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Motion Control of Adaptive Space Structures
Based on Artificial Potential Method

Yuji Matsuzaki,* Akira Ichiyanagi,” and Tomihiko Yoshida®
Nagoya University, Nagoya 464-8603, Japan

An extension of our previous analyses on the soft docking of adaptive space structures based on the artificial
potential method is presented. In the previous studies of improving the artificial potential and the damping control
input of the artificial potential method, we proposed controllaws for the point-to-pointmovement of the end effector
of both a space robot and a variable-geometry truss structure. Motion control is proposed to further improve the
artificial potential method by taking into account a desired velocity schedule in the artificial potential. Numerical
simulation has shown that the proposed method is very effective in controlling the end effector when docking a
target in a soft and smooth way along an assigned straight path with no precontact.

Nomenclature

a;, = vector from joint /1, to mass center ¢

b, = vector from mass center ¢, to the origin of sliding
coordinate s; 4+ |

fi = sliding force applied to control s;; Eq. (1b)

J* = generalized Jacobian matrix (GIM); Eq. (4)

J: = submatrix (2 x 2n) of GIM; Eq. (4)

J;; = submatrix (1 x 2n) of GIM; Eq. (4)

K, = positive definite diagonal; Eq. (15)

K, = positive definite symmetric matrix for damping
input; Eq. (10)

M* = inertia matrix of adaptive structure; Eq. (7)

ps = desired state vector of p,

pr = position vector of endpoint of link n

pr = position vector of joint i

Q = control force vector, correspondingto ¢; Eq. (1b)

q = generalized coordinate vector of joints; Eq. (1a)

qs = desired state vector of ¢

r, = position vector of mass center of the link k

s = number of degrees of freedom of ¢ for closed-link structure

s, = sliding of joint i;; Eq. (1a)

T = kineticenergy; Eq. (11b)
u = additional or damping input; Eq. (10)
V = artificial potential energy; Eq. (8)
V, = componentof V; Eq. (17b)
Vs = componentof V; Eq. (17¢)
v, = desired translational velocity; Eq. (21)
v, = translational velocity vector of endpoint of hand; Eq. (4)
W = Lyapunov function; Eq. (11b)
wy = desired state vector of wy,
w, = state,i.e., position and angle vector of endpoint
of hand; Eq. (3)
6, = rotation of joint h;; Eq. (1a)
7, = torque applied to control 6;; Eq. (1b)
¢, = desired angle of ¢,
¢, = attitude angle of link n» measured from x coordinate
wy = desired angular velocity; Eq. @D
w, = angular velocity of link n, ¢,
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Introduction

ESIGN restrictions on space structures and requirements for

their efficient performance inevitably lead to the emergence of
adaptivespace structuresconcepts. One such conceptis the variable-
geometry truss (VGT) structure.! Thatis, the truss structure changes
and controls its geometrical configuration according to missions,
which are given at different operational phases. A space robot with
a manipulator of a serially linked type is a simple example of the
VGT structure. A truss-typeor closed-linkvariablestructure,such as
shownin Fig. 1, is a more capable adaptive structure > Many studies
have been done to apply adaptive structures concepts to controls of
a variety of space structures, e.g., Refs. 2-5.

In the late 1980s many researchers carried out theoretical analy-
ses to develop free-floating space robotic systems. A brief review of
technical advancement and difficulties of space robots is included
in Ref. 6. One major difficulty in controlling the motion of space
robots is that the motions of the base structure, e.g., robot body,
and the substructure, e.g., manipulator, floating in space are inter-
active, so that the motion of the manipulator influences the location
and the attitude angle of the robot body and vice versa. This is not
the case for a robot fixed to the ground. The components in the
generalizedJacobian matrix’ (GJIM), which defines the relationship
between the velocity vectors of the end eftector, e.g., hand, and the
joints of the truss members of the free-floating structure, change
their values with time in the process of motion. In computational
analyses, therefore, the GJM must be recalculated at each iteration
of numerical calculation. To analyze control of the manipulator of
space robots, the resolved motion rate control (RMRC) and the re-
solved acceleration control (RAC) have been used in, for example,
Refs. 8 and 9, respectively. The RMRC and RAC are, however, very
time consuming because inversion of the GJM is necessary at each
computational iteration. On the other hand, the artificial potential
method (APM), proposed originally by Takegaki and Arimoto,'°
needs only transpositionsof the GIM, so that computationis simple
and efficient. A serious drawback of the original APM was that no
path of the end effector to a target can be assigned beforehand. It is
often very important to accurately adjust the approaching direction
to minimize misalignmentand contact force between the end effec-
tor and the target. Hence, Matsuzaki et al.* proposed improvements
on the original controllaws, so that the hand or end effectormay ap-
proacha targetalong an assigned straight path and contact it with an
assigned attitude and zero terminal speed. For the prevention of in-
teractive motions of the base structure and substructure, Matsuzaki
and Tanaka’® proposedimproved control laws so that the attitude an-
gle of the base structure can be kept constant while the end-effector
may move along an assigned straight path to the contact point.

