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A Composite Approach to Adaptive Neural Network Control of
Unknown Flexible Joint Robots

Han YAO, Wen-Fang XIE and Cang YE

Abstract- In this paper, a composite approach to the adaptive
neural network (NN) controller is proposed for a rigid link flexible
joint (RLFJ) robot manipulator with unknown nonlinearities. Based
on a singular perturbation formulation of robot motion dynamics, the
RLFJ robot is described by a reduced-order flexible-joint model. The
concept of integral manifold is used to decompose the model into fast
and slow dynamics. A composite controller is proposed to deal with
the uncertainties in both fast and slow subsystems and to make the
link position of the robot follow the desired trajectory. Two NNs are
used to approximate two explicit nonlinear functions in two control
components to alleviate the symbolic computational burden. By using
Lyapunov theorem extension, the stability of the whole system has
been proved. The simulation results are presented to show the
effectiveness of the approach.

Index Terms— Neural Networks, Flexible Joint, Composite
Approach, Robot Control, Lyapunov Stability

1. INTRODUCTION

Many control strategies have been developed for the
control of n-link robot manipulators, such as exact
compensation of nonlinearities, robust adaptive algorithms,
and variable structure theory [1]- [4]. These control
methods share the common feature that the robot dynamics
are modeled by the rigid link rigid joint (RLRJ) equations
of motion. Unfortunately, experimental evidence indicates
that the assumption of perfect rigidity is never satisfied
exactly in the real world. The joint flexibility should be
taken into account in both modeling and control [5]. From
the modeling point of view, a flexible-joint manipulator
can be treated as rigid-links interconnected by elastic joints
[6]. Normally the joints of robots are made of the harmonic
drives that are gear boxes with high-ratio and compact
torque-transmission. However, the harmonic drive is
plagued with friction and its unique mechanical design and
assembly cannot deliver sufficient high stiffness. These
characteristics pose challenges to the controller design
since the joint flexibility may cause instability or resonant
behavior in the system [5]. To deal with these problems, a
number of control schemes based on the flexible models
have been developed to control flexible-joint robots. These
methods include feedback linearization [5, 7, 8, 27],
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singular perturbation techniques [9, 10], sliding mode [11],
and robust adaptive controller approaches [12, 13].

In the category of singular perturbation techniques, the
integral manifold scheme in the context of composite
control has been investigated in [14, 15, 16]. The
approaches start with strategies dealing with the flexible
joint robot with known parameters and are extended to the
integration of composite control and corrective control
methods to cope with flexible joint robots with unknown
parameters—the so-called “adaptive integral manifold”
approach. Research efforts have been focused on dealing
with the effects of un-modeled dynamics and system
parameter variations using the reduced order model of the
flexible-joint manipulators. The seeming drawbacks of the
integral manifold method are its complexity in deriving the
expression of the slow control and the computational cost
of implementation. These problems are more pronounced
in the adaptive integral manifold method [9]. Although the
current advances in symbolic software and parallel
computing technologies have facilitated the
computationally intensive control algorithm, the symbolic
computation remains intractable as it hinges on the robot’s
nonlinear model that is hard to be identified and verified.
Moreover, the symbolic computation of symbolic has to be
carried out again whenever the RJFL robot is changed.

Recently, many NN controllers with closed-loop
stability [17, 18, 19, 20, 21] have been proposed for
various control applications. Due to its ability of universal
function approximation, NN has been successfully used to
design controllers for flexible-joint robots [11, 22, 23, 24].
In [11, 22], NNs are used to approximate the inverse
nonlinear function to compensate the flexible nonlinearities.
In the above work, off-line training is used to obtain the
preliminary weights. Kwan et al. [18] proposed a robust
NN controller for the motion control of Rigid-Link
Electrically Driven (RLED) robots which are modeled as
n™ order rigid robot dynamics and the n™ order electrical
dynamics of joint drivers. Hence, the problem of joint
flexibility has not been addressed specifically in the
controller design. In [24], adaptive neural network
controller had been proposed for flexible joint robots using
singular perturbation technique. However, the authors only
designed an adaptive NN controller for slow subsystem
while the uncertainties are ignored in the fast subsystems.

