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Abstract

The robustness of bipedal walking robots can be
enhanced by the use of adaptive control techniques. In
this paper, we extend a previous control approach,
“Virtual Model Control” (VMC) [6] to create “Adaptive
Virtual Model Control” (AVMC). The adaptation

biped robots by means of learning techniques such as
fuzzy logic and neural network control [13,15].

In our previous “Virtual Model Control” approach to
bipedal walking [4,6], we utilized physical intuition in the
development and implementation of control strategies.
With this approach we achieved moderate performance

compensates for external disturbances and unmodelled and robustness for blind planer walking over rough

dynamics, enhancing robustness in the control of height,
pitch, and forward speed. The state machine used to

terrain.
In this paper, we add adaptation to the Virtual Model

modulate the virtual model components and to select the Control approach to enhance robustness. Simulation

appropriate virtual to physical transformations (as in
traditional VMC) is also used to inform the adaptation
about the robot's changing configuration.

The design procedure for AVMC is described in this
paper and simulation results are presented for a planer
walking biped.

Keywords: adaptive control, virtual model control,
legged locomation.

1 Introduction
Because a hiped's dynamics are multivariable, high-
order, nonlinear, and time-variant, it is difficult to design
a waking controller using traditional techniques.
However, many novel approaches have been explored.
Goalliday and Hemarni [2] used date feedback to de-
couple the high-order system of a biped into independent
low-order subsystems. Miyazaki and Arimoto [10] used a
singular perturbation technique and showed that bipedal
locomotion can be divided into two modes: a fast mode
and aslow mode, thus simplifying the controller’'s design.
Furusho and Masubuchi [11] derived a reduced order

model as a dominant subsystem that approximates theWalking robot.

original high-order model very well by applying local

feedback control to each joint of a biped robot. Miura and
Shimoyama [7] linearized biped dynamics and designed
stable controllers by means of linear feedback. Kajita and
Tani [12] developed their 6-degree of freedom bipedal
robot “Meltran 1I” using a linear Inverted Pendulum

Mode successfully. A research group at the Honda Motor
Company designed their control system for a humanoid
bipedal robot using zero moment force control and
playback of recorded trajectories [5]. In addition, other

results are presented in section 4.

2 Virtual Model Control

Dynamically stable legged robots are difficult to
control for several reasons. The are non-linear, passively
unstable, under-actuated, and exhibit varying dynamics
depending on which feet contact the ground. Because of
these difficulties, textook control solutions typically are
not applicable. Instead, physical intuition is often used as
a tool to develop a controller.

Virtual Model Control [4,6,16,17] is one such
technique. Virtual components are attached between parts
of the physical structure of the robot and between the
robot and the environment. Torque is applied to the joints
of the robot so as to make the robot behave as if the
virtual components are present. A finite state machine
monitors the robot's configuration and discretely
modulates the virtual to physical transformation and the
parameters of the virtual components.

Figure 1 shows a diagram of one set of virtual
components that can be used to control a planar bipedal
These components were used in the
control of our 4-DOF walkingabot Spring Turke)[6].
Virtual spring-damper components are attached to the
robot in three axesZ( X,6), and provide height, pitch,
and forward velocity control. The “dogtrack bunny”
indicates that a spring-damper mechanism in e
direction is pulled along at the desired velocity. Due to
the constraint of an un-actuated ankle in this robotXthe
axis spring-damper mechanism is attached only when the
robot is in its doubleupport phase of walking.

researchers have made good progresses in the control of



Figure 1: Oneimplementation of Virtual Model Control
applied to a seven-link bipeda walking robot.

There are three steps to implementing a Virtual Model
Controller:
1) Design the controller by choosing virtual
components and their attachment points.
Design the finite state machine or other method
of virtual component modulation.
Determine the virtua to physical transformation.

2)
3)

Figure 2 shows a state machine that was used in the
control of our bipedal robots “Spring Turkey” and, later,
“Spring Flamingo” (which had actuated ankles). The
virtual to physical transformation is based on the robot’s
Jacobian and some additional constraints [6].

