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Abstract: Generally, biped walking is difficult to control because it is a nonlinear system with various uncertainties. In this paper,
we design a robust control system based on sliding-mode control (SMC) of 5-link biped robot using the wavelet neural
network(WNN), in order to improve the efficiency of position tracking performance of biped locomotion. In our control system,
the WNN is 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 by

computer simulations.
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1. INTRODUCTION

As a biped robot has become more anthropomorphic and
performs a various task on behalf of human, the research on
biped robots gradually attracts much attention and is
progressing dynamically. However, biped robots are difficult
to control due to their nonlinear and coupled dynamics. First,
Inverted pendulum [1] is applied to interpret some
characteristics of human walking. Later, researchers construct
a 3-link biped robot model [2], and a 5-link biped robot model
[3,4].

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 [5,6] 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 [7]. However, the sliding mode
control (SMC) requires prior knowledge of the mathematical
model and uncertainty bounds.

On the other hand, recently, wavelet neural networks
(WNNSs), which combine the capability of neural network
[8-9] for Ilearning from processes and the wavelet
decomposition [10], are used as good estimation tools for the
identification and control of dynamic system [11]. Training
algorithm plays important role for WNN approximation. The
gradient-descent (GD) method is used as conventional on-line
training technique. However, the GD method is difficult to
acquire sensitivity information for unknown or highly
nonlinear dynamics and has the problem, which settles to the
local minimum. So, training methodology, which is induced
by Lyapunov stability theorem [12], has researched to ensure
the stability, robustness, and performance of system.

In this paper, we propose WNN based SMC (WNNSMC)
for the stable walking of 5-link biped robot with uncertainties.
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. Finally, in
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order to verify the effectiveness and robustness of the
proposed control technique, the performance of control
scheme are proved by comparing the tracking performance of
the WNNSMC with that of the SMC via the computer
simulations.

2. THE 5-LINK BIPED ROBOTIC MODEL

2.1 Kinematic 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 Biped in single support phase.

Parameters shown in Figure 1 are as follows:

m; : Mass of link i,

I, :Lengthof link i,

d, : Distance between the mass center of link i and its lower
joint,

I, Moment of inertia with respect to an axis passing through
the mass center of link i and being perpendicular to the
motion plane,

6. . Angle of link i with respect to vertical (the positive
direction of 6,, i=12,3,4,5, is the one shown in the
figure).
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Relationship of link is expressed as

X, =X, +1,8in@, +1,sin 6, +1,sin6, +1;sin 6, )

Yy, =Y, +1,cosé, +1,cosb, —1,cosb, — I cosb,

Differentiating (1) with respect to time, we obtain

X l,cosg, ). (l,cos6, ).
Vo.=| . |= ) O+ ) 2
y, —l,sin g, —l,sing,
I,cos09, ). I,cosd, ).
+ 4 ) ¢ G4+ ° ) ° Os
—l,sing, —l;sing;
O]

2.2 Dynamic model

It is assumed that the biped does not slip at the end of
supporting without a friction. The biped robot model, which
induced by the Lagrange dynamic model describing the
motion of the biped in single support phase, represents as
follows:

H (0)-6+ B(6,0) + G(0) =z, 3)

where 0:[91192“"195]Tv Te:[Tellz'gzv"'lrgs]Tv

B(Q@):co{i(hﬁj(m)zﬂ :

j=1
G(0) =col[G,(0)], H(0)=[H;(0)] (i.j=12-5),

and 7, is generalized torque which is corresponding to each
H(0)

joint angle. is a 5x5 symmetric positive-definite

inertia matrix, B(#,0) isa 5x1 column vector with respect
to the Coriolis and centripetal torque, and G(6) is a 5x1

gravity vector.
If q,0, 0, and q, are relative angle deflections of the

corresponding joint, then
h=6-6,0,=6,-6,,0,=0,-6,,0,=6,—-6;.

The torques are transformed as 7, =Er,,

1000
-1100
0-110
0011
0 00-1

where, E =

Transformed by q, (3) is expressed as

H(a)a+B(0,9) +G(a) =7, @
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In (4), we use the variables ¢,(i=01---,4) instead
of 6 =(1,2,---,5) , where q, is the hypothetical joint O.

H(6), B(6,6), and G(6) arein [7].

