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Dual numbers were applied to the dynamics of a rigid-flexible combination system (RFCS) with time-varying configuration in this
paper. The six-dimensional spinor form of the motion of flexible modules, including the dual vector, dual momentum, dual inertia
operator, dual coupling coefficient operator, and dual-modal coordinates, was derived using the dual numbers that could represent
spiral motion in a compact form. On this basis, the integrated dynamic model of a rigid-flexible combination system with a time-
varying configuration was proposed. And then, the relative dynamics equations between two rigid-flexible combination systems
which both have time-varying configuration were provided. An on-orbit assembly mission of flexible modules transported and
operated by free-flying space robots (FFSRs) is presented as an exemplary application of relative dynamics. Simulation results
illustrate the complex coupling effects on the relative motion between two rigid-flex combination systems with time-varying

configuration.

1. Introduction

FFSRs present great potential for on-orbit assembly missions
[1-6]. The implementation of in-space assembly using FESR
can be divided into three stages. The first step is module cap-
ture [7], which means that FFSR captures the module
through the capture device; the module and FFSR constitute
a combination system. The second step is module transpor-
tation [8]. The module is transported to the desired position
and integrated through combination systems with large
translational and rotational maneuvers. The last step is mod-
ule docking [9]. The adjacent modules are ultimately con-
nected together through docking mechanisms, achieving
structural growth. In this paper, the dynamics of module
transportation using FFSR are investigated.

Since the initial motion state of the module, including
the attitude and position, is unknown during the capture
process, one of the key mission requirements in the mod-
ule transportation process is to adjust the postcapture con-
figuration of the combination system. The aim of the

above configuration adjustment is to prepare the best pose
for assembly. Several dynamic modeling methods of the
operation of free-floating rigid bodies have been proposed.
Liu et al. [10] derived the capture and postcapture dynam-
ics equations for the operation of a noncooperative space
target by using FFSR. In this model, the influence of the
contact force between the FFSR and the assembly module
on the whole system motion was considered while catch-
ing a floating rigid body. Cyril and Chau et al. [11, 12]
have investigated the dynamics for catching and operating
a rigid body by assembly robots. In Refs. [13-16], the atti-
tude dynamics of the combined systems consisting of a
rigid service robot, a rigid target, and two rigid space
manipulators were investigated. Li et al. [17] improved
the attitude dynamics of the combined systems with flexi-
ble manipulators by considering the vibration influence on
the motion of the whole system. The solutions obtained by
the dynamics model mentioned above can handle a large
number of motion description problems in space-
capturing and postcapturing missions.


https://orcid.org/0000-0003-3236-3706
https://orcid.org/0000-0001-5966-6884
https://orcid.org/0000-0002-2218-2015
https://orcid.org/0000-0001-5223-7040
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/9980780

via FFSR

Module maneuvering

International Journal of Aerospace Engineering

F1GuRre 1: Mission system.

Another mission requirement of the module transporta-
tion process is to quickly transport the modules to the
desired positions for integration by using FESR. The founda-
tion for meeting this requirement is to establish an accurate
and engineering-applicable relative dynamics model for
assembly robots. A lot of work has been done to describe
the relative motion between two spacecrafts. The initial
research on relative dynamics between two spacecrafts was
investigated based on Newton’s second law [18]. This rela-
tive equation was followed and improved upon by Clohessy
and Wiltshire [19], who proposed the relative dynamics
model in a simple form known as the C-W equations when
the leader spacecraft is deployed in a circular orbit. After-
wards, Brodsky and Shoham [20] proposed a translation and
rotation coupling dynamic model based on a dual quaternion.
In the space station rendezvous and docking mission, the same
integrated dynamic model was used to guide and control the
spacecraft [21]. The above research on relative dynamics
focuses on rigid bodies. Specifically, the object of capture and
control is a rigid body, and the assembly robot is also a rigid
body. However, in order to save mission time and improve
robot work efficiency, in on-orbit assembly missions, structure
modules are often designed with large dimensions and a light
weight [22]. This design results in structural modules exhibit-
ing flexible characteristics. The rigid-flexible coupling effect
must be taken into consideration during module transporta-
tion by rigid FFSR. Sun et al. and Zhang et al. [23-25] pro-
posed the relative dynamics between two rigid-flexible
coupling spacecrafts for an in-space assembly mission, which
considered both the engineering application advantages of
rotating reference and the compactness representation advan-
tages of dual numbers. The current achievements focus on the
relative dynamic modeling of rigid bodies or RFCSs with sta-
ble configuration.