In this paper, an NN-based controller is developed for a
RLFJ robot manipulator using the concept of integral
manifold and the idea of universal approximation of NN.
Based on a singular perturbation formulation of robot
motion dynamics, the RLFJ robot is described by a
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reduced-order flexible-joint model. The concept of integral
manifold is used to decompose the model into fast and
slow dynamics. A composite controller is proposed to
comprise a slow rigid-based component and additional fast
corrective terms so that it can deal with the uncertainties in
both fast and slow subsystems. Motivated by the universal
approximation of NN, we use two NNs in fast and slow
controllers to approximate two explicit nonlinear functions
to alleviate the symbolic computational burden. For the
flexible-joint based fast controller, a fictitious variable is
introduced in the design of an NN controller to provide
sufficient damping for the fast dynamics. The NNs’ weight
matrix update rules are designed using the Lyapunov
theorem extension [25] to ensure the unknown RIJFL
robot’s stability. It has been proven that the proposed NN
controller guarantees the boundedness of tracking errors
and makes the link position of the robot follow the desired
trajectory.

This paper is organized as follows. In Section 2, the
model of an RLFJ robot manipulator in a singular
perturbation form is introduced. Some properties of the
robot manipulator and the basic idea of the NN model are
presented. In Section 3, the developments of the adaptive
NN based controllers for both rigid and flexible joint
robots are detailed and the system stability is proved. In
Section 4, the numerical implementation of the controller
for a two-link flexible-joint manipulator is given and the
results are compared with those of the adaptive integral
manifold controller. Section 5 concludes the paper.

2. SYSTEM MODELS
2.1 RLFJ Robot Model

A real industrial manipulator is driven by the
actuators in the joints and its behavior cannot be fully
captured by a rigid model. Normally an n-link RLFJ robot
is modeled by a chain of rigid links interconnected by
elastic joints [26]:

M(@)-G+Vy(9.9)-a+G(@)+F(@)+T +K-(q-q7)=0

(D
J-Gi+B-gs -K-(q-q¢) =7 2

with @,4,q € R" referring to the link position, velocity and
acceleration, Q¢,G¢,G; € R" , the motor shaft angle,

angular velocity and angular acceleration, respectively,
M(q) e R™" the inertia matrix, V,(q,q)eR™" the

coriolis and centripetal term, G(q) € R" the gravity vector,
T eR" the

K =K e R™™ the stiffness coefficients matrix , diagonal

load disturbance, diagonal matrix

matrix J=J" eR™ motor inertia  diagonal matrix
B=B" e R™ the joint damping term, 7 the control
torque and F(q) € R" the friction with the form:

F@)=lay+og-e Mo (-e M) sen@) @)
where o+ o, represents static friction; «, represents the

viscous friction.
Property 1: M(q) is symmetric, positive-definite and a

nonlinear function of (. It is bounded by
m-1<M(@@<m,-I 4)

with m;and m, being known positive constants.

Property 2: V,,(q,G) is bounded by vy(q)d| , with

continuous function v, (Q) .

Property 3: The matrix M — 2V,, is skew-symmetric.
Property 4: The unknown load disturbance T, is bounded
by a known positive constant a .

When taking the joint flexibility into account, one
needs to double the state variables in the dynamic model.
This causes that the dynamic model of a flexible joint robot
is of order four instead of order two for a rigid robot. Thus,
the control problem becomes more complicated when the
joint flexibility is considered. Since joint stiffness is large
compared with other parameters, one assumes

K=K,/? ®)
where y is a small parameter representing the inverse of
stiffness and K, is on the order of 1. Suppose that J and
B are very small and on the same order of . The rigid
model can be derived from (1) and (2) by assuming no
elasticity at the joints (i.e. ¥ =0) and is given by:

M@)+3)-+Vp(9,0)+B)-G+G(a)+F(A)+T. =7 (6)
2.2 Neural Network Model

In control engineering, NN is used to approximate a
nonlinear function for modeling and control purposes. In
this work, we use a three-layer Multi-Layer Perceptron
(MLP) neural network whose input layer, hidden-layer and
Xnl'

