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ABSTRACT

IYruit harvesting robots should have more diversity and flexibility in the
working conditions and environments than industrial robots. This paper
presents an cefficient optimization algorithm for redundant manipulators to
avoid obstacles using dynamic performance criteria, while the optimization
schemes of the previous studies used the performance criteria  using
kinematic approach.

IFeasibility and cffectiveness  of  this  algorithm were tested through
simulations on a 3-degrees—-of -freedom manipulator made for this study.
Only the position of the end-effector was controlled, which requires only
three degrees of freedom. Remaining joints, except for the wrist roll joint,
which does not contribute to the cend-effector lincar velocitly, provide two
degrees of redundancy.

The algortthm was cffective to avoid obstacles in the workspace cven
though the collision occurred in extended workspace, and it was found be to
a uscful design tool which gives more flexibility to design conditions and to
find the mechanical constrdaints for fruit harvesting robots.
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INTRODUCTION

Generally, redundant manipulators give a flexibility to perform a complex
task. Such a characteristics of redundancy can help manipulators avoid
obstacles or singularity avoidance with high manipulability while tracking a
specified end-cffeclor trajectory. Consequently, redundant manipulators have
more advantages and cffectiveness for robots used in biological production
such as fruit harvesting which has more complicated obstacles or
cnvironments than for industrial robots, which have well-known obslacles or
cnvironments.

Since a kinematically redundant manipulator has more degrees of freedom
than the workspace coordinates required to track a desired trajectory, an

infinitec number of solutions for joint velocities 6 are obtained by inverse
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kinematics for the given workspace velocities 2. The robot manipulators not
only requires a task tracking a given workspace trajectory but also requires
many subtlasks such as obstacles or singularitiecs avoidance and maximizing
manipulability. However, it is difficult to get  inverse kincmatic solutions
satisfying such subtasks simultancously. Many rescarchers have studied on

BT .
' . IFor an example, a

this problem to guarantee an optimality of system
scheme projected onto the null space of Jacobian using the gradient vector
of scalar function, which cvaluates the performance of global systcm, was
proposed by many rescarcherg! M2MAMTINTIRIN (2411271 However, it does not
guarantee global optimality (or all components which affect the manipulator.
In practice, however, it is required to have global optimality in order for the
manipulator to perform a given task. An alternative scheme minimizing the
integrated cnergy in the total system while performing tasks in order to
guarantec global optimalitly was pr()poscdm'. Since a global optimization
scheme has more computational complexity, it is not suitable for real-time
computation.

Local optimization scheme  that  determines  the  joint  velocitics
instantancously using present redundancy and scnsor-based information is
suitable for rcal-time implcnwntatiun”". Generally, local optimization scheme
uses a cost function projected onto its null space of cach joint on velocity
level or considers the priority of task to find a optimal solution'® """
Yoshikawa ct. al. suggested a performance index to avoid a singularity and
to maintain the manipulability denoted by the Jacobian norm'?. Macicjewski
ct. al. and Nakamura uscd the priority of task to get an optimal solution for
the manipulators o perform combined multi-subtasks'™".  Since the path
control using inverse kinematics based on the velocity level, which  ignores
its dynamics, may gencrale excessive joint torque, many rescarchers have
studiecd on dynamic stability. Hsu, Hasuer and Sastry suggested a
closed-loop control law that guarantces dynamic stabilitly while tracking a
given tra,iwmry'?‘r". Chung ct. al. proposed an algorithm for obstacle
avoidance, which switches the acceleration projected onto the null space with
kinematic performance criteria, using the Jacobian minor proposed by
Chang''"M",

However, these approaches have a limitation- on solving an obstacle
avoidance problem for fruit harvesting robots since the work environments
are  more complex. This paper presents  an  algorithm  for  redundant
manipulators with dynamic stability which guarantees to avoid obstacles,

1241127}

using the kincmatic definition , while tracking the desired cnd-effector

trajectory with dynamic stability.