Generally speaking, these two actions, configuration
adjustment and module transportation, can be carried out
separately. However, in order to improve the efficiency of
the on-orbit assembly mission, achieving the two actions at
the same time is a better choice, that is, integrated motion.
The equations proposed in this paper are to describe the
complex coupling dynamics of this integrated motion based

on dual quaternion. The main contributions of this paper
are summarized as follows:

(a) The dual momentum and the dynamics model for
RFCS with time-varying configuration were developed

(b) The relative dynamics equations between two RFCSs
with time-varying configuration were proposed

The organizational structure of this paper is as follows.
The application scenarios, coordinate systems, and model-
ing assumptions were introduced in Section 2. Section 3
developed the six-dimensional spinor of the flexible
modules motion, and the dynamic model of RFCS with
time-varying configuration was established. Then, in Sec-
tion 4, the relative dynamics model between two RFCSs
with time-varying configuration was established, and the
coupling effect of the on-orbit assembly was analyzed. In
Section 5, the simulation results of the integrated model
proposed in this paper are presented. Finally, Section 6
provides the conclusion of this article.

2. Application Scenarios, Coordinate Systems,
and Modeling Assumptions

The application mission scenario was designed to be flexible
modules postcapture operation and transportation by rigid
FFSRs to a preassembled configuration. As shown in
Figure 1, the RFCS b consists of a flexible module and a
FFSR; the flexible module and FFSR are connected by the
capture device. In this paper, the capture device was assumed
as a three-degree-of-freedom rotary pair; that is, the flexible
module could perform a three-degree-of-freedom relative atti-
tude motion relative to FFSR. In the on-orbit assembly mis-
sion, two actions were carried out at the same time for RFCS
b, that is, configuration adjustment action and module trans-
portation action. The configuration adjustment action is to
prepare the best pose for assembly through the three-degree-
of-freedom relative rotation between the flexible module and
the FFSR. The module transportation action is to transport
the flexible modules to the desired locations near RFCS a for
integration. Figure 1 describes the in-space assembly mission
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and the coordinate systems. The following four coordinate
systems are used in this paper:

(a) Earth-centered inertial (ECI) coordinate system
o; — x1y;2;. The +z and +x axes of the ECI coor-
dinate system point at the north pole of the Earth
and the vernal equinox, respectively. +y axis com-
pletes the right-hand set

Body-fixed (BF) coordinate system of RFCS a
0, —x,y,2,. The origin of the BF coordinate system
of RFCS a locates at the connection point between
the module and FFSR. The +x and +z axes point at
the relative measuring sensor and the module,

respectively. +y axis completes the right-hand set

Body-fixed (BF) coordinate system of RFCS b
0, — x,Y,,2p,- The origin of the BF coordinate system
of RFCS b locates at the connection point between
the module and FFSR. The +x and +z axes point at
the relative measuring sensor and the module,
respectively. +y axis completes the right-hand set

(b

=

(c

~—

d

~

Floating coordinate system of RFCS bo, - x,y,2,.
The origin of o, -x,y,z, coincides with the BF
coordinate o, —x,y,z;, and at the initial moment,
the three-axis coordinate direction of o, -x,y,z,
coincides with the BF coordinate system o, —x,y,
z;,. The difference is that the floating frame, o, — x,,
V.2, is a flexible module follow-up coordinate
system

In this paper, at the initial moment, the origin and
three-axis coordinate direction of the BF coordinate sys-
tem of RFCS b coincide with the floating frame of RFCS
b. This construction of the coordinate system can simplify
the calculation of the dual momentum of RFCS with a
time-varying configuration. Detailed calculations can be
found in Section 3.2.

The integrated dynamic model of a rigid-flex combina-
tion system with time-varying configuration based on dual
quaternion was derived under the following assumption.

Assumption 1. Compared to the size of the module and
FFSR, the vibration displacement of the module is a small
amount.

3. Dynamics of RFCS with Time-
Varying Configuration

A dual quaternion is a dual number with each element of the
dual a quaternion, that is =g +¢q’, where q and q' are
both quaternions. ¢ is the dual unit defined as e =0 and &
# 0. The spacecraft dynamic model expressed in dual qua-
ternion can be expressed in the same mathematical frame-
work, which makes the representation of the relative
dynamic model compact. This model is generally known as
the integrated dynamic model. The compactness of repre-
sentation is positively correlated with the computational effi-
ciency of the relative dynamic model.

