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　 This paper proposes a new approach named predictive control of redundant manipulators based on avoidance manip-
ulability to achieve an on-line control of trajectory tracking and obstacle avoidance for redundant manipulators. In the
trajectory tracking process, manipulator is required to keep a configuration with maximal avoidance manipulability in real
time. Predictive control in this paper uses manipulators’ future configurations to control current configuration aiming at
completing tasks of trajectory tracking and obstacle avoidance on-line and simultaneously with higher avoidance manip-
ulability. We compare Multi-Preview Control with predictive control using redundant manipulator, and show the results
through simulations.
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1. INTRODUCTION

Over the past two decades, redundant manipulators were used for
various tasks, for example, welding, sealing and grinding. These
kinds of tasks require that the manipulator plan its hand onto a de-
sired trajectory (trajectory tracking) and avoid its intermediate links,
meaning all comprising links of robot except the top link with the
end-effecter, from obstacles existing near the target object and also
the target object itself (obstacle avoidance).

There are many researches on the motion of redundant manipula-
tors discussing how to use the redundancy. The proposed solutions
to this problem can be broadly categorized into two classes: Global
Methods and Local Methods. Global Methods[1] ,[2] solve the col-
lision avoidance problem by an entire path planning which is only
suited for structured and static environment. Moreover, the compu-
tational cost of Global Methods is expensive and usually increases
exponentially along with the number of manipulator’s joints. On
the other hand, Local Methods[3] ,[4] solve the collision avoidance
problem in unstructured and dynamic environment. Local Method’s
system has the ability to be flexible even in surroundings with lim-
ited information. The information of the environment used in Local
Method is naturally restricted to perform the tasks on-line in limited
recognition time.

The future information required for path planning can be avail-
able to use for Local Method, then it should be possible that the real-
time configuration control in Local Method may approach the con-
figuration behavior of Global Method. We had connected the con-
cepts of Local Method and Global Method by introduced a concept
of Multi-Preview Control strategy. We had also proposed adaptive
system using Local Method. The features of our system are shown
in Fig.1 where the camera scene area symbolizes the restricted in-
formation of environment. In Fig.1, the camera and the manipula-
tor’s hand are supposed to move synchronously to achieve on-line
operation depending on the real-time restricted information. When
the camera detects a new obstacle appearing suddenly in the scene,
the manipulator must change its configuration immediately to avoid
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Fig. 1 Processing system for unknown object

it. We have to measure the shape of working object before start-
ing task to complete path-planning using Global Methods, so we
have to predetermine the shape of manipulator that does not collide
from the start to goal of the hand’s task, and the manipulator traces
the shape successively to complete the task. Multi-Preview Con-
trol can refer to many shapes of manipulator optimized by avoid-
ance manipulability to induce the current manipulator’s shape[5] ,
and avoid collisions with the obstacles. However, because Multi-
Preview Control can not immediately compensate the error when
manipulator is tracking trajectory or avoiding obstacle, there are
still existing possible situations that manipulator could not avoid
collision effectually. Moreover in actual working situation, oscilla-
tion or overshoot on the tracking trajectory of manipulator’s hand
may occur because manipulator has dynamics.

For these problems, the prediction of manipulator’s future con-
figuration has possibility of effectively compensating a tracking er-
ror. In other words, predictive control of redundant manipulator
considering avoidance manipulability may realize fast and preci-
sion working. Therefore this paper deals with fundamental research
on the prediction of future configuration of redundant manipulator
based on Multi-Preview Control, and discusses its effectiveness by
comparison to Multi-Preview Control through simulations.
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Fig. 2 Multi-Preview Control system

2. AVOIDANCE MANIPULABILITY SHAPE
INDEX WITH POTENTIAL

We proposed Avoidance Manipulability Ellipsoid and Avoidance
Manipulability Shape Index (AMSI) in[5] , and Avoidance Manipu-
lability Shape Index with Potential (AMSIP) in[6] . Avoidance Ma-
nipulability Ellipsoid is applied from Manipulability Ellipsoid pro-
posed by Prof. Yoshikawa in[7] . We will elucidate them briefly in
this section.

When the desired hand velocityṙnd is given,q̇n is solved as

q̇n = J+
n ṙnd + (In − J+

n Jn) 1l, (1)

whereJ+
n is the pseudo-inverse of Jacobean MatrixJn andIn is

an×n unit matrix. In addition,1l is an arbitrary vector. Trajectory
tracking of the hand and collision avoidance can executed simul-
taneously through this vector1l. Here, control variable1l is de-
termined so as to make actual manipulator’s shape at current time
q(t) close to future optimal shape by referring to the future opti-
mal shapes of imaginary manipulators. The relation of the desired
velocity of thei-th link 1ṙid and the desired hand velocityṙnd is
shown in Eq.(2).

1ṙid = J iJ
+
n ṙnd + J i(In − J+

n Jn) 1l (2)

Here we define two variables shown in Eq.(3) and Eq.(4).

