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Abstract—This study considers attitude control of a 3Dthat the origins o€; andC, correspond to the centroids of
space robot of two rigid bodies with initial angular mo-Rigid Body 1 and 2, respectively. L& € S Q3) be the
mentum. First, we explain the universal joint model withattitude of Rigid Bodyi (i = 1, 2) with respect to the inertial
initial angular momentum. We next apply model predictivespaceCy, andw: € R® be the angular velocity of Rigid
control to an attitude control problem of the universal joinBodyi. Note thatw; = AiTAi holds®. We use the notations;
model with initial angular momentum, and show a simum: the mass of Rigid Body(e = mymy/(my + ny)), Ii: the
lation result to confirm reduction of calculation amountlength of Linki, s = [00-1;]" € R®: the vector showing the
Then, a simulation with a model error of initial angular mo-position of the joint with respect 16y, |; € R®: the inertia
mentum is performed in order to check robustness of modtdnsor of Rigid Body (J; = I; + e§§, Jio = E§IAIA2§Q).
predictive control. Next, we denote the angles of Link 1 and 2 of the universal

jointaséy, 6, € R (0 =[61 6] € R?), respectively. Then,
1. Introduction
sinfising, cosh;  —sinb; cosh,
cosb, 0 sinéd,
Ccos#; Sind, —sinf; — cosHy cosh,

It is well known that for a space robot in 3-dimensional
outer space, its conversation law of total angular momen-
tum plays a role of nonholonomic constraints, and hence
the robot’s attitude can be changed by transforming 'tYSeRresents the shape of the space robotane: ATw; +
shape. A lot of reseaches on such a space robot have b

d in the fields of Vi hani trol th = TA1W1+V\_Ih0|dS for the angular velocity of the joint
one In the fields ot analytic mechanics, controltheory ang, . p ,W = ATA. Assuming that the space robot has initial
robotics [1, 2, 3]. In most researches on control of spac

L pacg gular momentur®, € R, we have the conservation law
robots, it is assumed that space robots do not have initi

T the total angular momentum as
angular momentum. In realistic situations, for example,
when a mother ship gives a space robot out, space robots (A, J; + ApIL )Wy + (Aodo + ArdioWo = Py (1)
often have initial angular momentum. Hence we have fo-
cused on 3D space robots with initial angular momenturiow, we sely := J1+ALAT+AJ],+J1,A" and parametrize
and derived a control strategy based on the near-optima] by using the Cayley-Rodrigues parameter (3). Note that
control method [5]. However, since the model of a space .
robot with initial angular momentum is quite complicated w; = Ug(a)a, Ui(e) = 2(|__T“) 2)
and the proposed control law is feedforward-type, a huge l+ala
quantities of calculation amount is needed. Moreover, thgolds for the angular velocity; and Cayley-Rodrigues pa-
control law does not have the characteristic of robustneggmetere. Moreover, we refer angular velocities of the
for the physical parameters of the system. The purposgiversal joint as control inputs, that i, := 61, Uy := 65,
of this study is to overcome the disadvantages mentiongfen we have the next:
above by using model predictive control that consists of

A=AlAy=

feedback-type control laws. C0st 0
W= 0 Ju+|1]u. (4)

2. 3D Space Robot with Initial Angular Momentum sind, 0

First, the 3D space robot model treated throughout this by b2

paper is explained. We consider a space robot that ConSi?ﬁerefore setting] := [6" o7 € RS, from (1)~(4) we
of two rigid bodies and exists in 3D space as shown in I:'%btainthe universal joint model with initial angular mo-

L TV.VO ”g'd.b.Od'e.S (R|g|ql Body_l and 2) are connec’;ed b entumas (5), which is represented as a nonlindéina
a universal joint via two links (Link 1 and 2), respectively.
1

We represent coordinates of the inertial space, Rigid Body Slonal
1 and 2 byCo, C; andC,, respectively. We now assume R? into a 3x 3 skew-symmetric matrixv‘:[ vy o o }

~Vp \%1 0

" is the operator that changes a 3-dimensional vactofvy v V3] €
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1+ai-a5-a5 2@z - as) 2(a1a3 + @2)
As(a) = Triare 2(az + ag) 1- ai + ag - ag 2(a2a3 — 1) 3)
+ lled 2(&'1@3 - a’2) 2((1’2(1’3 + a’]_) 1- a'i - a’% + a/g
b1 0 1 0 J
b2 | = 0 + 0 1 [ " ] (5)
@ Ut AT Po —UTNGH AR + dibr —UTHH AR + dioby |12
f(q) 9(a)
t+T (1) 1 7O 1
J= > (a(r) — aq)"Q(a(7) — ag)dr + > f u(t)"Rur)dr + E(a(t +T)—ag)"S(a(t+ T) — aq) (6)
t t

control system with 5 states and 2 inputs and does not haye/2 n/2 1 1 1T, the desired attituderqg = [0 0 O]".