At a final stage of the soft docking operation, it is very important
to avoid any precontact between the target and end effector before
an assigned final contact is made because the precontact induces
undesired dynamic shocks and disturbances to the target and to the
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Fig. 1 Two-dimensional truss structure of variable geometry>3: 1,
bending deformation module; 2, shear deformation module; 3, linear
actuator; 4, sliding device; 5 and 6, docking mechanism part; 7, pin
joint; 8, steel wire; and 9, docking target.

docking structure itself. To avoid such a precontact, we will further
develop the APM so that the velocity of the end effector can be
adjusted while the end effector moves along a straight path to the
target. In other words, we introduce a time schedule for this control
operation.

We summarize the dynamics of a serially linked space structure
and the APM describedin Refs. 4, 10, and 11 and propose a motion
controllaw. To demonstrate the effectivenessof the motion control,
numerical analyses on the soft docking of a serially linked structure
and a truss-type structure are presented.

Governing Equations of Serially Linked
Space Structure

We assume that the docking structure and the target are con-
strained on the same plane. In other words, we treat a two-dimen-
sional motion of the two-dimensional structure. Figure 2 shows the
inertial coordinatesand a schematic view of the serially linked space
structure consisting of (n 4 1) links, that is, a body, (n — 1) arms,
and a hand, i.e., an end effector. Each joint possessestwo degrees of
freedom (DOFs), i.e., the link & has sliding s; along the directionn;
and rotation 8, about the joint 1;, whereas §; and y, are fixed. The
system under consideration has totally 2n DOFs. We introduce the
generalized coordinate vector g of the joints and the corresponding
control force vector Q, which are, respectively, defined by

q = (qll VETRERT 5]2n)T

:(QIIQZI"'IQNI slls2|"'lsn)T (la)
Q = (Qll Q2| rena QZn)T
=@t T fllel---lfn)T (1b)

The position vector p;, of the endpoint of the link 7 is given by
DPh :pn+an+bn (2)

The state vector of the endpoint, w,, is given by

DPh
Wy = (3)
: ¢/1
The motion of the endpointis, therefore, given by
, vl [13]. :
w, = ! = i) q = J*q (4)
2 _J¢_

where J* is the GIM’ and
Vp = 1.7/1 1

o =o+ Y 6, 5)

In deriving Eq. (4), we have used the relationshipbetween g and the
motion of the base, w,, given by
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Fig. 2 Inertial coordinates and serially linked adaptive structure con-
sisting of (n +1) links.

We also assume that J* is kept nonsingular. Singular attitude avoid-
ance controls are treated in Refs. 12 and 13. Here w), is a task-
oriented vector and is controlled to approach a desired state w,
along an assigned straight path.

The equation of motion of the serially linked space structure
is given by’

M+ b — — (1('1TM*('1> —0 ™
og\ 2

The docking structure is assumed to have moved to some desirable
position, for instance, by a thruster installed on the base structure,
so that the target is within the full stretch of the manipulator and
the approachto the target is not hindered by any obstacle. To ensure
accurate control of the whole docking structure, thruster force is
no longer used, so that the conservation of both translational and
angular momenta of the whole docking structure is held.