_ T _ T
a_[al & as] ’ and Y _[yl Y2 o yn]
respectively. The second-to-third layer interconnection

output layer are denoted by, X =[X X,

>

weight matrix is defined as Al =Wy » for j=1,2,..5,
k=1, 2,..n; and the associated bias vector is defined as
0, =16, 6, 0, The
interconnection weight matrix is defined asV' =v ji »
i=1,2,..m, j=1,2,..5; and the associated bias vector is

defined as d\,T =[d, d, ds]T . The output of NN is
computed by:

yk=Z|:ij'o{zvji~xi+dj:|+9k:l (7)

i=1 i-1

first-to-second layer

for

where k=1,2,..n, o(-) is the activation function. It can
also be expressed in the following matrix form
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Y=WT.ovT-X+d,")+6,] (8)
The bias dj can be added to the weight matrix

A V;; as the first column and the input vector is set as

X=[X X Xme ' with X, =1. Handling 6, and

wWT =w jk in the same way, one has
Y=WT.o(VT-X). )
Let S be a compact set of R". Define C"(S) as the
space such that the map f(x):S — R" is continuous. The
NN (9) can approximate function f(x)eC"(S), xeR"

as
fO)=W" (VT -x)+e&(x) (10)
with g(X) is a functional restructure error vector and w'

is an ideal constant weight matrix.
In this paper, it is assumed that there exists such a

weight matrix that ||3(X)|| < ¢y with constant gy >0, for

all xe R", and the norm of the matrix is bounded by a
known constant ”\N" <Wy with Wy >0.

3. CONTROL STRATEGY
3.1 Control Objective

The control objective is to develop a position tracking
controller for an unknown RLFJ robot dynamics (Eq. 1) so
that the link position follows a desired trajectory. The
tracking error of link position is defined as

e(t) =0dq (1) —-a() 1n
where g (t) € R" is the given desired trajectory which is
continuous and its derivatives up to higher order are
bounded.

A filtered error is defined as

r=€+A-e
where A=AT >0.

The elasticity at the joints is large enough such that the
system can be decomposed into a “slow” subsystem and a
“fast” subsystem. From [6], the control signal 7 for the
whole system has the form as

T=T+7T;

(12)

(13)

where 7 is the slow part and 7; is the fast part, which is

defined as:

7y =K¢(G-0¢). (14)
Usually, we choose

K¢ =K, /7 (15)

with K, on the order of 1.
Define z as the difference between the link and motor
position

z=0; Q. (16)

The RLFJ robot manipulator dynamics becomes
M(@)-G+Vp(6,0)-G+G(@)+F(@)+T -K-2=0
J-Gs +B-qs +K-z=7.

17)
(18)
Substituting (13), (14) and (16) into (18), one obtains:
J-7+(B+K¢)-i+K-z=7,-J-4-B-q. (19)
Define an integral manifold as h=K -z and rewrite
(19) as
K-J-KT-h+K-(B+K;)-K'-h+K-h

(20)
=K(zs-J-G-B-0)
where h=h(t,7,0,0;) .
Under the assumptions (5) and (15), one obtains
72 K-J- K h+y K-(y-B+K,)-K-h+K, -hm)

=Ki(zs-J-G-B-qg)

An approximate reduced-order flexible model can be
derived by using a power series expansion of the integral
manifold h and control 7, around y =0. It is found that

the slow control component 7, is independent of fast
control component 7; . Let us denote:
h=h,+yh +0(?) )
Ts=70ty 1 +O(72)
where 7, is the control input to the rigid model, 7, is the
corrective torque term for compensating the effects of y,
vector h, represents a zero-order approximation of h and
h, represents the first order correction to h; .
Substituting (22) into (21) yields
7P K-J-Kh +0(r H+y-K-(y-B+K,)-K™-h,
+77 K-(7B+Ky) - K™ -h +0(y )+ K, -hy + 7 Kihy
+0(7°) =K, 79+ 7K, -7, +0(r H) =K I -G - K,B-q.
(23)
By equating terms of the same powers of y on both
sides of (23), one obtains

7' terms: K-K,-K'-hy+Kh =K,-7, (24
7° terms: Khy=K,-7,-K,-J-—KB-q. (25)
From (24), one may find:
h1:Kfl(Kl'Tl—K'Kz'Kfl'ho) (26)
and (25) is written as :
hy = Ki (K -7 =K, -3 -G-KB-0) . 27)