any equilibrium points. For the universal joint model (5),For the GGMRES method, we use the evaluation function

we have shown that (5) is strongly locally accessible g6) with the weight matrice® = diag{4.0, 1.5, 5.0}, R =

any state, and if control inputs arefBciently large, (5) diag0.01, 0.01}, S = diagl0.8, 0.2, 0.4} and the evaluation

is small-time locally controllable [5]. interval T(t) = T(1 - e ), T = 6.5, a = 0.05. Moreover,

we also use the parameters of controller: the division num-

ber of the evaluation intervaN = 50, the stabilization pa-

rameter of the continuation methag= 20, the number of

iterations of the GMRES methodk,ax = 3, the sampling

time: At = 0.05[s], the simulation time: 20[s].

Rigid Body 1 Simulation results are shown in Fig. 2 and 3. Fig. 2

illustrates the time series éfande, and Fig. 3 depicts the

snapshot of the universal joint model. From these results,

I — it can be confirmed that the attitude of Rigid Bodyris

}L & Universal Joint stabilized to the desired valugy = 0. The computation

- ‘ time of this simulation is 45 [s], and hence we can see that
the computation time is drastically reduced in comparison

with the case of the near-optimal control method [5].

/

Rigid Body 2

4. Robustness for Initial Angular Momentum

In parameters of a space robot, the mass, the inertia mo-
ment and the length can be easily measured. However,
since the value of initial angular momentum changes ac-
cording to circumstances, we have thiidulty to measure
3. Attitude Stabilization Control it. So this section verifies the availability of the model pre-

) ] o o dictive control approach in the case where there exists a
Since the universal joint model with initial angular MO-modeling error in initial angular momentum.

mentum (5) does not have any equilibrium points and can-

not stand siill, we cannot treat normal control prOblem\'s/ersal joint model except initial angular momentum as the

such as a stabilization problem to the origin. Therefor%nes shown in Section 3. We set the measured initial an-
this section considers the following control problem. Pro-

. . ular momentum:P; = [0.1 01 - 0.1]" and the real
belm 1 contains, for example, the situation where we mO\% o = I ]

| | of bot to the direction of th initial angular momentumP, = [0.07 007 - 0.017".
asolar panef of a space robot to the direction ot e Sun. \yq 5150 use the weight matrices of the evaluation function

Problem 1: For the universal joint model with initial angu- (6) asQ = diag(2.0, 1.0, 3.0}, R = diag0.01, 0.01}, S =
lar momentum (5), find control inputs such that the attitudgliag0.85, 0.2, 0.4}. Moreover, we also use the same pa-
of Rigid Body 1« is stabilized to a desired valug. B rameters of controller as the ones shown in Section 3.

In this paper, we take the model predictive control ap- Fig.4 shows the time series 6fand«, and Fig. 5 il-
proach in order to solve Problem 1. Especially, we uskistrates the snapshot of the universal joint model. From
the GGMRES method4], which is a real-time optimiza- these results, it turns out that the attitude of Rigid Body 1
tion algorithm. In a simulation, we use the parameters is stabilized to the desired valug = 0 despite model

Fig. 1 : Universal Joint Model

In a simulation, we use the same parameters of the uni-

of the universal joint modell; = I, = 1, my = mp, =  error, and hence the controller obtained by the model pre-
1 1, =1, = diag 1/2, 1/2, 1}, initial angular momen- dictive control approach has robustness for initial angular
tum: Pp = [0.1 01 - 017", the initial state:go = momentum.
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Fig. 2 Time Series of anda

(b) t =4.0000 (c) t =8.0000

(d) t =12.0000 (b) t =16.0000 (c) t =20.0000
Fig. 3 Snapshot of Universal Joint Model

5. Conclusion with respect to initial angular momentum can be confirmed.

In this paper, we have considered attitude stabilization
control of the universal joint model with initial angular mo-
mentum via model predictive control approach. Simulation[1] M. J. Enos, ed., Dynamics and control of mechan-
results have indicated that the attitude of Rigid Body 1 is ical systems: the falling cat and related probléms
stabilized to the desired value with a reduced calculation  Fields Institute Communications, 1, American Math-
amount compared to our previous work, and robustness ematical Society, 1993
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Fig. 4 Time Series of anda (with Model Error of Initial Angular Momentum)
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(d) t =12.0000 (b) t =16.0000 (c) t =20.0000
Fig. 5 Snapshot of Universal Joint Model (with Model Error of Initial Angular Momentum)
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