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Abstract Master-slaver dual-leg coordination control was
proposed for the biped robot with heterogeneous legs (BRHL),
in order to reduce gait planning and to get a good tracking
performance. The key to coordination is gait trajectory track-
ing control. Bionic knee joint with closed-chain 4links makes
robot walking more humanlike, but the model is complex and
tracking of the bionic leg to the artificial leg is more difficult.
P-type open-closed-loop iterative learning control (ILC) is
not based on model parameters and has advantages in both
open-loop and closed-loop ILC; so this paper proposes a
complex robot gait trajectory tracking. The convergence is
proved by using functional analysis and the stability condi-
tion is given. A tracking simulation based on the virtual pro-
totype was done. The results show that this control strategy
and algorithm are effective and robust, and the convergence
speed is better than separate open-loop or closed-loop ILC.

Keywords BRHL, tracking, bionic knee joint, open-
closed-loop iterative learning control, convergence, virtual
prototype

1 Introduction

Exact gait trajectory tracking control, which is a nonlinear,
strong coupling, and time-varying system, is an important
aspect related to the walking of the biped robot. Feedback
linearization with feedforward compensations, computed
torque, variable structure sliding modes and self-adaptive
control schemes has been used for this tracking control [1].
Learning control is the most effective control method and can
accommodate modeling errors and varying environments.
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Based on Uchiyama’s study on high-speed mechanical arm
motion control, the concept of ILC was introduced first by
Arimoto et al., motivated by robot’s repetitive motion tasks
[2,3]. Higher-order ILC was studied by Bien Z. et al. [4].
Arimoto tended to ignore factors in P-type ILC while improv-
ing tracking performance [5]. Chen Y. et al. added current
feedback control in ILC [6]. The relation between ILC and
conventional feedback control was discussed by Peter B. G.
et al. [7]. Open-loop ILC and closed-loop ILC were studied
independently in aforementioned ILC algorithms. Open-
closed-loop ILC, including both open-loop and closed-loop
ILC, is currently an active research direction.

The objective of this paper is to give control strategy
an innovative BRHL. In this paper, trajectory tracking of
complex robot is studied, and P-type open-closed-loop ILC
scheme is proposed for tracking. Convergence is studied
by using superposition method and functional analysis.
Control simulation is done on virtual prototype and results
demonstrate the effectiveness of this control scheme.

2 Trajectory tracking problem of biped
robot

Control object is the innovative BRHL that is shown in
Fig. 1. BRHL having 6 degree of freedom (DOF) is composed
of an artificial leg of homogeneous biped robot, a bionic leg
of intelligent prosthesis limb and a simple crotch. In Fig. 1,
the parameters with superscript “¢” and superscript “b”
respectively denote variables of the artificial leg and the
bionic leg. L is the link bar length, m is the mass, 7 is the
control input torque, and 0 is the generalized coordinate
variable. Due to the use of closed-chain 4links knee joint, the
bionic leg’s instant center of rotation (ICR) is the point of
intersection of ant-bar and post-bar prolongation. Trajectory
of ICR is “J.” With polycentric bionic knee joint, the bionic
leg can acquire higher space between foot and ground, good
dynamic characteristics like the human knee [8,9].

Using the Lagrangian method with constrains, the BRHL
coordination dynamic model is established and given by
Eq. (1), where AT is phase-different of dual leg. The first
equation of Eq. (1) is the artificial leg’s dynamics model Y.,



Fig. 1 The model of BRHL and virtual prototype

the second is the bionic leg’s model Y, the third is phase-
different constrain and the fourth is 4links closed-chain
constrain.