— 1064 —



DYNAMIC CONTROL LAW WITH OBSTACLE AVOIDANCE

Diffcrential kinematics of robot manipulator can be expressed as follows,
using the manipulator Jacobian which can be denoted by J.

x=]6 (1)
And the general form of manipulator dynamics is represented by

M(6) 6+ N6, ) = (2)
The joint torque r&R” ™ necessary o realize the desired acceleration 8 is
calculated by using the dynamic model described by Eq. (2).  Differentiating
Eq. (1) with respect to time ¢, the following differential relation f{or
accelerations is obtained.

x=J6+]b (3)
In the resolved acceleration control [Takase 19765 Luh,Walker, and Paul
19811, the joint velocities 6 arce determined for the specified end-effector
acccelerations in the cartesian coordinate, 92“. Since the Jacobian J is not
square ( m > n ), the Pscudo-inverse J', as shown below, must be used to
obtain the inverse relation[lsu,Hauser and Sastry 1988].

8=7 (x—JO+ 8, 4)

where 6y is a vector ficld projected onto the null space of J. A new
. | . . h g .
Pscudo-inverse J' using the reference velocity of the 77 link, which
guarantces o avoid  obstacles and extends the workspace, is defined as a
unique malrix  which satisfies the following conditions like the Moore
-Penrose generalized inverse of Jacobian.
| i [ +
=7 , I =7.
} 7 _ 71 INT_ '
g n' =I5 Y '=Jj. (5
If ]ER(" ") n) is of full rank (thce manipulator must not be in a

singular configuration), the following relation is obtained.

J'=w'ygw 'y ! (6)
where J' satisfies JT' =1 (I is the identity matrix) as well as Eq. (5). As
shown In Eq. (6), J' is a wecighted Pscudo-inverse. If it has the relation

W=M'M as proposed by Kazcrounian and Nedungadil26], the weighted
Pscudo-inverse is weighted by squared inertia matrix to avoid instability
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situation.
From Eqg. (2) and (4), a control law to track a given workspace trajectory

can be specified as follows. Let the control 7 be given by
r=M{J]' (x;+ K.e+ Ke— JO)+ ¢y }+N (7)

where e2x,—x is the tracking error, K, and K, arc matrices with constant
feedback gains, and ¢, is a vector in the null space of J. If the
manipulator doces not pass through a singularity, then the control law by
specified by Eq. (7) guarantees that the tracking crror converges to zerol25].
The closed loop system is given by

MO+ N=M{]'(Xs+ ket ke—JO) + ¢y )+ N (8)
Iig. (8) is simplified as follows.
o=7" (x~JO)+ by (9)
6=7 (x+K,e+ Ke—JO)+ ¢y
Since M is uniformly positive definite, combining Eq. (4) and Eq. (9) yields.
J' (et K.et+ Ke)= 0y ¢y (10)

Premultiply Eq. (10) by J, then the following rclation is obtained since

JJ'=1 when J is of full rank and dy— ¢,y belongs to the null space of J.

e+ K.e+tKe=0 an

Eq. (11) implies that ¢ goes to zero exponentially by a proper choice of K,

and K, (cg., K,=kJd and K,=kJ with s'+ks+k; a Hurwitz
polynomial).

In general, it is nol guaranteed that the manipulator avoids singularitics
while tracking a given cnd-effector trajectory. Therefore, it is very
important to choose a value of ¢,. Sometimes the situation in which the
manipulator configuration is in a singularity position must bhe considered. In
this study, the new Pscudo-inverse of J can be found using the singular

value decomposition.  Since JJ'#1 at a singularity, Eq. (11) will be true
only if e+ K,e+ K is in the range of J. Fortunately, a proper choice of
¢y (in the null space of J) can help the manipulator avoid singularitics.

Also it is reguired to satisly the following conditions in order to choose
¢n carefully. When (x, x) arc considered as the outputs of the system, the

components of joint velocities in the null space of J are unoverservable.

