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Optimal Trajectory Control for Robot Manipulators
using Evolution Strategy and Fuzzy Logic

Jin-Hyun Park, Hyun-Sik Kim, and Young-Kiu Choi

Abstract : Like the usual systems, the industrial robot manipulator has some constraints for rmotion. Usually we
hope that the manipulators move fast to accomplish the given task. The problem can bhe formulated as the
time- optimal control problem under the constraints such as the limits of velocity, acceleration and jerk. But it is
very difficull to obtain the exact solution of the time-oplimal control problem. This paper solves this problem in
two steps. In the first step, we find the minimum time trajectories by optimizing cubic polynomial joint
trajectories under the physical constraints using the modified evolution strategy. In the sccond step, the conftroller
is oplimized for robot manipulator to track precisely the optimized trajectory found in the previous step.

Experimental results for SCARA type manipulator show that the proposed method is very useful.

Keywords : optimal trajectory planning, MIMO fuzzy controller, modified evolution strategy

1. Introduction

Robot manipulators have become to be indispensable
for factory automation. In order to increase the produ-
ctivity, it is desirable lo move the manipulators as fast
as possible. Howcver, the manipulators have some
physical constraints such as the limits of position,
velocity, acceleration, and jerk. Therefore, It is des-
irable to solve the minimum-time contral problem [1]
[5]. But it is very difficult to solve the problem. In this
paper, we solve this problem in two steps. In the first
step, we find the optimal trajectory along which the
robot moves under the constraints. In the second step,
the fuzzy controller is optimized for the robot to
precisely track the trajectory optimized in the previous
step.

In the first step, the path of robot is specified by a
sequence of knot points i the task space. The
trajectory between the knot points is described by the
cubic polynomials, and parameterized by time intervals
between the knot points. Each time interval should be
optimized so that the total traveling time, which can
be regarded as a performance index, may be minimi-
zed under the constraints. To find the optimal inter -
vals, the flexible polyhedron search method was used
by Lin et al. [11[5]. But this algorithm has characteri—
stics of local search whose performance depends on
initial conditions [2]. In this paper, the time intervals
are optimized by using the modified Evolution Strategy
(ES) [3] which is a kind of evolulionary algorithms
and is known to be simple and have excellent global
search feature.
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In the second step, using the modified ES we con-
duct tuning operations for a fuzzy logic controller of
the manipulators to precisely track the trajectories
optimized in the first step. In this case, the perfor
mance Index can be formmulated as an integral of
squared error between the desired trajectory and
actual trajectory. A conventional fuzzy logic method
can not he easily applied to the manipulators which
are Multi-Input-Multi-Output (MIMQ) systems, and
thus requires a large number of rules in the rule base.
Recently, 2 New Fuzzy Reasoning Method (NFRM)
was proposed and turned out to be simple and superior
to the Zadeh's fuzzy reasoning method [4]. This fuzzy
reasoning method is composed of fuzzification, a
relation matrix and defuzzification. The fuzzy
reasoning method uses the relation matrix in place of
the general fuzzy reasoning rules. Therefore, fuzzy
reasoning method does not require long calculation
time (reasoning time) and its reasoning accuracy is
good in comparison with that of the general fuzzy
reasoning rules and its structure is simple. To handle
the MIMO system, we extend the NFRM by enlarging
the number of relation matrix elements in fuzzy
reasoning method. However, it is difficult to choose a
proper relation matrix of the NFRM and the extended
fuzzy reasoning method. Therefore, we do efficiently
the tuning operation for the extended fuzzy reasoning
method using the modified ES. Finally, we have
applied the trajectory planning and control method to
the SCARA-type robot manipulator, and found that
the control performance is very effective in the sense
of fast trajectory planning and accurate trajectory
tracking.

II. Formulation of robot manipulator trajectory

In this paper, robot trajectory is constructed by a
sequence of cublc polynomials, which was formulated
by Lin et al. [1][51.

Sinee cubic polynomial trajeciories are smooth and
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have small overshoot of angular displacement between
two adjacent knot points, Lin et al. adopted the idea of
using cubic spline polynomials to fit the segment
between two adjacent knots. In order to satisfy the
continuity conditions for the joint displacement, velo-
city, and acceleration on the entire trajectory for the
cartesian path, two extra knot points with unspecificd
joint displacements must be added to provide enough
degrees of freedom for solving the cubic polynomials
under continuity conditions.