3.1. Motion of Flexible Module. The finite-element principle
is a method of turning a continuous infinite degree-of-
freedom problem into a discrete finite degree-of-freedom
problem. A more specific discussion on the finite-element
principle can be found in Refs. [26, 27]. According to the
finite-element principle, the velocity of an arbitrary discrete
element i of a flexible module relative to the COM of RFCS
b can be expressed as

Viem™= vb,c.m + Wy c.m X Thnc.m + (wb,c.m + wn,c.m) (1)

X (r + Ui) T

ni,c.m ic.m i,c.m?

where v, is the velocity of i with respect to the COM of
RFCS b. v, is the orbital velocity of the COM of RFCS
b. wy,,, is the angular velocity of RECS b. ry, ., is the posi-
tion vector from the COM of RFCS b to the origin of the BF
coordinate system o, — x,y,z;. @, ., is the relative angular
velocity between the flexible module and the FFSR. r,; .
denotes the position vector from the origin of the BF coordi-
nate system o, — x,,z, to i. u; ., and i, ,, denote the elastic
position and elastic velocity of 7, respectively.

The dual velocity of the discrete element i with respect to
the COM of RFCS b is

icm* (2)

According to the algebra of dual numbers, the dual
velocity of the discrete element i with respect to the origin
of 0, —x,y,2, 04 in terms of components along the BF
coordinate system o, — x,y,z, is

~b s~
wi,n = Rnb,n wi,c.m’ (3)
where

R ) Iy Oss
Rnb,n = |:1 + srnh)n(x)j| = b x > (4)
{rnh,n} I3><3

rb, , is the position vector from the origin of the BF coor-
dinate system o, — x,,z, to the COM of RFCS b in terms of
components along the BF coordinate system o, — x,y,2,,.
[rﬁb’n]X denotes the cross-product matrix of rf, . The
cross-product matrix for an arbitrary third-order vector
x=[x, x x5 is

X“=1] 2% 0 -x |- (5)
The dual momentum of i relative to the BF coordi-

nate system oj, —x,y,z, is

0 D ~ (D ~b
Hi,n = Rni,n |:mi (Rnh,nwi,c4m)i| > (6)



(’ b Thin + Ui ) x”
[( ot ) X |0
el () )}

and rlhm w10 and ub denote the vectors ry, ,, 7,;,, and
u;, represented relatlve to the BF coordinate system o, —
b b b b
XpYb2b> and rbn,n = Tpnenm Tnin = Tnieme and ui, =Uicme
Substituting Equation (7) into Equation (6) According

to Assumption 1, [|u?|| < <rmn and [|u?|| < <7 won- Lherefore,
the elastic displacement u’ can be neglected in the calcula-

tion of Equation (6). Subsequently, Equation (6) can be fur-

ther expressed as
A= e () o]} 70 Rl
i) ] (e + % )

[1 +e( ’,’l,n
b

b b
=m.v; +m; |:rnb,n:| w;

1 n,com 1,c.m

X
b b b b
T {rni,n x (mtvt c.m +m; [rnb,n} wi,am)}

X
—mb -{—7’?’l[h:|(;()l-J

(8)

i’icm nb,n ic.m

b 1% b b 16 1 b
+£<mi |:rm',n:| Vtcm+mi |:rni,n] |:rnb,n:| wi,c.m .

Substituting Equation (1) and Equation (2) into Equa-
tion (8), the dual momentum of i can be further expressed as

i =m

in m; lcm rb,n} i,c.m

gl
( (] s ][] )

b
_mvbcm+m rhn,cm:|v c.m

/b (b b
+m [ ni,cm} v (wb,c m + wnc m)

i%icm nb,n ni,n
X x x X
b b b b b
+ em; |:rm',n} |:rbn,c.m:| wb,c.m + em; |:rm',n:| |:rm',c.m:|
\4 \%4
b b b 1%
: (wb,c.m + wn,am) + em; |:rni,ni| ui,c.m

X X
b b b b
+m; {rni,n} {rnh,n} <wb,c.m + wn,cm) .

X X
b b b b b
+mu +m; |: :| wi,c.m +&em; |:r ; :| vb,c.m

©)

In Equation (9), the following operational relationship
holds

[thia] = =[] (10)
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b X b b X b
m; [rni,cm} Va)b,c.m =-m; [rm‘,am} Wy c.m> (11)
b b b X b
m; |:rni,c.m:| an,c.m =-m; [rni,c.m} Wy cm> (12)
b X b _[,\b X b
where [rni,cm}vwn,c.m - [wn,c.m] rni,c.m'

According to Equations (10), (11), and (12), Equation
(9) can be expressed in an explicit form

