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Abgiract: This paper presents a fuzzy and robust close loop control system for nonlinear electromechanical systems of &n
electrtic motor actuating an arm robot, This control system is applied to the three basic navigation problems of intelligent robot
systemns in unstrochred. envinciiments: MRONOMOUS plarning, fast noostop nevigation without collision with cbstacles, and deal-
ing with siroctured and/ or unstractured ymcertainties. The stability of close Joop control system is guarantesd by Lyapunov theory .
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1 Introduction

One of the fundamental characteristics of an au-
tonomous, intelligent robot system is its ability o move
without collision in unstructured environments with little
a priori information. In most cases where the research on
the applications of nonlinear control theory to the motion
control of robots, the actuator dynamics have been ex-
chuded from the dynamic models of robot armst! =7 As
pointed out by Tam. et al'”), adding actator dynarnics
can improve the performance of motion controllers. The
robot-plus-actuator system is also called rigid-link elec-
trically driven (RLED) robot system.

This paper presents a fuzzy and robust system to con-
trol the motion of robot manipulators. In this system, a
robust fuzzy obstacle avoidance scheme could deal with
stnactured and/or unstructured uncertainties, and moving
cbstacles. A robust controller is designed to compensate
for nonlinearities in tobot-plus-actuator dynamics, robust
fuzzy control, and local path planming methods . We aim
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to achieve fast, robust and continucus sensor guidance of
intelligent robots in dynamic environments with moving
cbstacles.
2 RLED robot model and its properties

For simplicity, we consider robet manipulators driven
by armature-controlled direct-cumrent motors with volt-
ages being input to amplifiers. It should be noted that
the following analyzis could also be extended to other
motors commonly used in robotics, such as brush direct-
current motors.

The voltage equation of the armmature circuit of the
motor of the robot amm is given by Tam.et al as

RI+ U+ KW+ g = a., (1)

where 7,/ € R" is the ammature current and its first
derivative to time, respectively, £ € R" is the resistance
of axmature circuit, L € R*™”" is a positive definite con-
stant diagonal matrix denoting the electrical indnctance,
K, is the electric potential constant of motor, W € K" is
the angular position of rotor, W = N,{g denote the an-
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gular position of joint, N is the gear ratio of the joint ),
ug & R” represents the voltage disturbance, and u, & K"
is the armmature voltage.

Since the torque of motors is positive proportional to
electromagnetism and armature current, the joint torque
r &€ " is then

t = NKyiI, (2)
where Kr € R is the constant matrix of torque, which
characterizes the electromechanical conversion between
cument and torque.

There are uncertainties in (1) and (2). We assume
the following bounds on the uncertainties :

Assumption 2.1 The torque fransmission matrix
Ky is bounded by

kil sl?ga"Kvx < kol 5112,

for an n x 1 state vector x to this given system,

{3)
where %, and %, are positive scalar bounding constants,

Assumption 2.2 The inductance mairix L is
bounded by

Llls 2 2" < bl 2 112,

for an n % 1 state vector x to this given system,

{(4)
where {; and !, are positive scalar bounding constants.

Having obtained the actuator equations, we consider
now the dynamic equations of robot manipulator links
which are well understood (see e.g.>¢!) and are given by
M(g)j + C(g,g)g + G(g) + F(¢) + ry = = = NK¢,

)
where g,4,4 € R* denote the angular vectors of link
position, velocity, and acceleration, respectively,
M(g) € B™*" is the inertia matrix, C{q,¢) € & is
the Coriolis and ceptrifugal torque vector, G(g) € B is
the gravitational torque vector, F(¢) € R" represents
the friction torque vector, and r4 € " is the vector of
any generalised input due to disturbances or unmodeled
chynamics.

‘There are uncertainties in M(g) and C(g,4) due to
ihe voknown load on the manipulator. We assume the
following bounds on the uncertainties:

Property 2.1 Boundedness of the inertia matrix
( Strictly speaking boundedness of the inertia matrix re-
quires in general that all joints be revolute., ) :

The inertia matrix M(g) is symmetric and positive
definite, and satisfies the following inequalities:
1< d"™M(q)g s mligl’.q €R,

(6)
where m, and m; are known positive comstants and
| - || denotes the standard Euclidean norm.

