying disturbances such as locking/unlocking impact.

To satisfy above requirements, in this section, a robust con-
trol method is proposed. Then the A, performance index opti-
mization is performed to optimize the disturbance rejection
capability, which yields a robust attitude control with good
disturbance rejection performance.

3.1. Robust control design

Let ‘(v) denote the variable dynamic parameters during the

[P ETIE L]

deploying process, and subscripts “‘s”, “n’’, and “a” denote

the south solar array, the north solar array, and the flexible an-
tenna, respectively (the satellite is shown in Fig. 1(e)). The hy-
brid coordinate dynamic equations can be written as

IS(V)é + FS.SﬁS + Fstnﬁn + Fs,a(V)ﬁa =u-+w (49)
iy + 20,20 + 20+ FLO=0 (50)
iin + 20, il + 2, + FL,0 =0 (51)
i+ 28,(v) R (V). + Qi(")ﬂa + F;rd(v)o =0 (52)
where 0, I(v), Fs, u, and w are the satellite attitude vector, the
inertia tensor of the whole satellite, the rotational coupling
coefficients, the control torque, and the disturbance torque.
Definitions for the modal parameters are the modal coordinate

vector §, the modal damping matrix ¢, and the modal fre-
quency matrix £2. The output of this model is

y=1[0" o7]" (53)

By defining a vector x = [T 4T 4T 4T ]T, the dynamic
model expressed by Egs. (49)-(52) can be rewritten in a com-
pact form as

M©»)i + C(v)¥ + K(v)x = Su + Sw (54)
where
L(v) F,, Fs F,(v)
F, 1
M(v) = FZS 7
F, () 1

C(v) = diag(0,28,2,,2{ £, 2¢,L2.(v))
K(v) = diag(0, 27, 27, 2(v))
S=[1 0 0 0]

Lemma 1. If the parameters of Eq. (54) satisfy

M(») >0, C(5) =0, K(5) >0

-

then the system is detectable and stabilizable. '
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If the location and velocity feedback

u=—-[G G,y (55)
y=[xTS i'S]' (56)
satisfy

G >0 G,>0 (57)

according to Egs. (54)-(56), the closed-loop system can be gi-
ven by

M()¥ + Cosed (V)X + Kijosed (v)x = Sw (58)

where  Cuoeea(v) = C(v) + SG,ST and  Kgosea(v) = K(v) +
SG,ST.

Lemma 2. If the system defined by Egs.(53)and (54) is
detectable and stabilizable, then the closed-loop system (58)
satisfies '

Cclosed(v) > Ochlosed(V) >0 (59)

Lemma 3. (Schur Complementary): For a given symmetric
Riu Ry

matrix R =
|:R21 Ry

} >0, the following propositions are
equivalent:
(MHR>0

(2) Riy >0, Ry — RLR;'R;; >0
(3) Ry > 07 Ry — R;REZIRH >0

By generalizing the theorem proposed in Ref.,'> we can
arrive at Theorem 1.

Theorem 1. In the deploying process of a large deployable
antenna, for any M(v), Ceosed(V), and K oseq (v), the closed-loop
system defined by Eq. (58) keeps stable.

Proof. According to Lemmas 1 and 2, for any M(v), Cejosed (V),
and Kclosed(v)a there is

M(V) > 07 Cclosed(v) > 0> Kcloscd(v) > 0 (60)

Let X' = [xT 7], then the closed-loop system can be
rewritten as

X=A0)X+ B(»w (61)
where
0 1
A(V) - |:_]\47l (V)Kclosed(") _M71 (V)Cc]osed(v) (62)
0
””:[M”ML}

The necessary and sufficient condition for the system (61)
stability is that there is a symmetric matrix P > 0, which sat-
isfies the following Lyapunov inequality

PAW) +A"(WP <0 (63)
Kclosed(v) ﬁM(V)

BM(v) M)
K osea(v) > 0 and M(v) > 0, so that VP # 0 yielding

Suppose that Poz{ and note that

PTKclosed(V)P = 5K(P) >0 (64)

P "M(v)P = 5y(P) >0 (65)
P

Therefore, 30 < f < 8, = M, making P K osea(v)P —
om(P)

FPTMM)P > 0, ic.,
Kaosea(v) — B M(v) > 0 (66)
According to Lemma 3, we can obtain that P, > 0, and