Control Analysis

Point-to-Point Control Based on the APM

InRef. 4 using the APM,'*!! we exploiteda point-to-pointcontrol
in which the endpoint moved along the straight path from an initial
position to a contact point of the target. We briefly summarize the
original APM!®!! and the point-to-pointcontrol.*

Introducing an artificial potential energy V (¢g), we may express
the control input force as

Qz—g—ku (8)

where u is an additional input. Vg is positive definite and satisfies

Vigg>0 for q#4qq
] ©)
_ av
V(q)=%=0 for g=gqq

If the additional input u is given by
u=—-Kyq (10)

where K, is a positive definite symmetric matrix, then the time
derivative of the Lyapunov function W is reduced to'°

W=-¢"Kg<0 for g#0 (11a)
where
W=T+V (11b)

It follows from Eqs. (7-10) that § = ¢ = 0 only if ¢ = g,. Because
W is negative definite, the controlled system is asymptotically sta-
ble; that is, the joint state vector g approachesthe desired g, for any
V. In other words, the velocity feedback given by Eq. (10) works
as a stabilizing and damping force. Furthermore, it may be proved
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from the Lyapunov-Bellmann optimality condition!# that the per-
formance index (PI), which is defined by

(o)
1
PI:/ E((']TKU(']—FMTKU_lu)dt (12)
0

becomes minimized through the damping control input defined by
Eq. (10). Therefore, the control based on Eq. (10) is optimal in the
sense that Eq. (12) is minimized.

In the optimally controlled system governed by Egs. (7), (8), and
(10), the state vector of the joint g approaches the desired ¢, while
its velocity g approaches g, = 0. At the terminal state, no control
input forceis applied,i.e., Q = 0. Itis useful to express the artificial
potentialin terms of the task-oriented coordinate vector w, because
w, is required to approach w,. As the free-floating space adaptive
structureis anonholonomicsystem, the relationshipbetweenw), and
q is not unique, and Eq. (4) governs the velocity relation between
w), and q. Nevertheless, because the variancein J* is very small in a
short period, we assume during each numerical iteration of a short
step that

aow,,
I=— (13)
9q
As shown_in Refs. 4 and 5, we have confirmed that the artificial
potential V expressed in terms of w, may possess an asymptotic
stability toward w,. The input control force can be given as

= T
0= —J*T<M> tu (14)

BW/,

In the following, without loss of generality, we assume that each
jointhas only one DOF, thatis, the rotation aboutits jointis included
but no sliding, so that the dimensions of ¢ and Q given by Egs. (1)
become n instead of 2n. Additionally, the manipulator is assumed
to be nonredundant,namely, n = 3 for the in-plane motion.

Like in Refs. 4 and 11, if the damping coefficient matrix K, in
Eq. (10) is simply a positive definite diagonal such as defined by

K, =K, (15a)

where
K, = diaglk, k, k3] with ki >0 for i=1,23
(15b)

then the path taken by the end effector to the target point cannot be
assigned beforehand although it finally reaches the point, as proved
earlier.

For the point-to-point control with a straight path, Matsuzaki
etal.* have presented two control laws: One elaboratedon the damp-
ing input # and the other on the artificial potential V. We describe
the former control.

The damping coefficient matrix proposed in Ref. 4 is expressed
in terms of J* as

K, =J"K.J* (16)

The artificial potential energy is given by*

V=V, +V (17a)
where
2k (pa —pi)" (pa — i), lpa —pull = €pmax
Vp =1kpe pmdx\/(pd —p)(pa—p1) — % 3kp pmdx'
lpa —pull > € max
(17b)

‘7 _ %k¢(¢d - ¢}1)2| |¢d - ¢/1| =< €6 max
k¢e¢max|¢d - ¢/1| - _k¢e¢mdxl |¢d - ¢/1| > €¢ max
(17¢)

The potential 1% represents a penalty for the difference between the
actual and the desired state of the endpoint.
Substitution of Egs. (10), (16), and (17) into Eq. (14) yields

Q=T"kpe, +J; koey — I KiJ*q (18a)
where
Pa — DPm ”pd _17/1” =< epmax
= € p max
¢ p—(Pd _ph)l ||I7d _17/1” > € max (lgb)
lpa —pull
¢d - ¢/1| |¢d - ¢/1| < € ¢ max
e =) Lemx _ (18¢)
d ¢/1)| |¢d ¢/1| > € max
|ba = il ’