=~b
Hi,n_ i zcm |:7 bn:| ic.m

( [ ni n] XVI em T [rZi,n} ’ [rzb,n] Xw?,c.m>
=m; Vbcm +m; [rflbcmi| wbcm -—m; [rzi,c'mr
(@ + ) + it [1h, ] (@h )
+em; |:rZi,n:| ><VZ,::.m +em; [rZi,n} ’ [er,c.m} Xwg,cm
—E&m; [rii,n} ’ [rfri,c.m] ’ (wg,c.m + wz,c.m) +em; [rZi,n] Xl:lfic.m
+ em; |:rfli,ni| ) |:rl:tb,n:| ) (wz,c.m + wlrzt,c.m)
[l [
l:lb,n:| ><wg,c.m + mluzbc m T EM; [rzi,n] XVZ,C.WI
tem; [rfu‘,n} ’ [’Zi,c,m] XwZ,c‘m tem; [rzl‘,n} ’ [”Zi,c.m] sz,c.m

X
+em,; |:Tb- :| [rb

+mi[r

ni,n icm®

X X
b b b
ni,n nb,n:| wh,cem + em; |:7' i i| u;

(13)

b

pi» and the following opera-

In Equation (13), rgi)c‘m 27
tional relationship holds

x x
b b b
Voem +em; [rbi,n} Vocem>

(14)

x
b b _ b
em; [rni,n:| Voem = €M |:rnb,n]

b 1. b b _ b %[ X b
em; |:rni,n:| [rbi,c.m:| wb,c.m_smi |:rnb,n:| rbi,c.m wb,c.m
X X
b b b
+éem; [rbi,n} [rbi,cm] wb,am’
(15)
b 16 16 _ b 1[6 1% 0
em; |:rm',n:| |:rnb,n:| wb,c.m_smi |:rnb,n:| rnb,n wb,c.m
X X
b b b
+éem; [rbi,n} [rnb,n} wb,cm’
(16)
nb,n i,c.m

ni,n ic.m ic.m:*

X X X
em; [rb- } il = em {rb } il + emy; {rlgm} il

(17)

According to the finite-element principle, the dual
momentum of the flexible module with respect to the BF
coordinate system o, — x,y,z; can be expressed as
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~b o b
Hfl,n: ZHi,n' (18)

Substituting Equations (13), (14), (15), (16), and (17)
into Equation (18), the dual momentum of the flexible mod-
ule can be obtained.

b N v 1*Te 1.0
Vb,c.m +é Z m; {rnb,n} |:rbi,am:| wb,c.m
X x 1 X X
b b b b b
[rbi,c,m:| wh,c,m +é Z m; [rnh,n} [Tbi,c.m] wn,c.m

]
]

T L T L S S R P
2]

I
—_

(19)

where ] ; denotes the moment of inertia of the flexible mod-
ule. my; is the mass of the flexible module.
Having derived the discrete equation of the dual

momentum, we perform the following model transforma-
tion on Equation (19).

b
b~ D,
i M (21)
-?:(Dii;]'

As shown in Equation (21), the module vibration dis-
placement can have a linear equation relationship with the
modal coordinates, #, through the matrix of eigenvectors of
i, @;. 71 is the first derivative of #.

According to Ref. [28], the following equation transfor-
mations can be obtained.

(22)

where B,,,, and B, are the rigid-flex translational and rota-
tional coupling matrices, respectively. Substituting Equa-
tions (20), (21), and (22) into Equation (19), the dual
momentum of the flexible module in hybrid coordinate

can be expressed as

ﬁ;l,n = mflvg,c.m + r:b,nmﬂwi,am +[Vy] ng,c.m
+ [Vfl} ><wft,c.m + Btranﬁ + Sr:b,n [Vfl} jwi,c.m
+ sjflwlb,,c.m + er:b,nr:b,n mflwg,c.m + sr:b,nmﬂvlh,,c.m
+ sr:b,n [Vfl] lel;,am +e [Vﬂ} Xvi,c.m + Sr:b,n [Vfl] ><wﬁ,c.m
+ ejflwf:)c.m + Sr:b,nBtranﬁ + EBrot’;l'

(23)

Representing Equation (16) in six-dimensional spinor
form

[Vial, malsa

at [ Is 0
T L W s Vs )
[ Iy 0 ] wz,am ]
er,n I35 vﬁj}m | (24)
N llsxs 0 [Vfl}x o
Tabn Laxa I o

[I3X3 0 ‘| [Btran 0 ] |f7]
+ .
r:b,n I3><3 0 Brot ’7

By symbolizing Equation (24), we obtain

5 ~b ) ~b 5 5 A
H_fl,n = Rnb,n fl (wn,c.m + Rnb,n wb,c.m) + Rnb,nBcp”’ (25)

b
w
where @°_, = l P e R s the dual velocity of the

0
flexible module relative to FESR. The dual inertia matrix

Val mgl
. fl f173x3 . o .
My = ! eR®® is a six-dimensional
X
I Vsl
b
. . ~b wb,c.m
parameter matrix. The dual velocity @, ., = , €
Vb,c.m
R®! is presented in terms of components along the BF coor-
= B O3un
dinate system. B, = [ s TN e RN s a new param-
03><N Brot

eter for the dual representation of a rigid-flex combination
system, which is defined as the rigid-flex dual coupling

e R®N! js also a new parameter for the
n
dual representation of a rigid-flex combination system,
which is defined as the dual-modal coordinates.