This paper proposes master-slaver dual-leg coordination
control strategy for biped walking. Namely, real-time gait
planning is done only for the artificial leg followed by the
bionic leg tracking of this gait so as to reduce planning and
computing time. The key to this control strategy, gait tra-
jectory tracking problem, can be formulated as follows.
In t€[0, 7], to design a bounded control law guaranteeing
0%(t + AT)—04t)—0*(t), where 0°(¢) and 0¢) denote the
gait trajectory of the artificial and the bionic leg respectively,
0%*(¢) is the desired gait made by planning.
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Common trajectory tracking methods can get a good track-
ing performance and guarantee asymptotic stability, but they
need exact model parameters. Bionic leg dynamics model
with 4links closed-chain constrain contains pending multi-
plier fob 4, so it is more complex than artificial leg model and
is difficult to solve. Therefore, it must be simplified. Because
of the small mechanical size of 4links, links 3, 4 and 5 can be
treated as a single link. According to varying ICR, the relation
between driven torque and damper force is shown as Equa-
tion Section (Next) T = F,D,.. where F, is MR damper
force, and D, is the distance between ICR and MR damper
piston axis. Simplified model is easy to be controlled and
computed, but simplifying model parameters errors enlarge
tracking errors. So ILC is introduced in the tracking of biped
robot with complex model and imprecise parameters in this

paper.
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3 P-type open-closed-loop iterative learning
control

3.1 Control law

Open-loop ILC uses former tracking errors to perfect control
input, and closed-loop ILC uses current tracking errors and
can resist disturbing. All tracking errors are useful to form
correct control input, so we propose open-closed-loop ILC to
control BRHL. Let’s consider Eq. (1) under the following
control law

w,=u, +le,+Te.,, withe=0%¥—0 2)

where I and I'" are symmetric positive definite gain matrix
of learning, & denotes the iteration number. Convergence
condition of open-closed-loop ILC is different from other
ILC [10]. Using functional analysis knowledge, convergence
analysis procedure is given in the section that follows.

3.2 Convergence analysis

Under ILC, the state space of bionic leg system Y, at the
iteration k can be expressed as
{ka = /(65 (0)+ B(1)uy (1) 3
Vi (1) = g(t, %, (1)) + D(t)u, (1)

where x = [9”, éb]T.
Suppose Eq. (3) satisfies the following reasonable assump-
tions.

Assumption 1 The function f and g are uniformly glob-
ally Lipschitz in x and u.
Assumption 2 For

limx, (0) = x, (0).
Assumption 3 There exists the desired u that guarantees
the desired trajectory y.
Assumption 4 (/ +I'(¢)D(¢)) is not singular matrix.
Define

all k, the satisfies

{6x:(0)} >0

78xk (1) = x, (1) — x,(2)
0y (1) =y, (1) = y, (1)
Suy () = u, (1) —u, (1)
S, x@),u(0)) = f(t,x,(0),u,(1))
— S (2, (1) = x(2),u, (t) — u(?))
1&'(t,x(1)) = g(t,x, (1) — g (t, x, (1) — x(1))

“

From Egs. (2), (3) and (4), we have

ox, (1) = f'(,6x, (1), 0u, (¢),
du, (t) = —T'(t)(D(t)du, + g'(t,0x,(¢))) (5)
—I"()(D(t)ou, , + g'(¢,0x,_,(¢)))+0u, ,(t)
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Under Assumption 4, we have

Su, (1) =—(I+T()D(1) " T(t)g'(1,8x, (1))
—(I+T(OD@) T'(1)g'(1,8%,_,(1))

+UI+T(OD@) (I =T (O)D(6)du,_, (1) (6)

Define operator

G, : C[0,T]1— C[0,T], as

G, (w)t) = (I +T()D(0)) ' T(1)g'(¢,x(1)) )

Then Eq. (6) can be written as
ou, (1) +G,_,(du, )(t)+G,_, (du,_))(t) =
(I+T()D(®)" (I =T'(t)D(®)du,_, (1) (®)

According to Bellman-Gronwall lemma and Ref. [11], we
can define operator

. C.[0,T] = C.[0,T], as
()0)= Gy ()0), Yol0)e e, [0.7]
And there must exist exclusive u(t) € C,[0,T|lim, that

satisfies u(?) + Gy, (u)(¢) = v(¢).
Define

G,
G, )

P(Su,_)(t) = (I +T(O)D®)" (I =T ()D(6))du;_, (1),

O, (du,_ )(1) = _ék—l (Pdu,_, (1) (10)

where Pdu,_, is the shortening of P(du,_,)(¢).
Because of P(du,_;)(¢) and du,(¢) both satisfy Eq. (8), we
get

du, () + G, (Bu, )(t)+ G, (ou,_, )(t) =

(I+T()D())" (I =T'(1)D(1))du,_, (1)
= P(Suk—l )(t)