Assumption 2.3 There exist Co(g,¢)(GColq,¢)
is obtained by the maximum value m, of payload),
and a nonmegative function C,{g,4 ) such that

Fc(q.¢) - Colq. ) | < Cilq.g).  (7)
To facilitate control system design, the following prop-
erty'® can be exploited :

Property 2.2 Skew symmetry:

The inertia and centripetal-Coriolis matrices have the
following property :

§T(M(q) -2C(q,4))¢g =0, 4 ER", (8
where M(g) - 2€(q,q) is a skew symmetric matrix .
3 Robot control design

In ¢his section, we develop an assembled robust fuzzy
controller for inexact RLED model knowledge given by
(1) and (3) to accomplish a certain motion to reach the
prescribed goal X,;. The tajectory of the robot is not
known or calulated in advance. To accomplish this
task, we first define 2 (¢) © IR as @ = -4 . With regard
to differentiating (8) and invoking (3), it is seen that
the robot dynamic links are expressed in temms of a
ast®]

M(g)d =-C(q,¢)a+ G(g) + F(4) + tq- .

(93

Adding and subtracting Mo(g)a and Co{q,¢)a yields
Mo(qls =- Colq,qd)a + film) + ta - 7,4

(10)

where, My(g) is the maximum value of M(g), the

nonlinear function f; ( x, ) which contains the imperfectly

known and difficult to determine robot parameters is de-

fined as

Filz) = (My(q) - M(g))a + (Colq.¢) -

C(g,4))a + G(g) + F(¢). (11}

The vector x; required to compute f;( xy) can be defined

as

mll

xz = [a" a" " 4], (12)
which can be measursd.
Now let F4be a value of J that stabilizes the dynamics
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(10) in the form
My(gld = - Colq,g)a+filz) + t4- NK g+ NRry
(13)
with
n=1I4-1, (14)

an emor term of ammature current. Signal 7y(t) will be
selected later. To find the complete error dynamics, dif-
ferentiate £, and substitute from (1) to find!®’

Ome may select x4 as
%= (17 Iy ¢l. (17)
Fig. 1 shows the structure of the proposed control
strategy. It is important (o note that there is one con-
troller at each joint. The robot is controlled directly in
Cartesian space, also called Workspace (W-space). In
comparison to potential fields using amalytic functions,
the advantage of this control strategy is t¢ avoid the so-

I = filzy) + ug - u., (15) called “inverse kinematics”™ ( which is the inverse nro-
where the vnknown nonlinear motor function is cessing of “forward kinematics”) problem in robotics,
folxy) = RI+ Lig+ NK g, {16) the “robot term” is described by expression (19) .
fScnsors e
{ Sensors [+

[071]

—(/\‘lra Robeot . X
; arupulamr_1 [0 7] Forward
S5 Systermn kinematcs )

oD Nt
Appro ! q
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Fig. 1
3.1 Robhust control
A suitable approximation-based controller is given by
the desiable value of armamre current as

I, = Ki,l(j‘l thpe + Fu s 7)) (I8)

with 71 ( x;) an estimate of the unknown robot function
Filxy) (see [9]). F oy is an artificial force (see [10]),
provided by the fuzzy controller. The robustifying signal
71(t) is required to compensate for the mismatch be-

tweenfltxl) al]dfl(xl), and is defined as

2
1

lalp+e’
where ¢, is small, a positive constant controller gain, the
bounding positive scalar function p, is defined as

o> AL = ILA-Al, (20)
where the function approximation error ) is given by

h=h-h (21)

Substituting {18) into the open loop dynamics of {10},
the closed-loop system becormes
MU(qu, =

Controller structure

[ Kp+ Colg,g)]a+fi{a)-Foy + T+ 71.
(22)
The second step is the design of the voltage control .
for the open loop system of (15) . The control input z,
is selecied as
Uy = fr 4 Kpp + 72,4 (23)
with Kp > 0a gain matrix and f,(x,) an estimate of the
unknown function f>(x,). The signal ¥,(¢) is required
to compensate for the mismatch between fy(x;) and
f2{x3), and is defined as (see [2])
7
7= Tale v e (24)
wher: e4is a small, positive constant controller gain, the
bounding positive scalar function p; is defined as
pr> I fall = 1 fa- Al (2s)
where the function approximation error £, is given by
fa =f2-ﬁz- (26)
Substituting (24) into the open loop dynamics of expres-
sion (15), the closed-loop current perturbation dynamics

forms


http://www.cqvip.com

874 CONTROL THEORY AND APPLICATIONS

Vol 18

Iy = faolxz) - Koy, (27)
The third step is the design of the fuzzy control ., for the
system of expression {18). It is important to note that
this controller also serves as on-line reactive planner.
3.2 Fuzzy control

we develop a general design procedure consisting of
selection of membership functions and establishment of a
rule base for low level two-input/one output fuzzy logic
controller, where the rule base has thirty ules.