∆1ṙid
4
= 1ṙid − J iJ

+
n ṙnd, (3)

1M i
4
= J i(In − J+

n Jn). (4)

According to Eq.(2),Eq.(3) and Eq.(4),∆1ṙid can be rewritten as

∆1ṙid = 1M i
1l. (5)

In Eq.(5),∆1ṙid is called the first avoidance velocity and1M i is a
m×n matrix called the first avoidance matrix.

Next, we will represent the Avoidance Manipulability Ellipsoid.
Providing that1l is restricted as‖1l‖ ≤ 1, then the extent where
∆1ṙid can move is denoted as

∆1ṙT
id(1M+

i )T 1M+
i ∆1ṙid ≤ 1. (6)

If rank(1M i) = m, the ellipsoid represented by Eq.(6) is
named as the first complete avoidance manipulability ellipsoid. If
rank(1M i) = p < m, the ellipsoid is named as the first partial
avoidance manipulability ellipsoid.

The volume of each Avoidance Manipulability Ellipsoid indi-
cates mobility of each link (shape-changeability). The larger total
volume indicates the higher whole avoidance manipulability. We
evaluated total volume as Avoidance Manipulability Shape Index

(AMSI). Then we proposed Avoidance Manipulability Shape Index
with Potential (AMSIP) which considers AMSI and the distance
between the manipulator and target object. And we verified the su-
periority of AMSIP through the simulation in[6] .

3. MULTI-PREVIEW CONTROL

Multi-Preview Control controls current manipulator’s shape by
referring several imaginary manipulator’s shape at several future
times. We assume three imaginary manipulators are used for refer-
ring so as to make it easy to explain the effectiveness clearly. Multi-
Preview Control System is shown in Fig.2 which is a configuration
control method to change current manipulator’s shape satisfying
non-collision requirement by referring to the future configurations
based on an on-line measurement. It consists of an on-line mea-
surement block, a path planning block, a redundancy control block
and redundant manipulator. On the assumption that current time is
represented byt, and the future times are defined ast∗i = t + it̃,
(i ∈ [1, p]) where t̃ denotes preview time andi is the number of
future times. A measurement block detects a desirable hand posi-
tion rd(t∗i ) on the surface of the target object at timet∗i , which is
reasonably assumed to be possible to detect the future information
only in the detected camera image in Fig.1. Firstly, potential space
based on the detected shape of the target object is created around it
at the path planning block. Then the path planning block outputs the
optimal shapẽqd(t∗i ) corresponding to the maximum1S presented
in [5] at the future timet∗i (imaginary manipulator) by 1-Step GA.
The control block outputs desired joint angular velocityq̇d(t) that
makes actual manipulator’s shape at current timeq(t) close to the

optimal shape in the future by referring to
p

X

i=1

q̃d(t∗i ).

An equation which realizes this control system is named as Pre-
view Control equation and expressed as follows

q̇d = J+
n ṙnd + (In − J+

n Jn)l(t).

(7)

wheren×1 matrix l(t) is defined as

l(t) = Kv(

p
X
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, (8)

when redundant degreesj remains and the redundancy is used for
the joints from 1 toj.



4. PREDICTIVE CONTROL METHOD

We used predictive value of manipulator’s configuration in pre-
view control equation. In order to make the actual manipulator’s
posture be closer to the future configuration of imaginary manip-
ulator, we changed thel(t) of the second part of Multi-preview’s
control equation as follow.

l(t) = Kv

p
X

i=1

ki

„

q̃d(t∗i ) − bq(t∗i )

«

(9)

We thought that thebq(t∗i ) is the future configuration’s predictive
value of manipulator. And in our research, we gave the following
Eq.(10) because we definet∗i = t + i·t̃ in the previous section.

q(t∗i ) = q(t + i·t̃), (i = 1, 2, · · · , p) (10)

After using Taylor expansion to calculate the predictive value
bq(t∗i ), then following equation Eq.(11), which is first approxima-
tion of Taylor expansion, could be derived,

q(t + i·t̃) ≈ q(t) + i·t̃q̇(t) (11)

To the differential part in Eq.(11), we did approximate calcula-
tion by using Eq.(12).

q̇(t) ≈ q(t) − q(t − h)

h
(12)

Whereh is a tiny value. Based on the above equations, we did
first approximate calculation to the Taylor expansion for manipula-
tions’ future configuration value, and after replacing the differential
term of Eq.(11) to Eq.(12), we can derive the predictive equation
bq(t∗i ) of actual manipulators’ configuration as follow.

bq(t∗i ) = (1 +
i·t̃
h

)q(t) − i·t̃
h

q(t − h) (13)
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Fig. 3 Structure of PA10

Fig. 4 Outside appearance of simulation

5. SIMULATION

In order to compare the Multi-Preview Control with predictive
control, we use a 7-link manipulator for simulations, which is pro-
duced by Mitsubishi Heavy Industries named PA10 and the struc-
ture of PA10 is shown in Fig.3. Hand tracking trajectory and given
manipulator’s shape are depicted in Fig.4, target hand trajectory is
predefined. In addition, the kinematics of PA10 is implemented in
the simulator. The solid line in Fig.4 expresses a target trajectory
set to be followed. The simulation’s screen shot is shown in Fig.5.
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Fig. 5 Screen shot of simulation
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Fig. 6 Actual and predictive angle of link 1