—~ 1066 —



Unless we usc ¢y (o control the components of joint velocities, the

manipulator may have undesirable configurations or even become unsiable.
The objective is to control the joint velocitics in the null space of J in
order to have a good system behavior (c.g., stability ) and to accomplish a
given subtask such as the avoidance of obstacles or singularities.
Ifirst, the sitvation (o make the null space joint velocity track a given
null-space  velocity  is  considered as  follows. Let a vector function

g)=2, 'ZZER"' be given, and the null space joint velocity track the

projection of g onto the null space of J. Since (I—J'J)) are the vectors
projected onto the null space of J, this is the same as

exa(I-7' N g— 8) (12)

The inverse kinematic solutions for Eq. (1) arc infinite since the joint
coordinates have more than the workspace coordinates. Therefore, in a
sense of least square norm consideration, the solution can be obtained as
follows, and it converges 1o zero.

=7 x+I-]'Dg (13)

where x means the desired trajectory of end-effector velocity and g is the
cost {unction that provide to perform a subtask(c.g., singularity or obstacle
avoidance).

The following describes how to derive $, to get the desired result.
Substituting Eq. (1) into Eq. (13) gives
8=7]'16+(I—J' De (14)

From Eqg. (14), the null space error can be derived, by subtracting 6 from
both sides, as follow.

ey=—I-T'Do+U-] Deg=UI-]" D(g— 6 (15)

Also, ¢ can be casily defined as follows.  Similarily to Eq. (9) belonging

to the null space of J(when J is of full rank), the relation is given by
B=7'"(x—JO) + ¢y (16)
Rewriting Eqg. (16) and solving for ¢, leads to

n=0-T 2+ J'x+]' JI-]' De
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=8-J x+]' Je-J Kg= O)+]' KI-J' Ng— 6

=0-]'x+] J8+]' Jen

=80-J' (x=JO)+]' Jey

=(I-]'DO+]" Jen an
I the manipulator does not pass through a singularity, the control can be

expressed by the following relation, which has the same form as the one
given by Lq. (7).

dn= O,ut]' Jey (18)

where 8, is null-space acceleration. Then, the tracking crror € converges
to zero and the joint velocity converges to the null space of J, i.c.,, eyx—0.
As shown in Eq. (18), ¢, may have two kinds of variablcs for task

manipulation. For example, onc is to optimize joint torque and the other is to
avoid obstacles.
In this casc of task manipulation, its closed loop cquation can be represented

as follows.
MO+ N=M{J' (£;+ ket ke— JO+T—T DM 'N+]" ' Jey } + N
ex2(I-J, )(g— 6) (19)

where J, is the weighted Pscudo-inverse using W (2 =[ 2]],-T],-] ), which is
&

uscd for obstacle avoidance and gencration of flexible joint space, proposed

1271 [ . . . . 126)
by Ryuh'", and J' is the incrtia weighted Psceudo-inverse ™.

SIMULATION

Simulation by numerical analysis was carried out to cvaluate how
effectively the proposed algorithm reduces torque required for the kinematic
task such as obstacle avoidance. The simulation was applied to a planar
three-link manipulator, which has links of a unit length with the mass of 10
kg so that they are modeled as uniform thin rods. A Kinematic task was
specificd as a path of the end-cffector in the Cartesian coordinates, with
zero initial and final velocities.  Joints are assumed to start at rest from a

given initial  arm  configuration [ 6,= ( = 5 0)]. The 4"-order

Runge-Kutta integration algorithm was applicd to obtain joint positions and
velocities from the NODE of forward dynamics.
Variation in torque for the joints are shown in Fig. 1 and Fig. 2 for the
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proposed algorithm and the conventional unweighted algorithm, respectively.
It is noticed that torque variation for the unweighted algorithm is excessive
at the start while that for the proposced algorithm is rather smooth.

Fig. 3 shows the simulation results for obstacle avoidance obtained (rom
the proposed and the unweighted algorithms, respectively. It is noticed that
the link configuration with the proposed algorithm had no collision with
obstacles while that with the unweighted algorithm proposed by Hsu, Hauser
and Sastry had collision with an obstacle.

Fig. 4 shows the link configurations for 4 different reference velocities
with the proposced algorithm. It is noticed that excessively large values of
reference velocity (such as (¢) and () in Fig. 4) might cause collision with
obstacles.