o [’I
matrix. 77 =




6
Taking the first derivative of Equation (25), we obtain
~b ~b
di’;l’” = ag’;l’” + (Aﬁcm +R,, ‘T)Zcm) fo,n
= Rnb,nM fl <é\)i,c.m + Rnb,n W llj,am) + Rnb,ngcp;}\
+ (wzcm +R wg)c'm)
x [Rnb,nM 1l (ai,am + Rnb,naz,am) + Rnb,ngcpﬂ >
(26)
Equation (26) can be further expressed as
dHy,

(27)
In addition, let
~b — ~ b -~ ~ 2
Fprn = RupnMpy @, oy + Ry Bopyt + @,
X ﬁnb,nMﬂ (Rnb,nz‘\)lh;,cm) + (Agc m+ Ry a\)lbz,c.m>
X (Rnb,anl&\)Zcm + Rnb,nBcpr]) =R, anla\)i cm
+ ﬁnb,nBcpﬁ + @y X Ry anlaft,c.m
+ (a’ Z,am + Rnb,na’b,m) X Rnb,nBcpI:]’
(28)

b .
where Fpp  is the force between the FFSR and the flexible
=b =b =b . .
module. Fpp, = Fpp, + Fry, contains two parts, one is the

driving force of FESR acting on the flexible module, F DE",
and the other is the connection force between FFSR and

the flexible module, F

3.2. Dual Number Representation of FFSR Motion. FFSR is
the rigid part of RECS b, assuming j is a nominal point of
FFSR. The velocity of j can be represented as

Vj,am = Vb,c.m + wb,c.m X rbj,c.m' (29)
Note that v, ,, is obtained relative to the COM of RFCS b.

Furthermore, we can obtain the dual velocity of the par-
ticle j.

(30)
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where w; ., = w,,,. Similarly, @, is presented relative to
the COM of RFCS b.

Then, according to the operation rules of dual quater-
nion, the dual velocity j relative to the origin of the BF coor-

dinate system is obtained.
~b = ~
w; =Rnb,nw' : (31)

Note that @;_n
along the BF coordinate system.

Based on the dual velocity of j, we can further obtain the
dual momentum of j.

is a dual vector in terms of components

~b -

=R, [J(Rnbﬁajﬁamﬂ. (32)

Substituting Equation (32) into Equation (31), we per-
form specific operations on the dual momentum of j and
obtain

Hbfz

|: j (Rnb,n a]b)cm>:|

=t [, ] @+ my[th] ke
+ gmj |:er)11:| ng,n + 81’}’1]- |:er,11} ’ |:ij,{| ::wz,c.m
+ 81’}1]- |:rl:1b,ni| ’ |:rflb,ni| ><wg,c.m + £mj |:r§j,n1| xvz,c.m

X X X X
b b b b b b
+ ng |:th ni| |:rbj,n:| wh,c,m + SH’IJ- |:rbj,n:| |:rnb,ni| wb,c.m'

b 1% b V.50 b
+ mfr rnb,n wb,c.m + 8[ fr] Vb,c.m + ejfrwb,c.m
b 1% b b
+ smfr |:rnb,n:| Vb,c.m [Vf'r] |: nb n:| wb,c.m

b %[ b I N
+smfr {rnb,n} [rnb,n} wb,c.m+s[vfr] [rnb,n} Wy c.m>

(34)
where
Vil = Do ] [V = 3o ]
. (35)
Mg, = ]; mj, [ = ]; m; [rlbjjn} [rgjn:|

J, is the moment of inertia of FFSR. m, is the mass of
FFSR.



International Journal of Aerospace Engineering

Representing Equation (16) in six-dimensional spinor

form, one can obtain
[Vfr}: mfrI3><3 < |:I3><3 03><3:| |:w2wn:|>
]f’ [Vfr] i r:l”” I3X3 1/g,c.m

I 0
~b 3x3 3x3
Hfr,n = |:

r:b,n I3><3
(36)
By symbolizing Equation (24), we obtain
~b —~ —~ ~ ~b
er,n = Rnb,n fr (Rnb,nwb,c.m) 4 (37)
—~ [V r]>< m r13><3
where M, = S . | €R®® is the dual inertia
]fr [Vfr]

operator of FESR.
Taking the first derivative of Equation (37), one can
obtain

~b ~
dH oH
, = b ~b
d?n = a];‘ffl + (Rnb,nwb,cm) x Hfr,n
5 o (n AP b 38
= Rnh nt" fr (Rnb,nwb,c.m> + (Rnb,nwb,c.m) ( )
5 Y B ~b
x Rnb,anr (Rnb,n wb,c.m) .