3. CONTROL OF THE BIPED ROBOT

In order to control the tracking performance of the biped
robot effectively, the WNNSMC is proposed in this Section.
First, we discuss a WNN structure used in the proposed
control system. Second, the design methodology of
WNNSMC system is discussed.

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.

o YA
y1=><(9\cj y ‘Y(elD‘)iﬂz---,s

Output Layer
R N Output Layer
C D i
]

Fig. 2 Structure of wavelet neural network.

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

X, —m;
v, =[T#(net,,) with net,, ==&
]

i

()

where X, denotes the input of the WNN, and m,, d; are

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

wavelet function (g(x) = —xexp(—x*/2))
yo=> W,y with j=12--n and 0 =1 0,=12,,5,
i
(6)

where, n is the number of wavelet node, w;, is the weight
vector between product layer and the output layer, j is the
number of wavelet node, and i is the number of joint.
Outputs are y°* = X and y©? -Y.

The weighting vector is as the follows:

X(e|C)=CT Y(e|D)=DY. @)

Where, 1—~:[yOl1 y012 yOln] and Y‘:[yOZ1 yOZ2 yOZn]
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is output vector of wavelet function. C =[w, w,,-- w,, ]

and D=[a, o, o] 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)=D'Y. ®)
3.2 WNNSMC

The control structure which is approximated by WNN is
shown in Fig.3.
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Fig. 3 WNNSMC scheme.

Theorem 1: Assume that the biped robot model (4) is used
for our control system. The proposed control system is
designed as (9). Then, the weights of the WNNSs are trained by
the adaptation laws (10)-(11), the stability of our control
system is guaranteed.

T :_>2i+YAi(dmi_2/1éi_}”2e)_/usqn(si) (9)
éi =8I, (10)
6i =ASY; (qm_ Zﬂ“éi_ }”Zei) (11)

where 4 is a small positive constant, and 1, and A, are
positive tuning gains.

Proof: Lyapunov function candidate is as follows:
— " T - _T -
V(S,C,D):lsT H S+LC C+ ! D D,
2 2 22,

(11)

where, C=C" —~C,D=D"-D. Taking the time derivative
of the Lyapunov function, we obtain

. A2 4 "'T A
V=sH s+£sT Hs—ic C- 1
2 y)

X

T,
—D D.

(12)
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If we arrange (5) on q , then,

q=-H'B-HG+H"r. (13)
The sliding surfaces S are selected as
s=e+ 2/1e+/12je, (14)
Differentiating S with time and using (13), we obtain
s=e+2ie+ A%
=q,—q,+21e+ A%
=—q,—~H'B-H'G+Hr+21e+ A%
s=H’l(—B—G+r+H(—dm+2/lé+ﬂze)j . (15)

Lyapunov function can be summed as each sliding surface of
joint angle. Therefore, we consider one joint to one stability
decision. If every joint angle is stable, a biped system means
stable. And we define W; and Wj; as follows:

W, =H, éi :[7Bi -G+ + Hi(*dierZﬂﬁ éi+ﬂ1zei))

W, =ZHis. (16)
2
So, V isrepresented as follows:
Wcl Wdl
} WCZ Wdz
v :[51 52555, 85] W, _[51 $253 5, 85] Wis
Wc4 Wd4
WcS st
C D
117 7 2 7 = . I e *
_/1x C,CCC,CGC _Z D, D; D, D || ¢ |- uls]
Cs D;
a7

and (17) is expressed as V =V1+V+V3+V4+Vs.
First, if we consider ankle joint stability function V, and
substitute (7), X, =-B, -G, +W,, Y, =H,, and (9)-(10) into

ci?

V; , we obtain V; as the follows:

T T

Vi=s,|C, T,-D, Y,(q,,—24e—A%)— usgn(s,)

ST I
_leelo b
A A

X

. ~T 1 A
Vi=—4 15 |+C 1(sT, _Tcl)
X1 (18)
- T . . 1 A
- D [5,Y,(q,—24e-1%)-—D,]

1
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So, uls|<0.