When the knot points in the joint space are
specified by qi, @z, Q4 -, In-3, Gn-2, On {(qz and qp-1 are
unspecified extra points.) and the time intervals di's
between the knot points are given, the joint trajectory
can be described as follows [11. Let Q(t), Qi(t), Qv
and be position, velocity and acceleration between the
knot points i and g-1, respectively.

Position :
Q(t)H—Q( )(t,_,,l_) Q(t+])(t—t)
1
+|}q_“.]__ dex{tHI)J(t - tl)
d, 6
,_4,0,t)
+l:-j—l-—"6—:1(t”_l _T'i) (l)
where 1 = 1, 2, ... , n-1,
d’)
q,=q,+d,v, +— 3 +—Q (t,)
= n beigy i),
qn--] ql\ +dn ]vn +— 3 6 Qn—z( n—l)
Velocity :
~ __Q.(t,) 2 Q,(t,u) - 2
Q,(t)--—zr(twl 8] +—2d. (t-t,)

+ _qx_ﬂ__dn(-i)x(lnl) _ L_d'é|(t‘) .
d 6 d 6 (2)

where i = 1, 2, ..., n—1L.
Acceleration :
. ~(t—1,,) = t—t,
= . t
Q.1 a Q,(t)+ i Q) (3)
where i=1, 2, ..., n-L

The accelerations described above in each time
interval can be computed using the positions of knot
points and the time intervals, given both velocities and
accelerations al the initial and final knot points.

To obtain the minimwn-time trajectory under the
constraints, each time interval di has to be optimized.
A flexible polyhedron search method was used to find
the minimum -lime trajectory [1]. However, the search
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Fig. 1. Robot manipulator trajectory.

method is not only complicated but has characteristics
of local search whose performance depends on the
initial conditions.

In this paper, to find the optimal time intervals di's,
we adopt the modified ES {3], which is simple and has
excellent global search performance.

The rmmutation operation of the modified ES is
described as follows. The offspring parameter vector
X' is the sum of the parent parameter vector X and a
(Gaussian random vector with zero mean and standard
deviation o.

= X+ N{(0,0)
c=CHT, ~f,) {4)

where C iz a constant vector, fx means the best
fitness function, and fa denotes the average fitness
function.

A fitness function is necessary to [ind excellent
individuals, and is defined as the inverse of the sum of
traveling time and penalty functions caused by
violating the given constraints. This means that a
individual has a low evolutional probability in the case
of long traveling time and a large penalty function
value. The fitness function at the k-th individual has
been chosen as [ollows:

1

fk = nl 2 3 5
1+ Zhy, +p0 P +P;
n— N onel .
pl = W\cl X(% lovc(.]vl)) ? pz = V\f’m X(Z} Z;OAC(Jsl)j »
171 =t =
P, = wm{iimamﬂ ®)
1= 1

where N and n represent the numbers of joints and
kniot points, and OVC(j.i), QACG,1) and OJC(,1) denote
penalties due to violation of constraints in the velocity,
acceleration and jerk at the j-th joint in the time
mterval di. Wy, Waa, and Wie denote penalty weights.

The following equation shows the penalty function
due to velocity constraints.

OVC(ii) = {lo)-ve |

nax
t,<tS1, (6)

i OVCED<O then OVC(,=0, where VG is the
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velocity constraint.
Other penalty functions OAC(,i) and OJC(ji) can be
defined in the same way.

1. MIMO fuzzy reasoning method
The fuzzy reasoning method by Z. Cao [4] is
composed of fuzzification, a relation matrix and
defuzzification. The fuzzy reasoning method uses the
relation matrix in place of the gencral fuzzy reasoning
rules. Our work will focus on the application of the
fuzzy reasoning method to the MIMO system.
Considering the following form of fuzzy reasoning
rules for a MIMO system,

If X1 is Ay, -, and X, is Am

then Yy is By, -, and Yi is Bim
If Xy 15 Agy, -, and X, 1s Ag,

then Y: is B, -, and Y is Bom.

If Xiis Ay, -, and X, 18 A

then Y1 is B, -, and Ym is Bim.

where Ay, Az, -, Ay are the linguistic terms of input
variables Xj, and B, -, Ba, B, -, B, -, Bim, o,
Bim are the fuzzy subsets of the set of all lingunistic
terms of the outputs variables.

If inputs X, Xe, -+, X, are ay, az, -+, an, respectively,
the results of fuzzy reasoning have the following form.

Let Xj=aj, ', and X,=a..
Then Y1 is by, =+, and Ym is b, (7)

Meanwhile ai, -, an, b1, -, bm arc the real values
of both input and output variables.