To avoid excessive inputs, the upper limit has been assigned to the
inputby €, max and eg max . Substitutionof Eqs. (10) and (16) together
with Eq. (4) into Eq. (12) yields

(o)
PI = / Wi Kgw), dt (19)
0

which is minimized for the damping input based on Eq. (16). Be-
cause the cumulative deviation of the quadratic form of w,(¢) be-
comes the minimum, the endpoint moves along a straight path from
the initial position to the contact point. If v, () has any component
normal to the straight path, then the PI will clearly not be minimized.
Similarly, the rotation is required to have little unnecessary motion.
If k1, k», and ks are set to sufficiently large values, then the endpoint
will take a path that is very close to the straight path. The control
described here will be called control 1.

Motion Control for the APM

In control 1, the control force based on both the artificial potential
and the damping input guarantees an asymptotically stable and op-
timal straight-path approach to the docking target. As the artificial
potential simply represents a penalty for the deviation of the actual
state of the endpoint from the desired one, if the feedback gains of
the potential, k, and k,, are very large, then they will deteriorate
the effect of the damping input for controlling the endpointto move
along the assigned straight path. This is because the effect of the
artificial potential becomes predominant, so that the endpoint might
not avoid a precontact with some part of the target. It is not a sim-
ple matter to select an appropriate combination of the gains for the
artificial potential and the damping input. To avoid precontactin a
more direct manner, we propose a motion control of the endpointfor
which the artificial potential contains not only the deviation from
the desired state of the endpointbut also a desired velocity schedule.

Using the same damping control as used in control 1, that is,

u=—JTK,J'q = -TTK,w, (20)

we propose a control input force given by

P
Q - _li Vi — k3J¢ ) +k J*T |:Ud(||l7d —DPn ”)m}
h

+k¢J:>T |:wd(|¢d ¢h|)| Z1|:| (21)

where functions v, (|| p; —p, |I) and @, (|¢; — ¢, |) represent magni-
tudes of the desired translational and angular velocities, which are,
respectively, at a distance of || p, — p; || from the target point and at
an angle |¢, — ¢,| from the desired one; and k, has been assumed
to be equal to ;.

In the present approach, the feedback gains k; = k, and k3 for
the damping input are set to sufficiently large values, so that the
endpointwill move along the assigned straightpath. In other words,
the endpoint has the translational and angular velocities toward the
target,i.e.,

d — P ~ Sa — Pn

~ p
vi = vpll———= wy = || ——— (22)

lpa — pull I |$a — &l
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As we may expectthat Q = ¢ = w;, = 0 is satisfied at the terminal
state, by setting

k, = ki, kg = ks (23)

and substituting Eqs. (22) into Eq. (21), we obtain

Vil = v lw| = wy (24)
at w, = wy. In other words, the absolute values of the transla-
tional and angular velocities of the endpointare equal to the desired
amounts of velocity values at the terminal state.

Next, we obtain the artificial potential by integrating the last two
terms in the right-hand side of Eq. (21):

‘_/(Wh)z—]ﬂ/ Udu dps,
P —pall

_k3/<wdu> dg, (25)
|pa — bul
V (w,) satisfies the positiveness,Egs. (9), i.e.,
V(w,,) >0 for w, F Wy
(26)
Viw,) =0 for w, =wy

The introduction of the desired velocity schedule based on v,
and w, will make it possible to control the endpoint to approach the
target point with the desired terminal velocity. Hence, the possibility
of precontact is much reduced. We call the control law based on
Eq. (21) control 2.

In controls 1 and 2, we have assumed that the number of DOFs
of the manipulator, n, is equal to 3, that is, the number of the state
variables of the endpoint. To adaptively perform different types of
missions, it is more suitable for the manipulator to have a greater
number of DOFs than 3, that is, a redundancy. It is rather easy to
extend controls 1 and 2 to such a redundant manipulator using, for
instance, an augmented GJM.