Equation (26) means that the corrective control 7;
relates to h; and rigid control 7, relates toh, .
From (21), the integral manifold h becomes:
h=(rg-3-G-B-d)-y-K-K,-K™-hy+0(*)  (28)
After substitution for K-z in (17) and usage of (28),
the system (17) is rewritten as

M(@)-G+Vn(9,9)-G+G(@+F (@) +T, =17,

e ; (29)
~J-G-B-g—y-K-K,-K™-hy +0(?).
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The variable h, is “fast” variables; the link variables
g and ¢ are “slow” variables. Moreover, the rigid model
(6) is obtained by settingy =0.

The control task is to designz, and 7; such that the

link position of robot follows the desired trajectory. In [14],
both 7, and 7, are derived with complicate expressions
especially in the adaptive integral manifold method. In
control application, NN is usually used as a tool for
modeling nonlinear function due to their universal function
approximation capability. In order to alleviate the symbolic
computational burden in calculating 7, and 7, two three-
layer MLP neural networks are utilized to approximate two
complicate nonlinear functions to form the control signals
7y and 7.

3.2 Rigid Joint Case

The control signal 7 is designed by considering the
rigid joint model (6). Combining the filtered error (12) and
system dynamics (1), one may obtain:

M+J]-r=F—[V,+B]-r—z,+T, (30)
where F is a complicated nonlinear function defined as

Fo =M@ (G + A8+ Vi +B) (G +A8) 1
+G(q)+ F(q)+ JGy + JAE
Motivated by the universal approximate capability of
NN, we utilize a first-layer-fixed MLP neural network to
approximate the nonlinear function F, (31).

Fo= fo(x) =W, -a(V" %)+ &(x) (32)
Fo = fo) =W, -a(vT-x) (33)

where x:[ ddT da qT qT sgn((j)T l]r,input-

layer weight matrix VT is selected randomly and is not
tuned, and V\A/OT is the estimated output-layer weight
matrix WOT .

Define the weight estimation error as

W, =W, -W,". (34)
The RLRJ controller is designed as
ro=Fy 4K, -1 (35)
where r is the filtered error and K, is a gain matrix.
The update rule of the NN is designed as
Wy =T-o(vT-x)-rT —k-T-[r] -, (36)

where T=T" >0 and k>0.

The stability of controller is proved in the following
theorem.
Theorem 3.1: For an RJRL robot (6), the NN controller
(35) and update rule (36) are applied. For a desired
trajectory g (1), it is assumed that its time derivatives up to

the third order are continuous and bounded. The controlled

system’s filtered error r(t) is bounded and the tracking
error e(t) converges to a small neighborhood around zero
by appropriately choosing suitable gain matrix K, .
Proof: Define the Lyapunov function as

L, :%rT M +J]-r+%tr(VVOT TW,) 20

where M and J are defined in ( 1), (2), and (4) and
r=r">0.
Differentiating (37) yields

L=r"-[M +J]-r’+%rT M Tt W T W) (38)
Introducing (30), (35) and (36), one has:
Li=—r" (K, +B)-r+r" (T +&)
~ ~ 12
ke -tro - wo - W)

Since B is very small compared with K, , its influence

G37)

(39)

can be omitted. The minimum eigenvalue of gain matrix
Ky 1S A min - Thus we have

. W2
Ll s _||r|||:/1Vmin "r" _(ad +€N)— k TN}

where ay + &y is the upper bound of T, +¢,.
Assume that one have
KWy /4+(ay +2y)
}‘vmin
W | > Wiy 12+ W24+ (o + e ) K

One can prove that Ll is negative. In Inequality (40),

||r|| > (40)

(41)

if the minimum eigenvalue A, of gain matrix K, is
chosen large enough, the following inequality is held
k-Wy2/4+(a
N /4 (g +ey) <b
ﬂ'vmin

where b, >0 represents the radius of a ball inside the

(42)

r

compact set C, of filtered error r(t) .
Thus, any trajectory r(t) starting in compact set
C = {r| ||r||£ br} converges within C, and is bounded.