3.3. Dynamics Modeling of RFCS b with Time-Varying
Configuration. The dual momentum of RFCS b is the sum
of the dual momentum of the flexible module and rigid FFSR.

b
o dH,, dHY, 5
b 7, 1, @ @b
b = d]; . dj; . Rnb,anr (Rnb,nwh,c.m) + (Rnb,nwb,c.m>
Xﬁnb,anr< nbnwbcm) nbanl(
+ Rnb,ngcpﬁ + (&\)

B Y ~b
X [Rnb,anl (wn

~ =b
+ Rnb,nwb,c.m>
b ~b
nem T Rnh,nwb,c.m)
R,,o. ) +R
c.m + nb,nwb,c_m nb,n cpn
(39)

Equation (39) can be further expressed as

FZ,n =Ry, (Mg, +Mﬂ)< nbancm) + (ﬁnb,naz,c.m>
x ﬁnhn(Mfr +Mﬂ) ( nbnwbcm) + ﬁnhnMﬂwncm
+Rnbn o XRnban/@nhn@Zcm)
+ (a‘\)icm +Rnh,nz‘\)z,c.m) (R Mflwncm +Rnh,n1§cpﬁ>~

(40)

11+w

7
TaBLE 1: Orbital parameters of RFCS b.
Description Parameters Value
Eccentricity e 0.02
Semimajor axis a, 6998455 m
Inclination I, 45°
Argument of perigee wy, 0’
Right ascension of the ascending node Q, 0
Initial true anomaly i 30°
In addition, let
S (Vo] malse Vil mpl,
Mb = Mfl + Mfr = +
In Vil I [Vp]
Vali+ [Vils  (mp+mp)L,
In+lp VAl + V]

(41)

where J,=]g+ ], is the moment of inertia of RFCS b.
my, = mg +my, is the mass of RFCS b.
In Equation (41), we can further obtain

(42)

Introducing Equation (42) into Equation (41), the dual
inertia operator of RFCS b can be expressed as

M, = (43)

O35 mMyls3 1
]b 03><3

Substituting Equation (28) into Equation (40), the
dynamics of the RFCS b with time-varying configuration
can be obtained.

~b = o~ b = = 2 ,\b = =~ b
FDR,n :Rnbanlw +R Bcprl T w, XR b,anlwn,cm

n,c.m nb,n

~b
+( ncm+R whcm)XRnancprl)

~b ~b ~b
Fprn = Fppn + Fon- (44)

In Equation (44), the first equation represents the six-
degree-of-freedom dynamics of the whole system; the sec-
ond equation represents the relative motion between the
flexible module and the FESR. Equations in Equation (44)
are equations of the RFCS with time-varying configuration,
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TaBLE 2: Characteristic parameters of RFCS b.
Description Parameters Value
Module mass myg 20kg
FFSR mass My, 80kg
40.34  -4.92  -8.50
Moment of inertia of the module Jh -4.92  207.05 29.93 |kg-m?
-850 29.93 233.33
Moment of inertia of FFSR e diag {100, 150, 120}kg - m*
Rigid-flex translational coupling matrix Bian [0.155 -0.155 0.225]"
Rigid-flex rotational coupling matrix B,y (02 0.05 0.15]"
Modal damping ratio of the module & 0.05
Stiffness of the module A 1.727
which can also describe the 6 DOF motion of the spacecraft Position

having rotational solar panels. The dynamic model of a sat-
ellite with rotational solar panels in Ref. [29] derived from
the classical Newton-Euler method has the same form as
Equation (44), which proves the correctness of the dynamic
model proposed in this paper. Furthermore, Equation (44) is
a general model which can describe the relative motion
between two non-centroid points of spacecraft, while the
classical Newton-Euler model cannot. In addition, the inte-
grated relative dynamic equations of Equation (44) can
improve the computational efficiency of the model.