Motion Control of Closed-Link Space Structure

In a closed-link structure, such as shown in Fig. 1, all of the
state variables of the vector g are not necessarily independent. Now
we regain the DOFs for sliding of the link members, so that the
dimensions of ¢ and Q are 2n. Let the number of DOFs of ¢ be
s and the independent state vector and the corresponding control
force vectorbe ¢ and Q, respectively, which are defined by

&:(qlquI"'lq.r)Tl s <2n (27)

0=(010s.... 0", s <2n (28)
The state vector ¢ can be expressed in terms of g as
a=VY@ =[V@. @, ... ¥2,@D]" (29)
Introducing Eq. (29) into Eq. (4), we obtain
Wi =J*q (30)

where J* is an equivalent GJIM defined by

J =T, R (1)
oo
aql aqs

r = ' , e RZn X s (32)
31/1211 . 31//2,,
aql aqs

Using Egs. (27-30), we may finally obtain the governingequation
of the closed-link structure such as Eq. (7):

~ St 0 (1o ~xs ~
M*q+ M*q— —~<—qTM*q> =0 (33)
og\ 2
where
M =T"MT (34)

Now we may apply controls 1 and 2 similarly to the motion of the
closed-link structure given by Eq. (33).

Numerical Analysis

To examine the effectiveness of the proposed control law for
docking a target, we have carried out numerical simulations of the
motion of a serially linked space robot and a truss-type structure.
Some typical results will be shown in the following.

Figure 3a shows a schematic picture of the robot consisting of a
body, two arms, and a hand, which are located at the initial position,
and the contact point of the target. The assigned attitude of the hand
to the target pointis shown by a thick arrow. In this numerical anal-
ysis, the docking target is representativelyexpressed with a point on
a wall fixed to the inertial coordinate, and we study the soft docking
in which the endpoint reaches the target along an assigned straight
path with zero final relative velocity without any precontact with
the wall. In other words, any precontact simply means a failure of
the soft docking. Even though the endpoint contacted the wall with
a nonzero relative speed, the computation was continued on a con-
dition that no reactive force and no interactive motions between the
hand and the wall were considered. That is, the precontactbetween
the wall and the endpoint did not influence the motion of the end-
point. A precontactwill be expressedas a negative distance between
the endpointand the target point. Numerical values of the parameters
of the links used in the calculation are given in Table 1. Parameter
values used in the control input are given in Table 2. The governing
equations were solved for numerical iteration of At = 0.1 s. In
Figs. 3b and 3c, the progressive motions of the robot calculated by
using controls 1 and 2, respectively,are illustrated at a time interval

4 end-point

target point

Fig. 3a Initial position of robot and target point.

Fig. 3¢ Progressive motion by control 2.
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Table1 Numerical values of parameters
of links: manipulator

Link no. mg, kg I, kgm2 Length, m
0 1500.0 1500.0 3.0
1 50.0 30.0 3.0
2 50.0 30.0 3.0
3 15.0 10.0 1.0
Table2 Control gains
Control kp k¢ kq ko k3 €p max €¢ max
Manipulator
1 180.0 180.0 200.0 200.0  200.0 0.1 0.1
2 180.0 180.0 —— _ _ —_—
Truss
1 20.0 30.0 250.0 250.0 150.0 0.2 0.1
2 180.0 180.0 —— _ _ —_—
""" control 1
0.1 T T ; — - —— control 2 ry
— desired
oos | {7 TTTT— .
Tooe [ k
E
oo}
b3 !
2
£
0.02 -
ok--
_002 E ! 1 1 t |

0 0.4 0.3 12 1.6
distance from desired position (m)

Fig. 4a Velocity vs distance (manipulator).
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; 1 1 | 1 L
0 20 40 60 80 100 120
time (sec)

Fig. 4c Distance vs time.
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of 3 s. It is clear that the endpoint took a straight path to the target
pointin each control. It should be noted here that, when the damping
matrix K, was given by Eq. (15) as in the original APM,'®!! the path
taken by the endpoint was unpredictable and curved,' as shown in
Fig. 4b of Ref. 4. In Fig. 4a here, the desired translational velocity
schedule is shown by a solid line against the distance between the
endpoint and the contact point, i.e., ||ps — px|l. The artificial po-
tential V,, that satisfies the desired velocity schedule is given from
Eq. (25) as