According Ref. [11], we have

0, (Bu, (1) = =G, (Pdu,_)(t) = =G,_,(Bu, )(1) ~ (11)

From Egs. (10) and (11), we have the transform of
Eq. (8)

ou, (1) = PQu,_)t)+O,_,(du,_))+G,_,(du,_)t) (12)

where operator G,_, and Q,_, are bounded and linear. Define
bounded operator O, , =0, , +G,_, where O, and G,
denote the operator existing in convergence proof of open-
loop ILC and closed-loop ILC, respectively. Because P
and Q, | are bounded and linear, we have the transform of
Eq. (12)

Su, (1) =(P+0,_,) Bu,_,)(®) (13)

Through recursive procedure, we obtain

Suy ()= (P+0,,)(P+0i,) - (P+0,)Bu)(®)  (14)

According to Eq. (14) and Ref. [11], we conclude that
underconditionp(P) = p[({ + T'(1)D())'(I —I"'(+)D(¢))] < 1,
with V¢e[0,T], then du,(¢)—0 is guaranteed, and the control
algorithm is consistent stability. The magnitude of I'(¢) and
I"'(¢) can affect the convergence speed.

The sufficient condition of convergence of open-
closed-loop ILC is p[({ +I'(+)D(¢))'(I —I''(+)D(¢))] < 1.

Based on the aforementioned proof, using reduction
to absurdity method, the necessary condition is p[(/ +
T(0)D(0)) (I ~ T (0)DO)] < 1.

4 Simulation results

In order to illustrate the validity of P-type open-closed-loop
ILC, control simulation has been done on virtual prototypes
of BRHL established by ADAMS, shown in Fig. 1. The
bionic leg’s hip joint gait trajectory is supposed to be the same
as that of the artificial leg. Desired knee joint gait data is
obtained from APAS, human motion measure software of
Ariel Dynamics (US). Simulation period is 0.8 s, and sam-
pling interval is 0.02 s, and control period is 0.005 s. Set
I' =1 and I'" = 25. The trajectory tracking of the bionic knee
to the artificial knee and tracking root mean square (RMS)
errors are illustrated in Figs. 2 and 3.

m— Real
wmmm Desired

Iteration

number k 00

Fig. 2 Tracking curve of relative knee angle
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Fig.3 RMS error curve

Fig. 4 illustrates RMS error of tracking, when white noise
disturb is added to Eq. (3).
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Fig.4 RMS error curve of tracking with disturb

The errors are affected by initial error {dx,(0)},-, and
iteration number £. In biped robot repetitive walking control,
the initial error is difficult to be reduced to zero. On satisfying
the walking stability condition, the set will stop the judge of
iteration as Eyys <2.

Under the same conditions, the open-loop ILC and closed-
loop ILC for tracking are simulated on virtual prototypes and
tracking results are shown in Table 1, in order to be compared
with P-type open-closed-loop ILC.

Table 1 Convergence speed

Control scheme Open-loop Closed-loop Open-closed-loop
ILC ILC ILC
k 15 17 9

5 Conclusions

Master-slaver dual-leg coordination control strategy proposed
by this paper can reduce gait planning and computing time.
Simplified dynamics model of BRHL according to varying
ICR is beneficial to control, but gives rise to parameters
errors. P-type open-closed-loop ILC proposed by this paper
does not need the precise model. The convergence can be
proved by functional analysis, and stability sufficient con-
dition is easy to be guaranteed by setting the right gain
matrix of learning. Simulation on virtual prototypes of
BRHL shows the tracking and anti-disturb ability of the
control strategy and algorithms. The results show that
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open-closed-loop ILC is better than single open-loop or
closed-loop ILC, and can be used for complex biped robot
walking to facilitate an effective walking biped robot. Con-
vergence speed is affected by gain of learning. Future research
needs to focus on how to compute gain matrix of learning in
order to get fast convergence speed.
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