In the rest of this section, an ideal physical scenario is
assumed. In this scenario, the force exerted by the robot on

~b . .
the module, Fp,, is zero, and the module moves relative

to the robot at a constant angular velocity, (T)fl)c‘m. Ignore
motion damping and other disturbances between the robot
and the module. Then, in this scenario, the dynamics of
the RFCS b with time-varying configuration can be

expressed as

- ~ =~ [~ b 5 ~b
Fb,n = Rnb,an (Rnh,n wh,c.m) + <Rnh,n wh,c_m)

- ~ b
R M (R whcm) +FCNn_R Mh(R b,n ajh,c,m)

~b PO
< wbcm) XR Mb(R wbcm) +Rnancp’7

T ncmXR Mflw +< ncm+R whcm>XRnan£p’7

(45)

In Equation (45), the variable quantity ﬁ is derived from
1. According to Refs. [30, 31], 77 can be obtained through the
following function:

i+ 28Al+ A’y +BL_iP + BT

tran " s,n rotwbn 0, (46)

where A=diag[A, A, Ay] is the natural fre-
quency matrix of the flexible module, A; is the ith natural
frequency, & denotes the damping ratio of the flexible mod-

rx (m)

FiGure 2: Orbit of RFCS.

ule, and v’ indicates the orbital velocity of RFCS b under
the action of external forces, excluding gravity.

4. Relative Dynamics between Two RFCS with
Time-Varying Configuration

The relative motion state between RFCS b and RFCS a can
be expressed as a dual quaternion.

1

P ~b
qbu = qba + 85 qba rba,n’ (47)

where g, € R®! denotes the relative dual quaternion state

T
between two spacecrafts. 7o, , = [0 b T} ; b, denotes

,
ba,n
the relative position vector from o, to o, with respect to
the body-fixed coordinate system of RFCS b. g,, € R*!
denotes the relative attitude quaternion.
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FIGURE 5: Angular velocity of RFCS under Case 1.

Furthermore, the relative kinematical equation can be
represented as

BY 1 xb
Dva = Eqwzwhu,n’ (48>
~b T T
= _ y T v T19. ~b  _ b
where Opan = [0 Wpan ] + 8[ 0 Vban ] 5 Whgp = Wpgpy T

evh, . vb,, is the relative orbital velocity and wj,, is

the relative angular velocity. ZI)Z“,” is the relative dual
velocity.

According to Ref. [21], @ZWI can be derived from the fol-
lowing function:

~b  _ ~b
wba,n - wb,c.m

-E{a,

=a_
waqba}’

where @) = w? +&v? and cT): =0 ot T] +e[0 v T}T. ve
is the orbital velocity of RFCS a, w? is the angular velocity
of RFCS a, and the above two vectors are presented with
respect to the body-fixed coordinate system of RFCS a.
E.{} is the dimensionality reduction operator. The

dimensionality reduction operator for an arbitrary eight-

(49)

~a ~a
. . =a a0
dimensional vector @, is E.{®, } = w’ + eV-.

According to Equation (49), the following equation can
be obtained.

b
wba,n = wb,c {qba aqba}

/'\b = ~b —1 [ ~%
= wb,c.m {qba aqba} + wba,n X Ex {qba

© b
(50)

Substituting Equation (44) into Equation (50), the rela-
tive dynamics between RFCS b and RFCS a is obtained.

w:an_RnbnM; Rnbn(an FI;Rn) RnbnM R (R wbcm)
XRnban<Rnbnwlb75m) - Ex {%a@E{ }®qba}
+wbanXE l{qba@’Ex{“’ }®%a}
Rnban Rnanbn Rnban Rnbn(Rnbn&\)Z,c.m)

s = (5 ~b ~155-1
x Rnb,an <Rnh,nwb,c.m> Rnh an R

nbn

: {Rnb,nﬂfléi,c,m +Ry, nBch + @Dy X Ry, anlwnc m
(8 + RugBh) Rnb,nﬁcpﬂ

- Eil{ﬁ;‘a ®EX{$Z} ®%a} + aia,n X E}l{éia ®Ex{a2} ® Gy, )

(51)
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In the ideal physical scenario assumed in Section 3.3, if

the force exerted by the robot on the module, F DE”, is

zero, the relative dynamics equation can further be repre-
sented as

“’ZM _RnbnM; Rnbn<an FiN,»«) Rnban Rnbn(Rnb,naz,c.m>
X Ry, M, (Rnbnazcm> —E’l{éZu®Ex{@ }®aba}
+ whan X Ey {%u ®Ex{w } ®%u} RnbanlR;;nFZ,n
Rnbn an;n(Rnbnwbcm) X Ry, M (Rnbancm)
Rnb nM;an;n {Rnbn cpr} + “’
+ <A +Rnbnwbcm) X ﬁnb,nBcp;l\] -

+wba,n ><EX {qbu®EX{ :}®qbu}'

><R Mﬂw

Ey! {ﬁiu ®EX{$:} ® qba}
(52)

5. Simulation Results

In this section, two sets of numerical simulations are pro-
vided. The first simulation was proposed to quantify the
dynamics of RFCS with time-varying configuration in the
ideal physical scenario assumed in Section 3.3 (Equation
(45)). The influence of the relative attitude angular velocity,

~b

w, > on the six-degree-of-freedom motion of the RFCS
was analyzed. The second simulation was provided to ana-
lyze the influence of the coordinate origin selection of the
BF coordinate system o, —x,y,z, on relative motion
description.