1 Vd max

5 (Pa=p) (a=p (Ipa—pall < ep)

ey
_p Cpl + vdmax”pd —P/,”. (epl < ||I7d _I’h” = epZ)
k_p = CpZ + (vdmax + epch3)||l7d _I’/:” - %C;ﬂ”?d _I’/:”z
(ep2 < lpa = pull < €pini)
Cp4 + vdmin”pd _ph”: (epini < ||I7d _I’/:”)

(35
where
Cpl = _%vdmaxepll CpZ = _%vdmaxepl + %Cp3elz,2

Vg max — Yd min
Cp3 - -
epini - epZ

Cp4 = V4 max (_%epl + epini) - %Cp3 (epZ - epini)z — Yy minep'mi
The definitions of the parameters in the preceding equations are
shown in Fig. 4b here. As the initial and the assigned final attitude
of the hand were parallel, we assigned w, to zero in the angular ve-
locity schedule. Numerical values used in the simulation are given
in Table 3.

The translational velocities of the endpoint controlled by con-
trols 1 and 2 are, respectively, shown by dot and dot-dash curves
in Fig. 4a, whereas the distance between the endpoint and the con-
tact point is plotted against time in Fig. 4c, where dot and dot-dash

Table3 Numerical values of desired velocity parameters

€pl €p2 €pini  Ydmax VYd min erl €f2  €fini Wdmax Wd min

0.3536 1.0607 1.4142 0.05 0.0001 11.25 33.75 45.0 2.0 0.01

docking point

Fig. 5a Initial state of truss structure.

\__. Target

Paint

Fig. 5b Progressive motion by control 2.
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Fig. 6a Velocity vs distance (truss).
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Fig. 6b Distance vs time.

curves represent controls 1 and 2, respectively. The endpoint con-
trolled by control 1 underwent a precontact. The distance given by
the dot curve is negative between ¢ equal to about 17 and 23 s in
Fig. 4c, and the dot curve crosses the vertical velocity coordinate at
a value of about 0.035 m/s in Fig. 4a. On the other hand, control 2
was successfulin completing the soft docking, as shown in Fig. 4a.
It should be noted that the dot-dash curve followed well the desired
velocity schedule through the whole operational process, although
the velocity has theoretically been predicted to be close to the de-
sired velocity in the neighborhood of the target point. The distance
shown by the dot-dash curve decreased to zero in a very smooth
manner without becoming negative in Fig. 4c. As for the soft dock-
ing of a robot with a redundant manipulator with five arms and a
hand, Ichiyanagi'® numerically demonstrated smooth contact with
a target following given velocity schedule on v, and ;.

Finally, we describe the motion controlof a truss-type smart struc-
ture such as shown in Fig. 1. Numerical values of gains used in the
calculationare also given in Table 2. As for the desired velocity pa-
rameters, the same values as given in Table 3 were used except for
Vsmax = 0.04. Figure 5a shows an initial configuration of a simple
pin-jointed structure with three shear modules with an extendable
slant member in each module as well as a docking point located
at the center of the rightmost member and a target point on a wall

fixed in the inertial coordinates. The slant member consists of two
uniform rods, which have a mass of 50 kg and a length of 3 m.
The inertia moment of the rod is 30 kgm?. The two rods may slide
with each other smoothly through a massless sliding device. The
same rod is used for the remaining 10 truss members. In Fig. 5b, a
progressive motion of the structure controlled by control 2 is shown
from the initial to the terminal state. Figures 6a and 6b show, respec-
tively, the desired and actual velocities of the docking point and the
distance between the docking and the target point. It is again clear
that control 2 is very successful in performing the soft docking of
the truss-type structure.

Concluding Remarks

We have further developedthe APM for the docking controlof the
adaptive space structures for approaching the targets by proposing
the motion control.In the new optimal control, the artificial potential
is improved to include the effect of the desired velocity schedule, so
that the end effector may move along the assigned straight path and
dock the target with zero contact velocity and an assigned attitude.
The numerical simulations have confirmed that the end effector of
the robot or the adaptive truss structure may reach the target point
in a soft and smooth manner with no precontact.
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