A relation matrix represents the relations between
the linguistic descriptions of inputs Xj, Xz, ---, X, and

outputs Y1, Yy o, Ym. Suppose that we have hi
linguistic values Cu, Cp, -, for the variable Y; and the
membership functions of Bn, ***, Bim, B2, -, Bom, -,
By, -, Bim.

BZma '"aBkla T Bkm'

By =b /Cpy+byy /Cpyetbyy TGy

Bim =bincnpet / Cri +bypg nge2 [Cra+-+byy /Crny

By, =by; /Cpy+byy /Ciy+ootbay /Coyp

Bam = s hy-ng+1/Cont + Baponygea/ Conz +o0 4 b2 S Cop

By, ——nbk.I/C”+bk'2/Cu+---+bkhl /Cyp, ®

Bim =bip onpst / Cot Dy oon e 1Cha+-+byp 7 C,
where hs = h; + he + ++ + hm, and bi; represents the

j—th membership degree of the output varable Y
The relation matrix is shown as follows:

Y, Yo
CII C1’7 c]h, ("ml ("rn2 (-’mhm
b1,1 byp bl‘h] bl.hﬁ—hm-l-l bl\hs hgr2 77 b1,hs
B, bz.z o bz,h, bz,h;—h,n+; bz.hs-hm 277 bz,hs
bk,l bk,z bk,hl bk,hs—hmw—l bk,hs—hm+2"' bk.hs

For the input X, suppose that there are ki possible
linguistic descriptions denated by {X(@,1), X(i,2), X(i,3),
-, X(iki)}. Then, for the real value X; = a, we can
find its corresponding fuzzy subsct as follows:

a4, =a(ll)/ XD +a(,2)/ X(i.2)+--+all. k,)/ Xk, )0

where a(i, j) represenls the membership degree to
which the real value ai belongs to the linguistic
description X@, j) for j=1, 2, -, k.

Thus, X1 = a1 belongs to the linguistic descriptions
X(1,1), X(1,2), -, X(1 k) with membcrship degrees
a(l,1), a(1,2), -, all, k1), respectively. Xz = az belongs
to the linguistic descriptions X(2,1), X(2,2), +, X(2ky)
with the membership degrees a(2,1), a(2,2), .-, a(2ks),
respectively. X, = a, belongs to the linguistic descrip -
tions, X(n,1), X(n,2), -, X{nkn) with the membership
degrees a(n,1), a(n,2), ---, alnkn), respectively. Thus,
the group of real values (X; = a1, Xo = az, -, Xo = an)
belongs to k(=k; X ks X --- X ko) groups of linguistic
descriptions with different degrees. Therelore, X(],1),
X(21), -, X(n,1) with degrees {a(1,1), a(21), ---, a(n,1)},
will be in the set of {(Ai, Ay, -, Aw)} (=1, 2, - Kk,
where {a(1,1), a(2,1), ---, a(n,1)} is a group of real
numbers instead of a single real number. In order to
apply a [uzzy controller, we must the convert real
number in the interval [0, 1]. Here, the proposed
method uses a product operator as follows.

£(s),55.-,8, ) =a(l,s,)*a(2,s,) - *a(n,s, ). (101

A new vector u is defined as
u=[f(LL-1), f(2L-1), -, £k, kym Kk, )] (11

where ki, ks, -, ky is the numbers of the membership
functions for the inputs X,, Xs -, X, and the i-th
componet of u implies the firing strength of the i-th
fuzzy rule.

We can computerm bold u and the relation matrix
by using (12) and the defuzzified output by, ba, -+, by
are obtained by (13) using thc moment method [41[61.

y=u-(b;) (12)

where ¥y = {y1, ys, =, ypn,},i=1,2 =, kandj =12
=, hy, (bij) denotes the relation matrix.
hy by
by =2ty xy ., VEY .,
= Thiceg et Elhk‘lﬂ (13)

k-1
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where hi denotes the number of linguistic descriptions
of the output variable Y,. Note that hy is zero. And, f;
is the central value of j-th membership function of the
linguistic description for the output Yi, where 1=1, 2,
-, m and j=1, 2, -+, hi.

IV. Trajectory optimization and control for robot
manipulator
We now apply our methods to a real robot manipu-

lator. For the experiments, we have chosen a SCARA-
type robot whose firsl 2 joints are only used [or
simplicity. Fig. 2 depicts the configuration of the robot
system. The robot system is composed of the
SCARA-type robol, a DSP system and an IBM-IPC.
1. Trajectory optimization for robot manipulator

The trajectory is constructed by a sequence of cubic
polynomials. Each time interval di between the given
knot points should be optimized so that the total tra-
veling time may be minimized under the constraints.
To find the optimal time intervals di's, we use the
modified ES.