Then e(t)

neighborhood around zero. According to the standard
Lyapunov theorem extension [25], this demonstrates the

UUB (uniformly ultimately bounded) of both r(t) and VVO .
Q.E.D.

tracking error converges to a small

3.3 Flexible Joint Case

Introducing the filtered error (12) into system (29), one
has
M-r=-V, r+F-r,+T +J-G+B-q
+y7- KKK, K™ hy+0(%)
The above equation is rewritten as:

(43)
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M-F=-V, r+F—7,—y-1, -0 +T, +

7-{K’1-K-K2-K’1-HO+K2~K;1[J-q'+B~q]} )
The nonlinear function F, is defined as

F=K'K-K,-K-h+K,-K{'[3-4+B-dq]. (45
The error dynamics is derived as:

M-F=-V r+F—1y—y-1,-0(02)+y -F+T,  (46)

Again, a second first-layer-fixed MLP neural network
is used to approximate the nonlinear function F (46).

Fi=fi)=W"-oVT-y)+e&) (47)
where y = [r(,T qQ qwW,' 1]r , W, represents all of
the entries of V\A/l stacked into a single column vector.

To implement F, (45), one needs to compute ho . It can
be obtained by differentiating (27) and using § from the
rigid model (6). Since h, is a nonlinear function related to
rigid control 7, F, is highly complex nonlinear function
ofz,,q, g and V\71.

The corrective term is designed as:

=R +K, ¢ (48)
where ¢ is a fictitious variable, which will be designed
later. Substituting the control strategy z,, (35) and 7, (48)
into the error dynamics (46), one obtains:
M-f=-(Vp+K,)T=7-K, 0+ F+7-F

(49)
+T, -0(?)
Design a fictitious variable as
p=1-K-z. (50)
Using (22) and (28), one has
=7 n =00 ) +7 I KKy Kby
+K, - K3 -G+ Bg)].
Using (45), one has
¢=r-F-r1n-00%. (52)

Similarly, with the control strategy (48), equation (52)
becomes

9=y-F-7Kg0-007). (53)

3.3 Overall Controller

Two different NN based controllers have been
designed—one is the first slow part 7, based on a rigid NN

approximating F, function and the other is the second
slow part 7; based on the corrective NN approximating F
function. The composite control scheme is shown as:
r=1+7; =7+ -1, +0() —K; 2.
With (35) and (48), the overall control scheme is
derived as

(54)

r=(FRy+K, Dty (R+Ky-9)—Kiz . (55)
Choose the update rule for those weight matrices

respectively as

Wy =Ty-00(V " -x)- 1T =k Ty |£]- W, (56)

W =TV y)-(o" +r1) kT -] W, (57)

where & :[rT gz)T]r ,T=I">0 and k>0, and the
weight matrix errors are derived as:

Wy =Wy =-T ooV -x)- 1T +K-Ty -[|&] - W, (58)

Wi == W, =T -0y (VT -y) (9" +1 )k [¢] Wy . (59)
Remark 1: The NN controller design algorithm was
motivated by the integral manifold method. In integral
manifold procedure, an iterative algorithm has been
proposed to solve the manifold to which the slow dynamics
converges by using Taylor series expansion around the
zero of the inverse of stiffness. The procedure becomes
very tedious and time-consuming. For different robots with
different nonlinear models, the procedure has to be
repeated. While the proposed NN controller does not need
such computations and are applicable to different robots
with different parameters due to the on-line tuning.

Remark 2: No off-line weight tuning is needed. The initial

estimation values of the weight matrix V\A/OT and V\AllT are

set to zero. At the beginning, the controller becomes a PD
controller. The control scheme does not guarantee that

V\A/OT and V\AllT converge to the true values of WOT and WIT .
From the above theorem, one may claim that the
boundedness of WOT , WlT and r(t) are guaranteed. Thus,
the tracking error e(t) is guaranteed to approach to zero.

Theorem 3.2: For an RJFL robot (1), the NN controller (55)
and update rules (58) and (59) are applied. For a desired
trajectory g (1), it is assumed that its time derivatives up to
the third order are continuous and bounded. The controlled
system’s filtered error r(t) and fictitious variable ¢(t) are

bounded and the tracking error e(t) converges to a small

neighborhood around zero by appropriately choosing
suitable gain matrices K; , K, ,and K.

