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Abstract - Generally, biped walking is difficult to control
because a biped robot is a nonlinear system with various
uncertainties. In this paper, we propose a hybrid control system
to improve the efficiency of position tracking performance of
biped locomotion. In our control system, the wavelet neural
network (WNN) based on Sliding mode controller is used as a
main controller which estimates a biped robot model, and the
compensated controller is proposed to compensate the estimation
error. A WNN s utilized to estimate uncertain and nonlinear
system parameters, where the weights of WNN are trained by
adaptive laws that are induced from the Lyapunov stability
theorem. Finally, the effectiveness of the proposed control
system is verified through computer simulations.

1. Introduction

In controlling biped robots, we face some problems such as
instability of locomotion, high-order dynamic equation,
existence of different phases of the walking cycle and various
uncertainties. Due to these constraints, a biped robot requires a
robust control technique having higher performance in spite of
uncertainties comparing with standard PD control. So, a
computed torque or inverse dynamics technique using feedback
linearization {1,2] is proposed to control a biped robot. However,
such methods are difficult to control a biped robot model with
the model uncertainties. Therefore, the sliding mode technique
for the robust control of a biped robot with uncertainties is
proposed [3]. However, the sliding mode control (SMC) requires
prior knowledge of the mathematical mode! and uncertainty
bounds.

On the other hand, recently, wavelet neural networks (WNNs),
which combine the capability of neural network [4] for learning
from processes and the wavelet decomposition are used as good
estimation tools for the identification and control of dynamic
system. Training algorithm plays important role for WNN
approximation. So, training methodology, which is induced by
Lyapunov stability theorem ,has researched to ensure the
stability, robustness, and performance of system.

In this paper, we propose hybrid control which consists of the
WNN based SMC (WNNSMC) (5] and the error compensation
controller{6]. In our control system, wavelet neural network is
employed to estimate uncertain and nonlinear functions of the
5-link biped robot. All weights of WNN are trained by the
adaptation laws induced from the Lyapunov stability theorem,
which are used to guarantee the stability of control system. And
we design the compensation controller to compensate
approximation error. Finally, in order to verify the effectiveness
and robustness of the proposed control technique, the
performance of control scheme is proved by comparing the

tracking performance of the hybrid control with that of the SMC
via the computer simulations.

2 The 5-link Biped Robot Model

The 5-link biped robot model used in this paper is shown in
Fig.1. Each link is connected by a rotating joint, which is driven
by an independent DC motor.

Fig.1 5-link Biped Robot Model

Parameters shown in Figure 1 are as follows:

M, - Mass of link 1,

f; : Length of link £,

d; . Distance between the mass center of link  and its lower joint,
1;- Moment of inertia with respect to an axis passing through the
mass center of link ¢ and being perpendicular to the motion plane,
9 . Angle of link iwith respect to vertical (the positive
direction of g Ji= 1,2,3,4,5 , 1s the one shown in the figure).
Dynamic model of biped robot is as follows:

H(0) B+ B(0,6)+G(O) =1, 1)

T I
where 0=[6.0,61 7, =[T;Tp0r 1701 |

$
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H(0)=[H,(8)] (.j=12.5).
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and % is generalized torque which is corresponding to each

joint angle. H(0) is a 5x5 symmetric positive-definite inertia

matrix, B(6,8) is a 5%1 column vector with respect to the

Coriolis and centripetal torque, and G(9) is a 5x1 gravity

vector,

If 9299 and 9s are relative angle deflections of the
corresponding joint, then
4,=6,-0,,9,=6,-0,,4,=6,-6,,9,=6,-6;

(1) is transformed by 9, then (1) is expressed as

H(g)q+B(g.9)+G(g) =7, @)
3. Hybrid Control of Biped Robot

3.1 Wavelet Neural Network

In this paper, we use two WNN estimators in each joint: the
one is used to estimate a function of gravity, Coriolis and
disturbance, and the other is to estimate a function of inertia
matrix.