Since V1§0, Vi s negative semi-definite . If V1 is
negative semi-definite, every stability function is negative

semi-definite. Also, summation of Vi is negative
semi-definite.
Here, le) and s(t) are bounded. Let function
H() =gl s |+ pls, |+ plsy |+ gl sy |+ el ss |
. - - . (19)
=-V(s(t),C,D)
Integrating H(t) on time, then we obtain
t - - -~ =
_[H (p)dp=V(s(0),C,D)-V(s(t),C,D). (20)
0

Because V(s(O),é,b) is bounded, and V(s(t),é,f)) is
nonincreasing and bounded, the following result can be
concluded

tljgj.H(p)dp<oo. (1)

Also, H(t) is bounded. By Babalat’s lemma, it can be

tIiim‘H(t):O. That is, s(t)->0 as t—>oo . Consequently,

the Lyapunov stability can be guaranteed. A respect of control
input and tuning weight is as follows:

r=[n 7,757, Ts]T
C=[C: Cz Cs Cs CsJ', D=[D: Dz Ds Ds DsJ .
4, SIMULATION

The 5-link biped model shown in Fig. 1 is used in simulation.
The parameter of a biped robot is small sized, whose values
are shown in Table 1. And desired references are a steady
stable gait on horizontal plane.

Table 1 Parameters of biped robot.

Link nl:/l?lis Moment of inertia  [Length cel_rggit(i)??n?ss
i (kg) l; (kgm) l; (m) d. (m)
Torso |14.79 3.30x107? 0.486 0.282
Thigh | 5.28 3.30x1072 0.302 0.236
Leg | 2.23 3.30x10°* 0.332 0.189

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
of Fig. 4. Reference trajectory for a steady stable walking is
shown as Fig. 5.
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Fig. 5 Locomotion mode of 5-link biped robot.
4.1. SMC

We design the SMC of a biped robot in accordance with [7].
We simulate SMC with 40% parametric uncertainty of which
40% each of parameter value add on mass and moment of
inertia. We set up with control gain 4 =100. And we simulate
in final time 1.5 sec and sampling time is chosen as 0.001 sec.

The SMC performs a robust and good performance in spite
of uncertainties in simulation. Driving force and tracking error
of SMC is shown in Fig. 7 and Fig.8, respectively.

Fig. 6 Reference tracking trajectory for SMC.
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Fig. 7 Variation of the driving torques with time
for SMC.

Fig. 8 Absolute summed error SMC in each joint
for SMC.

4.2. WNNSMC

The SMC shows a robust and good performance. We verify
that a proposed system which estimates uncertainties and
nonlinearities is superior to the SMC by simulations. So we
simulate under the same condition as the SMC with
uncertainties in order to prove that a WNNSMC works well to
estimate parametric bounds and performs robustly. The
parameters of the WNNSMC are given as follows:

Ay =0.0000005, A, =0.0000003, 4 =100.

Ax Ay of WNNSMC parameter are set up with the best

performance through simulations. In each joint, Two WNNs
are used as the estimator: one for estimating a function of
gravity, Coriollis and disturbance, and the other for estimating
a function of inertia matrix, where each WNN estimator has
three wavelet nodes. Parameters of translation, dilation are
randomly selected and weight is tuned by the Lyapunov
stability synthesis. Also, we assumed that the biped robot has
the 40% parametric uncertainty of inertia moment and mass.

Table 2 compares the performance of the WNNSMC with
that of the SMC by means of the mean squared error(MSE). A
biped robot tracking a reference trajectory is simulated
without uncertainty and with uncertainty, respectively. By
means of comparison of error, we can confirm that the
WNNSMC is superior to the SMC for walking cycle without
uncertainties as well as with uncertainties.
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Fig.10 Variation of the driving torques with time for
WNNSMC.
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Fig.11 Absolute summed error of variation with time for
WNNSMC.

Table 2 The performance comparison of SMC and WNNSMC.

S0 L MSE of SMC | MSE of WNNSMC
Involvement

No uncertainty 3.1569x 10° 1.1744% 107

40% parametric 4 5
uncertainty 1.0991 x 10 6.6173x 10
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5. CONCLUSION

In this paper, we designed a 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,
WNN was employed to estimate uncertain and nonlinear
functions of the 5-link biped robot. We designed two WNN
estimators in each joint. The one is used to estimate a function
of gravity, Coriollis and disturbance, and the other is 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. Through computer simulations, we
confirmed that the performance of the WNNSMC was
superior to that of the SMC regardless of uncertainties.
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