I'rom the simulation results, the following conclusions were drawn.

(1) The proposed algorithm can gencrate more stable command torque for
a multiple task than the conventional algorithm.

(2) A kinemalic performance criteria can contribute to increasing the
dynamic stability while performing a kinematic task such as obstacles or
singularity avoidance as shown in Fig. 4.

(3) The kinctic and kinematic performance coriteria in the proposed
algorithm can  significantly reduce excessive command torque at different

levels of reference velocity.

CONCLUSION

The concept of dynamic stability with kinematic performance criteria was
introduced into the inverse kinematic problem of redundant manipulators, and
an inverse kinematic solution was derived taking into account the reference
velocily to avoid obstacles. Numerical simulation was performed to verify the
effectiveness and performance of the proposed algorithm. I was confirmed
that a Kinecmatic task can be achieved with dynamic stability by the mutual
aids between dynamic optimality and kinematic performance criteria.

The obstacle avoidance problem could be solved by the reference velocity
given by  sensor-based  information used to determine the manipulation
variable. It is concluded that the proposed algorithm was suitable for
avoiding obstacles with dynamic stability by the reference velocity given
from scnsor-basced information.

REFERENCES

[1] IL. Hanafusa, T. Yoshikawa and Y. Nakamura, 1983. "Control of Articulated
robot arms with redundancy.” Int. Control Science and Tech. for the Prog. of

— 1069 —



Society (In Proc. 8th Triennial World Congress of IFAC), ed. H. Akashi, Vol. 4,
pp1927-1932.

[21 T. Yoshikawa, 1984 "Analysis and Control of Robot Manipulator with
Redundancy” In Robotics Rescarch, eds. M. Brady and R. Paul, pp.735-747.
Cambridge, MA: MIT Press.

(31 J. Y. Luh, M. W. Walker, and R. P. C. Paul, 1985 "Resolved Acceleration

Control of Mechanical Manipulators” [EEE Trans. Automatic Contr. 25(3) pp.
468-474.

[41 A. A. Macicjewski and C. A. Klein, 1985 " Obstacle Avoidance for
Kinemalically Redundant Manipulator in Dynamically Varying Environments” The
Int. J. of Robotics Resecarch. Vol. 4, No.3, pp109-117.

[5] O. Khatib, 1986 "Real-Timec Obstacle Avoidance for Manipulators and Mobile
Robots” The Int. J. of Robolics Research Vol. 5. No. [ pp90-98, Spring.

[6] M. Kircanski and M. Vukobratovic, 1986 "Contribution to Control of
Redundant Robolic Manipulators in an Environment with Obstacles” The Int. J of
Robotics Rescarch. Vol. 5, No. 4, pp112-119.

[71 Y. Nakamura and 1l. Ianafusa, 1987 "Task-priority based Redundancy
Control of Robot Manipulators” J. of Robotics Research, 6(2) pp.3-15.

[8] 1. Zghal, R. V. Dubey and J. A. Euler, 1990 “Efficient Gradient Projection
Optimization for Manipulator with Multiple Degrees of Redundancy” IEEE Trans.
on Robotics and Automation pp.1006-1011.

[91 R. V. Dubey, J. A. Euler and S. M. Babeock, April 1988 "An Efficient
Gradient  Projection  Optimization Scheme for a  Seven-Degree-of  Freedom
Redundant Robot  with  Spherical Wrist” in Proc. of the IEEE International
Conference on Robotics and Automation, pp.28-36.

[10] J. A. Euler, R. V. Dubey and S. M. Babcock, 1988 "Self Motion
Determination Based on Joint Velocity Bounds for Redundant Robots” in Proc. of
the Second Int. Symp. of Robotics and Manufacturing Research, Education and
Application, pp.291-298, ASMI press, November.