In our control system, we predict parametric variations and
uncertainties in each joint. A proposed WNN structure is shown
in Fig.2.
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Fig.2 Wavelet Neural Network

The signal propagation and basic function in the product layer is
expressed as

X —-m.

yi=| |#lnet.) net, =-£—%*

I,—-I 7 with T d, . (3)

where *» denotes the input of the WNN, and mjp, d, are

translation and dilation vector of the product layer. Then, outputs
sum products of training weight and output of mother wavelet

function (#(x)=—xexp(-x*/2))

g =Z'wﬁ’yiwith J=12,n gnd 0,=1, 0,=12,-,5 (4)

where, n is the number of wavelet node, Wi is the weight vector
between product layer and the output layer, j is the number of

A

wavelet node, and ¢ is the number of joint. Outputs are y*' =X

and y* =7,

The weighting vector is as the follows:

X(|C)=CT Y(e|D)=DY. (5)
where, r=[ym| ym: '“ym,.] and T=[}’az‘ yozz ”_yo:"] is

~ T
output vector of wavelet function. C=[w, W Wl and

D=(m, “’z:"‘%]r is weight vector which is trained by tuning

algorithm. Optimal weight vector, which performs the perfect

approximation, is as follows:

X'(e|C)=CT Y'(e|D)=DY (6)
3.2 Hybrid WNN SMC

The control structure which is approximated by hybrid WNNS
MC is shown in Fig. 3.
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Theorem 1. Assume that the biped robot model (2) is used for
our control system. The proposed control system is designed as
(7). Then, the weights of the WNNs are trained by the adaptation
laws (8)-(10), the stability of our control system is guaranteed:

£, =X+ 1(q,~2e-A'e)- Esgn(s,) 7
Ci=AgT, 8)
Di = 45X (g,~ 2Ae- e) )
Ei=a s, (10)

where # is a small positive constant, and 4x, % and % are
positive tuning gains.

3.3. Simulation of Hybrid Control

The 5-link biped mode! shown in Fig. 1 is used in this
simulation. The planning of the trajectory for a biped robot
walking on a horizontal plane surface is divided into three parts:
starting step from the vertical position on a horizontal plane
surface, steady walking on a horizontal plane surface and
walking form start to steady on a horizontal plane surface. The
locomotion mode of a biped robot on the horizontal surface has
the form shown in Fig. 4. Reference trajectory for a steady stable
walking is shown in Fig. 5.
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Fig. 4 Reference Trajectory of 9.
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Fig. 5 Locomotion mode of 5-link biped robot.
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Fig. 6 Reference tracking trajectory for a hybrid WNNSMC.
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Fig.7 Variation of the driving torques with time for a hybrid WNNSMC
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Fig. 8 Squared error of a hybrid WNNSMC in each joint for SMC.

Fig.6 shows reference tracking for hybrid WNNSMC, Fig.7
shows driving torque, and Fig.8 shows variation of error. MSE
is  0.0016. A hybrid WNNSMC shows a good tracking
performance.

4. Conclusion

In this paper, we designed a hybrid WNN control system based
on sliding-mode technique for the 5-link biped robotic model in
order to improve the efficiency of position tracking performance
of biped locomotion. In our control system, hybrid WNNSMC
was employed to estimate unceriain and nonlinear functions of
the S-link biped robot. We designed two WNN estimators in
each joint. The one was used to estimate a function of gravity,
Coriollis and disturbance, and the other was to estimate a
function of inertia matrix. Their weights were trained by the
adaptation laws induced from the Lyapunov stability theorem,
which guarantee the stability of the proposed control scheme.
And the compensation controller compensated estimation errors,
Through computer simulations, we confirmed that the
performance of the hybrid WNNSMC was verified.

|[REFERANCES]

{13 1. 1. Slotine and W. Li, Applied Nonlinear Control, Prentice Hall,
1991.

(2] K. 1. Astrom and B. Wittenmark, Aduptive
Addison-Wesley, 1995

[3] S. Tzafestas, M. Raibert, and C. Tzafestas, "Robust sliding-mode
control applied to a 5-link biped robot," Jour. of Intelligent and
Rabotic Systems, Vol. 15, pp.67-133, 1966,

(4] J. R. Noricga and H. Wang, "A direct adaptive neural-network
control for nonlinear systems and its application," JEEE Trans.
Newral Networks, Vol. 9, No. 9, pp.27-34, 1998.

[5] R. J. Wai, R. Y. Duan, J. D. Lee, and H. H. Chang, "Wavelet
Neural Network Control for Induction Motor Drive Using Sliding
Mode Design Technique,” JEEE Trans. Indusirial Electronics | Vol.
50, No. 4, pp.733-747, 2003.

[6] CM Lin and CF Hsu, "Neural-Network Hybrid Control for
Anrtilock Braking Systems," JEEE Trans. Newral Networks, Vol 14,
No. 2, pp.351-359, 2003.

Control,

- 2718 -