Proof : Define the Lyapunov function as

L, “Lmm. r+lo’ -go+ltr(\/\70T T, W)
2 2 2 (60)
+%tr(\/\71T I7NW) 20
Differentiating the above function yields

L=r"-M -f+%rT Mr+y-0" g +tr(W," T, W)
W W). 1)

Introducing (49), (53), (58) and (59), one obtains:
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T-Kv-l‘—7/~rT -Ku~¢)+rT-(£0+gl+TL)

L,=-r
-7 0" Ky p+y-9" g

AR ERUREER AN E RS

K -K
Defining Q :{ OV }/2 KU } and
Ry

W =diag {WO 7-W, },VV =W —W , one acquires:
L, =" -Q-&+r" (gg+5+T )+ 79 ¢
+ke[é] rwT W -WT W)

Thus one has
Ly < ~-Jeff el Jel- e w -] %) 63

where Ag i, 1s the minimum eigenvalue of Q and

(62)

EN = max(lgo +& +T,_| 7’ -|£1|), W\ is the bound of the
ideal weight matrix W , and
], v =5 < ], ],

Inequality (63) becomes

Ly = N6l U 1€ o —Kc- (] =] 20,

and one has

Aamia el =k (W], - o],

- -~ S ]

Suppose one have

e > X W;:/ ngN (64)
or
W >wy J2 W2 fa ey /K (65)

One can prove that L2 is negative. Inequality (41)
shows that if control gains K; , K, , and K are chosen
large enough, the following inequality is held

k'WN2/4+gN
SN TEEN o,

min
where b; >0 represents the radius of a ball inside the
compact set C; of filtered error &(t) .
Thus, any trajectory £(t) starting in compact set
C; = 1€ <b: | converges within C; and is bounded.

According to the standard Lyapunov theorem extension
[25], it demonstrates the UUB (uniformly ultimately
bounded) of both &(t) andW .

Q.E.D.

The overall NN controller structure is shown in Fig. 1.
The control algorithm is summarized as the following steps.

Step i With (11) and (12), the filtered error r(t) is
obtained.
Step ii Following the control strategy (35), the control

signal 7,(t) is calculated.

Step iii The fictitious variable ¢(t) is obtained by (50).
Step iv Following the control strategy (48), control signal
7;(t) is computed.

Step v The overall control signal z(t) is calculated using
the control scheme represented by (13) and (14).

4. SIMULATION
The effectiveness of the proposed control scheme is

demonstrated on a two-link manipulator [26], which can be
described in the form of (1) and (2)

a+b-cos(q,) C+g~cos(q2)

M(q) =
c+5-cos(q2) c
b . . b . .
. —E'%'Sm(%) —E'(Q1+Q2)'Sln(q2)
Vm(q,Q) =
E'ql -sin(d,) 0

[d-cos(g,)+e-cos
G(q) = (a) (%)}

| e-cos(g,+0,)
E()= I 35+1.1.e 0.9 -e ) sgn(d))

| 38+1.0-e 1%l 4 0.95(1-e %]y} sgn(q,)

a=bL>m+12-(m+m,), b=2-1,-1,-m,, c=1,>-m,
d=(m+my)-l-go, e=my-1,-g,.

The parameter values are shown in Table 1. Two input
reference signal are chosen as desired two joints positions:
Qg =2-sin(0.17-t) and g,q =3-sin(0.1z-t). The control
objective is to make the flexible-joint robot joint angle
qg=[a, T follow the given joint

trajectory qg :[qld qu]T . The gains are selected as:
A=[20 1] , K, =diag{50 50} , K,=diag{5 5},
K¢ =diag3 3}, I, =diag{l0 10}, I, =diag{20 20},

and kK =0.1.The system responses under the control of the
proposed NN-based controller are shown in Fig. 2.