[11] Y. Nakamura "Advanced Robotics: Redundancy and Optimization” Addison
-Wesley Publishing Company

[12] C. A. Klein and C. 1. Huang " Review of Pscudoinverse Control for Use
with Kinematically Redundant Manipulator” IEEE Trans. Sys., Man, Cyber
SMC-13(3): pp245-250

[131 D. E. Whitney " Resolved Motion Rate Control of Manipulators and Human
Prostheses” TEEE Trans, Man-Machine System, MMS-10(2) pp.47-53

[14] J. K. Salisbury and J. T. Craig " Articulated Tands: Force control and
Kinematic Issures” Int. ] of Robotics Research 1(1); ppd-17

[15] L. D. Walker, 1990 " The Use of Kinematic Redundancy in Reducing Impact
and Contact Effects in Manipulation” Int. | of Robotics and Automation
ippd34-439.

(161 O. Khatib and A. Bowling, 1996 "Optimization of the Inertial and

—1070—



Accclevation  Characteristics of Manipulators” Proe. of [EEE R & A. Int. conf. on
Robotics and Automation. pp.2883-2889

[171 W. ]J. Chung, W. K. Chung and Y. Youm, 1992 " A new Dynamic Control
of Kinematically Redundant Manipulators” Jnl. of KSMIE pp.625-628

[18] M. Secraji, 1989 "Configuration Control of Redundant Manipulators @ Theory
and Implementation” IEELR Trans. on Robotics and Automation 5(4) pp.472-490

[19] K. S. Chang and . Khatib, 1995 “Manipulator Control at Kinematic

-----

Automation 5(4) pp.84-88

[20] J. Park, W. K. Chung and Y. Youm, 1995 "Specification and Control of
Motion for Kinematically Redundant Manipulators” Proc. of TEEE R & A. Int.
confl. on Robotics and Automation pp.89-94

[21] K. V. D. Docl and 1. K. Pai, 1994 "Constructing Performance Measures for
Robot Manipulators” Proc. of IEEE R & A. Int. confl. on Robotics and
Automation. pp.1601-1607

[22] 1. D. Walker and S. 1. Marcus, 1988 "Subtask Performance by Redundancy
Resolution  for  Redundant  robol  Manipulators” [IEEE J. of Robotics and
Automation 4(3). pp.350-354

[23] J. M. Hollerbach, 1987 "Redundancy Resolution of Manipulators through
Torque Optimization” 1EEE J. of Robotics and Automation 3(4). pp.308-316

[24] Y. S. Ryuh and K. I Ryu, 1995 "Obstacle Avoidance Algorithm for Fruit
harvesting Robots” Proc. of ARBIP in Japan. Vol.2 pp.1-8

[25] 1. Hsu and J. Tlauser, S.Sastry,1989  "Dynamic Control of redundant
Manipulators” Int. J. of Robotlics Systems 6(2). pp. 133-148

[26] K. Kazerounian and A. Liegeois, April 1986, " A Study of Multiple
Manipulator Inverse  Kinematic  Applications  to  Trajectory  Planning  and
Workspace Determination”, Proc. [EEE Int. Conf. Robolics and Automation,
pp. 1180-1185

(271 Y. S. Ryuh and K. [l Ryuy, 1996 "Generation of Extended Workspace and
Velocity  Limitation  of  Collision  Considering  the  Flexibility of Work
Environments” PProc. of Int. conf. of ICAME

4 iﬁ,
nn
W
nn
m
i 100 “
[ "r H
s - S T
ST .
i
m
on m
N
o . m i
Time frert Time Imoe-)

Ifig. 1 Vanation in control torque with IFig. 2 Variation in control torgque with
the new algorithm developed. the Hsu algorithm

—1071—



para Ty

Mtncemy ans

IFig. 3 Joint configuration with the
new algorithm developed.

(c)

PAIN THY L witneaT ane

e rie

Fig. 4 Joint configuration with the
Hsu algorithm

(b)

DAIM FILS . wtirtal nmt

PATA CUE . wrthetad e

Iig. 4 Joint conligurations for 4 different levels of reference velocities with
the order of magnitude in a<b<c<d in Obstacle Area B (In Obstacle

Arca A, ali
velocities).

have the same

magnitude  and  direction of reference

—1072—