-60

-40

-20

0

20

40

60

80

100

0 2 4 6 8 10 12 14 16 18 20

q̂2(tÉ3)

q̂2(tÉ2)

q2(t)

q̂2(tÉ1)

Fig. 7 Actual and predictive angle of link 2

The angle of actual manipulators’ link 1 and the predictive an-
glesq̂1(t

∗
1), q̂1(t

∗
2), q̂1(t

∗
3) of manipulators’ link 1 are respectively

indicated in Fig.6. Similarly, the angle of actual manipulators’ link
2 and the predictive angleŝq2(t

∗
1), q̂2(t

∗
2), q̂2(t

∗
3) of it are respec-

tively indicated in Fig.7. Moreover, we use Runge Kutta method
to calculate current angle of actual manipulator in simulation, the
interval timeh of Runge Kutta is 0.03 [s], and the valueh also be
used in Eq.(13). In addition, the predictive interval timet̃ of bq(t∗i ) is
1.2 [s] and also the same as preview time in Multi-Preview Control,
by the other word,bq(t∗1), bq(t∗2) andbq(t∗3) express the predictions
of future configurationsq(t + 1.2), q(t + 2.4) andq(t + 3.6) at t
respectively.

After analyzed Fig.6 and Fig.7, we considered that the angle
of actual manipulator is changing according to predictive value.
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For example, in Fig.6, the angle of actual manipulators’ link 1
at t=12[s] has three predictive valuêq1(t

∗
1), q̂1(t

∗
2), q̂1(t

∗
3) equal

to 33.8[deg], 38.0[deg], 42.2[deg] and the actual angle approxi-
mates to 29.7[deg], whent=13.2[s], actual angle approximates to
27.9[deg]. The angle of actual manipulators’ link 1 has three pre-
dictive valueq̂1(t

∗
1), q̂1(t

∗
2), q̂1(t

∗
3) equal to 22.9[deg], 17.9[deg],

12.9[deg] att=13.2[s], whent=14.4[s], actual angle approximates
to 22.0[deg]. Similarly the angle of actual manipulators’s link 1
has three predictive valuêq1(t

∗
1), q̂1(t

∗
2), q̂1(t

∗
3) equal to 16.0[deg],

10.1[deg], 4.2[deg] att=14.4[s], whent=15.6[s], actual angle ap-
proximate to 14.4[deg]. Obviously, the posture of manipulator
could be closer to the future configuration expressed by predictive
values. We thought that actual manipulators’ posture could be fore-
casted effectively by using predictive control.

But in Fig.6 and Fig.7, we found that predictive values increased
suddenly with high speed att=9, and reason of the problem could
be explained by Fig.8. In Fig.8 we could understand that values
of angular velocity of link 1 and link 2 changed to two big val-
ues whent=9, because of the predictive Eq.(13) based on equation
Eq.(12) which can also to be known as calculating angular veloc-
ity. So the problem of predictive values changing suddenly could
be interpreted.

Furthermore, we got the AMSIP average of actual manipulator’s
posture by using Multi-Preview Control and predictive control by
fifteen times respectively, and indicated the average values by time
t in Fig.9. Compared with Multi-Preview Control, we believe that
AMSIP value can maintain a higher value by using predictive con-
trol. Through simulations, we thought predictive control has a pos-
sibility to be superior to Multi-Preview Control.　

Finally, we investigated the manipulability degreeω(q(t)) of ac-
tual anglesq(t) and the predictive angleŝq(t∗1), q̂(t∗2), q̂(t∗3) of
manipulators based on Eq.(14), and showed the result by Fig.10.

ω(q(t)) =

q

detJn(q(t))JT
n (q(t)) (14)

Observed Fig.10, we obviously can believe that predictive con-
trol can also predict the manipulability degree of manipulator. How-
ever, whent=9 the value of manipulability degree get large sud-
denly, and manipulability degree become difficult to be predicted.
About this problem, we also need to do further study.
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6. CONCLUSION

In this paper, we propose predictive control that is improved and
modified from Multi-Preview Control to solve a on-line trajectory
tracking and obstacle avoidance problem for redundant manipula-
tor. We verify the validity of predictive control through simulations
of comparing it with Multi-Preview Control. By using predictive
control, the manipulator’s shape changes early to avoid collision
with working object, and completes desired hand task in more se-
cure situation because of higher AMSIP value existed. From simu-
lation results we have proved the effectiveness of applying predic-
tive control to Multi-Preview Control. However, sometimes predict
outcome cannot continue to derive desired state because predictive
values sometimes are too large as shown in simulation when we
use the predictive control. Hence the next step of our research is to
consider these issues seriously and find the way to resolved them
successfully.
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