desired
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g a
g NN q
{Qd } : ‘ —> F as
dg ' -
- 0 RLFJ i
—_ O (A ] K >
X. [ ] g Robot
-K(@s-9)=9¢
— I K,
To
q NN
: R
Fig. 1 NN Controller structure
Table 1 System Parameters Values
¥ o 02 L, System Parameters Values
Desired gl y
AN Actal | | U‘ll | Link 1 length (m) 1
o\ . Link 2 length (m) 1
o / - .Jh o &
g9 o g \/‘\, Wy '\.._,"- Mass of link 1 (kg) 0.8
i \_/ f Mass of link 2(kg) 2.3
-2t > . .
| | Gravity acceleration(m/s) 9.8
] 5T s 25 30 0% 0 2'n“m‘ﬂ:}o 40 50
(a) (b) % Q;mmd_ - 3 02 - error gl
2r P i Actual o R 1 . |[| |
. L2 = 02 A it/ A / A\ i . '}W\ " A
| Desiced | | o \ / | ‘Eo-h’-. f"i’ / * [V'i / \ i
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Fig. 2 Performance of the NN controller
with K = diag{l00 100} (a) Actual (dashed line) and
desired (solid) joint g, angles (b) Error g, —q,4 (c) Actual
(dashed line) and desired (solid) joint g, angles. (d)
Error g, — 0,4 , (¢) Bounded control torque of joint u; (f)

Bounded control torque u,

scheme [16] (a) Actual (dashed line) and desired (solid line)

joint ¢, angles (b) Error g, —q;4 (c) Actual (dashed line)

and desired (solid line) joint g, angles (d) Error q, — 0,4

For a comparison of performance, an adaptive
manifold scheme [16] has been implemented by using the
same control parameters. The simulation results are shown
in Fig. 3. Please note that an unknown friction term is
added in the robot model which makes the control problem
more challenging than that in [16].
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The simulation results show that the proposed NN-
based controller outperforms the adaptive manifold
approach with simpler implementation. The NN is tuned
on-line without any preliminary off-line training.

4.2 Robustness Test

In order to test the robustness of the controller, one
changes the system parameters to |, =1.2m,l, =0.8m,

m, =1kg, and m, =2kg and then apply the same NN-

based controller to the system. The system responses are
shown in Fig. 4.
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0.2 0.2

0. 0
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Fig. 4 Performance of NN controller with 20% change of
system parameters (a) Error ¢, —0,4 and (b) Error

02 — Qg

From the above results, one observes that the proposed
NN controlled system gives a good response when the
system parameters are changed within 20% percent range.
The test results show that the NN controller owns the
ability to deal with the system uncertainties.

4.3 Stiffness Parameter

Further simulation runs have been carried out to test
the effect of stiffness variation to the controller. The same
controller is run by using two stiffness parameters:
K =diag{300 300} and K =diag{30 30}. The system
responses are shown in Figs. 5 and 6. The results
demonstrate that the proposed controller can deal with
relative large range stiffness change.
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Fig. 5 Performance of NN controller with stiffness
parameters K = diag {300 300} (a) Error 9, -¢,4 (b)

Error g, — Qg

Figs. 2-6 show the simulation results of applying the NN
controller to the RLFJ system for tracking desired signal.
One can see that a very good tracking performance is
obtained. The NN controller can indeed improve the
tracking performance without resorting to high-gain
feedback. In addition, we do not even need to know the
explicit parameters of a system. Moreover, the NN
controller can be implemented in a wide stiffness
parameter range. This is a significant advantage since the
NN controller can be applied to any type of flexible or
rigid robots with little modification to gain parameters.

2 _emorgl . 02 _emoe q2_
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Fig. 6 Performance of NN controller with stiffness
parameters K = diag{30 30}

(a) Error @, —qyq  (b) Error g, -0y
5. CONCLUSION

In this paper, an adaptive NN controller is designed
for a rigid link flexible joint (RLFJ) robot manipulator with
unknown nonlinearities by using a composite control
approach. Two NNs are used to approximate two
complicated unknown nonlinear functions in both fast and
slow control components. No off-line training is required
for NNs. The control algorithm and weight matrix update
rule are derived from Lyapunov theorem extension. The
stability and boundedness of the tracking error of this
unknown RLFJ robot manipulator have been proved.
Simulation results show that the proposed NN controller
outperforms the adaptive composite control method and
can be applicable to unknown flexible robots with a larger
range of stiffness. Future work includes the development
of on-line self-constructing NN-based controller for
unknown RLFJ robot manipulators.
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