PyA() + AT ()P = —0(») (67)

— zﬁK‘« ose (V) ﬁCc oser (V)
Where Q(V) B |: ﬂCCI‘l)S‘?dd(V) 2Cclosed(vl) _d 2ﬁM(V) :| ’

Because Kclosed(V) >0, Cclosed(v) >0, and M(V) >0,
VP =0, there is

2P " Coiosed (V)P = 5¢(P) > 0 (68)
tosed Kt Clios
PT (2M(v) + CLlosed clzosedCL10>cd)P _ 5(P) >0 (69)
oc(P
Hence, 30 < f < B, = (SC((P))’ making

—1
C lo%edK s Cclo%ed
S closed S >0

2Ccloscd - ﬁ(ZM(V) + 2 2 (70)

According to Lemma 3, we know that Q(v) > 0.

Overall, when 0 < f < min{f,f,}, 3Py > 0 (symmetric)
satisfies the following Lyapunov inequality

PoA(v) + AT (vV)Py = —Q(v) < 0 (71)

Therefore, in the deploying process of the antenna, the
closed-loop system keeps stable under uncertain M(v),
CC]OSed(V)v and Kclosed(v)' O

3.2. H,, performance index optimization

According to the attitude control requirements of the antenna
deploying process, good disturbance rejection performance is
important to maintain the satellite attitude stable. Firstly, se-
lect the output z as

(4

where 7 is the weight to balance the angle or the angle velocity
design target. Taking the disturbance torque w as the external

input and z as the output, the system’s state equations can be
given by

X=A()X+ B(v)w (73)
71=CX (74)
where

C = diag(S",nS") (75)

According to the state Eqs. (73) and (74), the transfer func-
tion matrix from w to z can be expressed as

T(s)=C(sI—A)"'B (76)
and its H,, norm can be given by

17(s)llc = sUp Omax(T(j0)) = F'ee = sup |z]], (77)

lIwll><1
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where o (T(w)) is the maximum singular value of the
closed-loop frequency response, and I, is the energy to energy
gain. By minimizing the H_, norm in Eq. (77), the disturbance
rejection performance can also be enhanced. Lemma 4 is intro-
duced to optimize the controller disturbance rejection.

Lemma 4. *°: Using the following optimizing calculation

min y (78)
A'P+PA PB C'

s.t. B'P —rI D"| <0 (79)
C D —rl

P>0 (80)

The minimum H_, solution can be obtained.
Kclosed (V) ﬁM(V) :| :
>0 into Eq. (79
FM() M) & (7
and according to Lemma 3 (Schur Complementary), Eq. (79)
can be rewritten as

Substituting Py = {

P+ 1)8s" ss"
’ ﬁss)T (1 f n*)SS" <700) ®1)
where
_ 2ﬁI(closed(V) ﬁCclosed(v)
Q(V) B |: ﬂCclosed(V) 2Cclosed(v) - 2ﬂM(V):| (82)

For any given dynamic model (58), the linear matrix
inequality (LMI) solver of the MATLAB can be used to solve
the LMI problem of Eq. (81), ie., the controller
G =[G, G,] can be obtained which minimizes ||7(s)||... In
a practical design, considering some engineering factors such
as control authority limitation (induced by fly wheels), we can
obtain the controller G =[G, G,] which satisfies the sub-
optimal index

1 T(9)llc < 70- (83)
3.3. Controller parameter design for the deploying process

In the deploying process, matrices M(v), C(v), and K(v)
are time-varying due to the time-varying dynamic features,
which make it infeasible to use the LMI approach. Via the

convex decomposition, this time-varying dynamics can be ex-
pressed as

M(V) = zn:j.lMl (84)
=1

C(v) = z":z,c, (85)
=1

k() = S 0k, (36)

where n is the number of the typical states, 4, is the weighting
coefficient, and M,, C,, and K are the typical state parameters.
In fact, these decompositions use the weighting sum of several
typical states to approximately describe the dynamic features
of any state in the deploying process. If the number of these
typical states is large enough and these typical states properly
distribute over the whole deploying stages, representing all the
key deploying motions, these approximations can properly de-
scribe the dynamic features of the antenna deploying process.
Then, with Eqgs. (84)-(86), Eq. (81) can be rewritten as

([ +nsst opss' ]
5] KR o B SO
where
0 = 2B(K; + SG\S") B(C, + SG,S") )