Position

r

Error z(m)

0.4
0.2

0
Error x(m)

FIGURE 9: Error trajectory of RFCS.

The initial position vector and orbit velocity of RECS b with
respect to the BF coordinate system o, — x,,y,2, are rg’n(O) =
(6876550 0 0]'mand v}, (0)=[75.484 7679 0] m/s.

The initial attitude of RFCS b is set as q,(0)=
[0.8924 0.3696 —0.0990 0.2391]" wgyc'm(0)=
[0 0 0] radss.

The dynamics equation (Equation (45)) is imple-

and

mented in the case when the six-degree-of-freedom
motion  of

RFCS b is governed by gravity
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(—yrﬁ)n/|\rg)n||3, p =398600.44km - s%) and the gravity gradi-
ent moment (3urh, x ]rzn/HrZ,nHS, p = 398600.44km - 5°2).
The influence of other forces and noises are neglected.

Table 1 lists the orbital parameters of RFCS b, and Table 2
lists the characteristic parameters of RFCS b.

5.1. Case 1: Effect of Relative Attitude Motion between the
Flexible Module and FFSR on the Six-Degree-of-Freedom

Motion of RFCS. Considering rf, =[-0.2 —0.1 0.05]"
m, three sets of relative attitude angular, (T)Z’cm =
T ~b ~b
0 o o, o, ,=[0 0 0.01rad/s, and @, ., =[0 0

0.1]rad/s, were adopted, and the simulation results were
obtained.

The blue lines, red lines, and green lines are the six-

b

degree-of-freedom motion of RFCS when (T)n)c‘m =
b b

0 o 0, @, =0 0 00lrads, and @, ,=[0 0

0.1]rad/s, respectively. Figure 2 shows the orbit of RFCS.
Figures 3 and 4 show the orbit velocity and three-axis posi-
tion of RFCS, respectively. Figures 5 and 6 show the angular

velocity and attitude quaternion of the RFCS. As shown in

Figures 2-6, in three cases, the six-degree-of-freedom
motion curves of RFCS basically coincide. It shows that
under the ideal condition assumed in Section 3.3, the relative
rotational angular velocity between the module and FFSR
has little effect on the six-degree-of-freedom motion of
RFCS. The simulation results are consistent with the physi-
cal reality and prove the validity of the mathematical model
for RFCS with time-varying configuration.

5.2. Case 2: Effect Coordinate Origin Selection of on the
Description of the Six-Degree-of-Freedom Motion of RFCS.
Considering ?oim =0, three sets of coordinate origin selec-
tion, r4, =[0 0 0'm, r% =[-02 -0.1 0.05"m,
andR,,, =[-0.5 0.3 0.2] "m, were adopted, and the sim-
ulation results were obtained:

In Figures 7-12, the blue lines represent the six-degree-
of-freedom motion of RFCS when rj, =[0 0 0] m.
The red lines represent the six-degree-of-freedom motion
of RFCS when 7§, =[-0.2 -0.1 0.05]"m. The green

lines represent the six-degree-of-freedom motion of RFCS
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when R, ,=[-05 03 0.2]'m. The gray lines in
Figures 8 and 9 represent the deviation curve between red
and blue in Figure 7, and the black lines represent the devi-
ation curve between green and red in Figure 7. As shown in
Figures 11 and 12, the attitude angular velocity and attitude
quaternion of RFCS do not change with the migration of the
origin of the BF coordinate system. In Figures 7-10, as the
distance between the origin of the BF coordinate system
and the center of mass is larger, the position deviation of
RFCS is larger. The positional deviation of the combined

system reaches about 1 m when R,,, = [-0.5 0.3 0.2]"'m.

6. Conclusions

This paper proposed a dynamic model of rigid-flex combi-
nation systems with time-varying configuration. Dual qua-
ternions were used to describe the six-dimensional spinor
form of a rigid-flex combination system. The algebra of dual
momentum for RFCS with time-varying configuration was
developed, and the relative dynamics between two RFCSs
with time-varying configuration for on-orbit assembly were
provided. The simulation results show that the configuration
changes have little effect on the six-degree-of-freedom
motion of rigid-flex combination systems under the ideal
physical scenario. The position error caused by the migra-
tion of the origin of the BF coordinate system is about 1 m.
This shows that the selection of the origin of the BF coordi-
nate system is key for the dynamic modeling of rigid-flex
combination systems with time-varying configuration.
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