The knot poinis and the physical constraints for the
robot are given in Tables 1 and 2.

Figs. 3 and 4 show that we can obtain thc ncar
minimum-time trajectories after 130 generations. The
traveling time of the trajectories decreases as the
number of generation increases. The minimized tra-
veling time is 0.92 seconds, while the initial traveling

Torqne
C t
comiing T —
DAC card |-{ Inter- j— e

T face Servo
i DSP board drive -
| | processer DIO card I “ 4
i board [ffmne o Positon data
i Servo signal
i & Position data

DSP SYSTEM SCARA ROBOT

Fig. 2. Configuration of the robot system.

Table 1. Given knot points for the robot.

. Joint
Knot point Joint 1 Joint 2
Pointl O rad rm/2rad |
Point3 /12 rad 51 /12 rad
Point4 57 /12 rad /12 rad
Point6 /2 rad 0 rad
Table 2. Constraints of the robot
. Joint
Constraints Joint 1 Joint 2
Velocity (57 /6) rad/sec (57 /6) rad/sec
Acceleration | (20 7 /3) rad/sec’ | (70 7 /9) rad/sec”
Jerk (350 7 /9) rad/sec’| 507 rad/sec’

time is 10 seconds. Figs. 5, 6 and 7 indicate that the
optimized trajectory does not violate the given con-
straints. The performance comparison of the modified
ES to the flexible polyhedron search method is shown
in Fig. 8. In each trial, the search parameter vector is
initialized. From the figure, owr ES is proved to be
better than the flexible polyhedron search method
during 50 trials. We can expect such results, because
ES is a global search method.
2. Tracking control for robot manipulator using

fuzzy reasoning method

Once the minimum-time trajectory is determined,
we have to drive the manipulator precisely along the
trajectory. The manipulator controller based on the
MIMO fuzzy reasoning method is optimized to exactly
track the trajectory by using the modified ES. In this
case, the fitness function in (4) is defined as an
inverse of the sum of tracking errors.

MIMO

Pesilign [RAG)

Time [SEC]

. 3. Optimized position trajectory of link 1.
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Fig. 4. Optimized position trajectory of link
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Fig. 5. Optimized velocity irajectory of link 1.
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Fig. 6. Optimized acceleration trajectory of link 1.
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Fig. 7. Optimized jerk trajectory of link 1.
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Fig. 8 Performance comparison of the modified
ES and the flexible polyhedron search.

The input variables are the error and the error
derivative, whereas the output variable is torque. The
membership functions of both input and output vari-
ables are composed of N(negative) and P(positive).
And Fig. 9 shows the membership function of input
and output variables. Thus, the number of fuzzy rule
sets is 16. The fuzzy relation matrix becomes a 16 X4
matrtx as shown below.

T T3
€ ¢ Cy &y N P N P
(NNNNN) (b by, by by
(N,N,N,P) | by byp

[}
s

=
2]
=

: : : : u
(P’P,P,P) b16, bm,z b16,3 b16,4 (14)

The individuals of the modified ES are made of the
elements of the fuzzy relation matrix. The numbers of
population and generation for the modified ES are 4
and 15, respectively.

0.5 1

Fig. 9. Membership function of input and output
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Fig. 10. Tracking position of link 1 after 1 and
15 generations.
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Fig. 11. Tracking position of link 2 after 1 and 15
generations.

The elements of the fuzzy relation matrix are opti-
mized to reduce tracking error by using the modified
ES. Although the large tracking error exists in the
first generation, the manipulator can track the trajec-
tory well after the 15-th generation. Figs. 10 and 11
ghow the fracking performance of the MIMQ fuzzy
controller after 1 and 15 generations.

The control performance becomes improved and the
relation matrix is well tuned as the number of genera-
tion increases.

V. Conclusions

In this paper, we proposed a method for the optimal
trajectory control of a robot manipulator using the
evolution strategy. The method is composed of two
steps. In the first step, we determine the optimal
trajectory based on the cubic polynomials under some
physical constraints. In the second step, the relation
matrix of the MIMO fuzzy controller is optimized to
precisely track the trajectory determined in the first step.
Experimental results for a SCARA-type robot mani-
pulator show that the proposed method is quite useful.
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