1 B(Ci+ SG"ST) 2(C + SGVST) —2pM,

Then the optimization is turned into solving the following
LMI problem:

min y (89)

(BA+1)SS"  pSssT
BSST  (1+#*)SS"

G >0,G,>0 (91)

s.t. —70,(v)<0(I=1,2,...,n) (90)

Clearly, it is difficult even impossible to establish M,, C,,
and K; for each state in the deploying process. Therefore,
according to the aforementioned requirements to properly de-
scribe the deploying dynamic features, seven typical states are
selected in all, including the four typical states shown in Fig. 7
and the other three shown in Fig. 8, with the corresponding
descriptions and parameters listed in the Appendix A.

Taking = 0.0001, n = 48.5366, and the sub-optimal tar-
get as 1 yields the following attitude controller

(a) State E: initial state

(b) State F: big arm deployed

(c) State G: big arm turned 90°

Fig. 8 Finite element models for the other three typical deploying states.
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G, = diag(—294, —294, —294) (92)
G, = diag(—882, —881, —882) (93)

The design principle can be summarized as follows:

(1) Adjust n to change the overshoot and settling time of the
attitude response.

(2) The main constraints of the optimization target is the
torque limitation induced by fly wheels, and the smaller
the H., optimization target, the better the disturbance
rejection capability, but the higher the torque limitation
requirement.

4. Dynamics and control simulation of the deploying process

4.1. Whole deploying process simulation using the multi-rigid-
body dynamic model

Using the multi-rigid-body dynamic model for the whole
deploying process (proposed in Section 2.2) and the robust
attitude controller (proposed in Section 3), the whole
deploying process dynamics and control simulation can be
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Time (s)

(c) Yaw angle

Fig. 9  Roll, pitch and yaw angle responses during the deploying
process.

performed. The roll, pitch and yaw angle responses during
the deploying process are shown in Fig. 9.

From the simulation data, we can obtain the following
results:

(1) In the whole deploying process, the variation range of
the roll angle is in +0.05°, and those of the pitch and
yaw angles are +0.8° and =+0.05°, respectively. The
stability and control authority requirements (<1 N m)
are satisfied in the three directions, which indicates that
the attitude control method proposed in this paper can
maintain good performance under the condition of
widely changing dynamic parameters.

(2) The simulation results show that the main disturbance in
the deploying process is the reflector unlocking/locking
procedure. Therefore, except for a proper attitude
control design, an important factor for improving the
attitude response during the deploying phase is to
reduce the shocks generated by the unlocking/locking
mechanism.

4.2. Deployable arm deploying phase simulation using the
composite flexible dynamic model

Using the composite flexible dynamic model, the variations
of the dynamic characteristics during the arm deploying
phase can be obtained analytically. For example, the first
three frequencies during the arm deploying phase are given
in Fig. 10.

Similarly, the inertia tensor and the rotational coupling
coefficients can be obtained using this composite flexible dy-
namic model. Then the dynamic and control simulation can
be performed, results of which are shown in Fig. 11.

Simulation results shown in Figs. 11 indicate that, the
closed-loop system stability can be ensured even when flex-
ible dynamic parameters such as the structural frequencies
and the rotational coupling coefficients change in wide
ranges.

4.3. Reflector deploying phase simulation using the approximate
dynamic model

In the reflector deploying phase, the flexible dynamic models of
four typical states are built to approximately describe the

1.4 — 1st modal frequency
— — 2nd modal frequency

_ 12} =-- 3rd modal frequency ro——
N ‘S PR ~. 3
< \ /
> 10 '\ 7/
2 08— 2.
e N
06

0.4 —

0 500 1000 1500 2000
Time (s)

Fig. 10  The first three frequencies during the deployable arm
deploying phase.
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Fig. 11  Roll, pitch and yaw angle responses during the deploy-
able arm deploying phase.
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Fig. 12 The first three frequencies during the reflector deploying

phase.

dynamics. With this approach, the variation trend of the dy-
namic parameters, for example the first three modal frequen-
cies, can be obtained as shown in Fig. 12. The attitude
control results for the reflector deploying phase are shown in
Fig. 13.

These simulation results indicate that the attitude stability
can also be ensured in the phase of reflector deploying, which
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Fig. 13 Roll, pitch and yaw angle responses during the reflector
deploying phase.

means that the design requirements are satisfied with the pro-
posed controller in this paper.