3.2.1 Fuzification

The fuzzy controller has two inputs: one is the dis-
tance d which is the minimum distance between the end-
effectors of the robot and the nearest obstacle, and an-
other is the position error ¢. The d mesure can be com-
pleted by a lot of distance measure system such as ultra-
sonic sonar system. The output of each fuzzy logic con-
troller is the tonque F ., which is required to be bounded
| Fan | < .

The position emmor e is pertitioned into five fuzzy sets:
big negative (BN), small negative (SN), zero (Z), small
positive (SP), and big positive (BP). Its furzy member-
ship finctions are symmetric and shown in Fig.2 (a).

The distance 4 comsists of six fuzzy sets: far left
(FL), keft (L), close left {CL), close right {(CR),
right (R), and far right (FR). Its fuzzy membership
functions are asymmetric and shown in Fig. 2 (b),
where & is the maximum ultrasonic range (if the ultra-
sonic sonar system is used to measure distance ).

Sl R S dm

(b)
Fig.2 Fuzzy membership functions

3.2.2 Rule base
The rule base is generalized as
R: Hel(k)ispi{e(k))and - and ek - n +

1) is pife(k - n + 1)) and (k) s
gi(d(k)) and - and d{k - m + 1) is
pie{k-m+1)), then Fi(k + 1)isr.
(28)
Our thirty rule bases are arranged into a look-up table
with two inputs z«{ d) and p:( e) fuzzy sets. The outputs
of the base are F, which describe the torque output and
they are partitioned into 9 fuzzy sets: left very big
(LVB), left big (LB), left small (LS), left very small
{LVS), zero (Z), right very small (RVS), right small
(RS), right big (RB), and right very big (RVB). For
example, the rule 1 is
R!: I disFL and e is BN,
then F, is LS. (29)
3.2.3 Defuzification
For each of controllers, the following defuzzification
formula is vsed.

Fo = Z.)F;w‘fzn) w',
1=1

i=1

w' = ﬁp;(e(k -p+1)) x }ipi(d(k -h+1)).

pal
(30)
The sign of the torque F , gives the orientation of the
link displacement, for example, for a planar robot,
when F, is positive, the link moves to the left, and
when it is negative, the link moves to the right. The
magnitude of this torque provokes the acceleration and
deceleration motion of the link.

obst.
[(moving)
obst.3

3 2 a9 0 1 2z 3
Fig.3 Robot navigation with moving and
unkntown obstacles

4 Simulations and conclusions

Let& =4+ =23m,5 =2.8m,{ = 0.4m, and
d, = 20mm, by adding moving and unknown obstacles,
choosing the initial and desired joint angles as ¢;(0) =
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91.6732(°), g2(0) = 5.7296(°),q5 = - 73.5211(°),
qa, = 11.4592(°) , and keeping the other simulation pa-
rameters of the case 1, the following simulation {Fig.3)
has been obtained. The robot successfully completes a
complex manoeure avoiding moving, unknown and sta-
tionary obstacles. In the case of the moving obstacle,
which has a constant velocity, the manipulator automati-

Joml angle/ (")

Joint velocity/ (°) .5~

() Joint velocity of each link

cally reduces its velocity to avoid collision. This phe-
nomenon shows the effective intellipent capability of the
proposed motion-planning algorithm to deal with moving
and unknown obstacles.

The simulation results (Fig.4) show the joint angle,
the joint velocity, and the position ermor, as well as the
distance between lower amm and the nearest obstacle .
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{b) Difference between goal and current pogition of robot

3

2
s o
g
2
s 0 1
hd
- left
B a1 :
a 2

-3
0 5 10 15
s

(d) Distance d between robot and obstacles

Fig. 4 Simulation result

A new intelligent motion control strategy that makes
pussible the mtegration of robust and fuzzy control has
been proposed for antonomous navigation of RLED 1obot
manipulators. With the help of its “brain” (fuzzy-deci-
sion] which makes decisions about any action of the
robot, it is shown that the robot autonomously reaches
its target without collision with unknown or moving ob-
stacles in an unstruchired W-space where no trajectory is
planned in advance. The close loop control system of
fuzzy and robust is stable. This brings a high level of
autonomy to the overall system, and makes use of the
controller very attractive for real-time fast and nonstop
sensor-based guidance of intelligent robot manipulators.
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work well with traditional single feedback loop. The
{CGPC) algorithm developed in this paper is useful for
this control problem. The running results of Biaxial film
production process contro! system show the OGPC is ef-
fective for complex industrial control processes.
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