5. Conclusions

(1) To describe a complicated antenna deploying process in
a practically realizable and low-order approach, this
paper develops three dynamic models. Among these
models, a multi-rigid-body dynamic model is established
to simulate the inertia tensor variation during the whole
deploying process, and a composite flexible dynamic
model for the deployable arm deploying phase is built
to analytically describe the flexible structural parame-
ters, while in the reflector deploying phase, a set of mod-
els are set up for several selected typical states to deal
with the problem of time-varying structural parameters.

(2) An attitude control method is proposed in this paper,
stability of which is independent of the time-varying
structural parameters. In order to maintain the
satellite attitude during the deploying process, the H,
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optimization approach is taken to achieve better distur-
bance rejection performance, hence a robust attitude
controller is obtained for the deploying process.

(3) A simplified cable dynamic model is developed. By
inserting this model into the multi-body dynamic
model built in the present paper, the unsynchronized
phenomenon, which has been discovered in practical
ground antenna deploying tests, can be rediscovered
from computer simulation.
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Appendix A. The selected seven typical states are listed and
illustrated in Table Al.

The inertia tensors of the typical states are (kgm?)

(15319 —228 —838
I, = | =228 7012 53
| —838 53 16949
[ 16125 —160 —1722
Iy = | —160 8068 64
| —1722 64 17609
(18523 —83  —3081]
I-=| —-83 10508 131
| —3081 131 18927 |
[ 22398 15 —4933 ]
In = 15 14530 215
| —4933 215 21202 |
17351 —18 —880
Ie —-18 5713 =275
—880 —275 13868
Table A1 The selected seven typical states.

Sequence State Description

Initial state

Big arm deployed

Big arm turned 90°

Small arm deployed/reflector in initial state
Reflector one third deployed (1/3)
Reflector two thirds deployed (2/3)
Reflector deployed and locked (final state)

SCEC NV I VU S
oQwp»Qmm

15333 —346 —877
I = | —346 4395 44
~877 44 14444
16485 —131 —795
I = | —131 4354 —146
—795 —146 13240

where the subscript “A” denotes “‘State A”, so as the other
subscripts “B”, “C”, “D”, “E”, “F”, and “G”. The structural
frequency matrices of the typical states are (rad/s)

Q, = diag(2.79,2.95,7.60,10.98, 17.84,24.55)
Q = diag(0.79, 1.56,2.38,3.17,4.50, 4.52)

Q¢ = diag(0.44,0.70, 1.32,2.03,2.69, 3.38)

Qp = diag(0.79,0.89,2.07, 3.40, 5.56,6.39)

Q. = diag(52.02,59.81,74.39,81.51, 83.23,92.62)
Q; = diag(4.18,4.94,6.37,9.53,10.38, 21.60)

Q¢ = diag(4.55,4.92,7.23,9.49,12.06,25.45)

The rotational coupling coefficients of the typical deploying
states are

[ —0.87 7.31 315 238 —1.02 1.67
Fy=]-5025 —14.62 -8.77 19.77 0.99 10.93

| 9.12 5749 —-558 159 -7.16 5.08

[—2043 —-3.63 255 13.53 —049 -2.90
Fg=| -236 —-62.78 2238 -3.18 —17.31 -28.10

| 4972 —499 —-0.17 51.81 —1041 4.06

[—48.07 —1.92 3.54 1357 324 -3.05
Fc=| -3.11 —66.63 34.64 —-328 086 —41.72

| 5581  —=7.07 092 4292 -—1842 -2.07

[ 4.36 837 -59.04 -3.15 -2333 —-1.57
Fp= 10349 649 2.67 —=5528 099 -6.70

| 7.23 —108.56 —40.97 134 -16.36 —1.17

[—2.11 13.17 0.16 0.11 0.51 0.10
Fp=]1419 189 187 —-040 —-4.65 -3.45

| —0.74 573 225 —4.15 —1.60 0.41

[ 7.86 3.87 484 -023 =227 -0.12
Fp=]-492 -31.70 -336 985 -10.14 —497

| 22.75 073 2830 -3.45 2.6l 0.26

-299 —-1628 —1.585 —-1.26 3.89 0.92

Fo=|-1736 507 -=32.69 —6.63 —1.07 2.67

0.08 —34.74 445 11.31 483 3.68
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