3 Adaptive Control in Virtual Dynamics
Space

Virtual Model Control without adaptive mechanisms
can control a walking robot successfully over both level
and sloped terrain [16,17]. However, it is beneficial to
consider the higher order unmodelled dynamics of the
robot and dynamically adapt to changing dynamics or
disturbances. Chew [16] used robust adaptive control
with mass adaptation in his simulation study of rough
terrain walking. We extend Chew’s work here into a more
complete virtual dynamics space framework.

As a natural extension of VMC, Adaptive VMC can
also be considered as a learning mechanism. A good
learning mechanism needs a proper performance index
function, a learning algorithm, and a suitable system
dynamics framework. In the following sub-sections, the
above three components are discussed. A Vvirtual
dynamics model based adaptive control framework is
presented.

FromRight

Figure 2: Diagram of the global state machine for
abipedal waking robot.

3.1 Performance index of the control in a legged
robot

Robustness for a walking robot requires that its
stability be maintained when encountering unexpected
external disturbances and complex environments. There
are two types of stability for a leggenbot. First, stability
of a legged robot requires the stability of internal
dynamics in each individual mode under external
disturbances. Second, achieving stability also requires
persistent smooth movements in complex environments.
In this paper, the adaptive VMC will take care of the first
requirement for stability. The second requirement can be
achieved through an adaptive gait control approach. We
will not focus on that in this paper.

In general, the performance measurements of walking
robots are much different from the typical notions of
performance for manipulators, such as command
following and disturbance rejection. The overall
performance of a walking robot is wdly defined in
terms of biological similarity and efficiency of leg
locomotion, smoothness of movement and robustness to
the environments. Specifying a proper overall
performance index for a legged robot is thus a difficult
task. In this preliminary work, our approach is to utilize a
simpler tracking index and try to achieve dynamic
stability in a Lyapunov sense.
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Figure 3: Diagram of virtual dynamics model based
control design.

3.2 Virtual dynamics model based control design
approach

Automatic tuning of a controller requires a suitable
framework or a dynamic modd that can reflect the
physical interaction between the environment and the
system itself. In this paper, our adaptive control design is
based on the framework of a virtual dynamics modd.
Figure 3 shows the diagram of a virtual dynamics model
based control design. In this diagram, there is a virtual
dynamics space and a physical dynamics space. By
utilizing an observation module, the necessary
information is collected from the physical space and
formulated into the properly selected virtual axes of the
virtual space, such that the virtual dynamics of the biped
robot can be reconstructed. The virtua control is designed
based on the reconstructed virtua dynamics model. The
outputs of the controller are the generalized virtual forces
that are transformed into the physical torque commands
for the actuators by means of the dynamics
transformations. The transformations are different in
different states, for ingtance, the single support states and
the double support sate.

In general, the control law of a dynamic system can be
formulated as,

u=-K4(X+AX)+Au, (1)

where the control is composed of a linear feedback
control part plus a control action correction term Au,,

A, K4 >0 ,and X issystem tracking error. Here we call
Au, a learning control term which will be updated on
linein an adaptive control system. How to determine Au,

is the focus of this paper. Our approach is to utilize the
information observed from physical space and compute

Au, based on the reconstructed virtual model in virtual
space.

The formulation of the virtua dynamics is based on
the concept of linearization of dynamics, which says that
any nonlinear dynamics equation can be linearized into a
locally linear dynamics equation around an operating
point (state) and globally the dynamics can be considered
astime-varying linear dynamics. Therefore, in our design,
we use the form of atime-varying linear virtua dynamics
model and put the error model (unmodelled dynamics)
into an error bound for a robustness mechanism to
tolerate. For simplicity, in this design, a second order
virtual system modd is utilized. It is expected that the
controller designed in virtua space should be able to take
care of the unmodelled dynamics. We choose the adaptive
diding control approach with dead zone to handle this
problem.

In our design, the dynamics of the biped legged robot
is formulated in z, x, and @ axis of the virtual space. The
genera form of the virtual model in (z x, and 8 axis) can
be written as,

yX+a,x+ax+a, + f (xxt,..)+d, =u, @
bz +byz+byz+b, + f,(z,2t,..)+d, =, 3
c+c,0+c0+c, +f,(6,6,t,..)+d, = U, )

where x, z 6 are the State variables, U, ,U,,U, are the
fLGxt..),  f(zzt,..),
fo(8, 6,t,..) are the unmodelled dynamics terms which
are unknown functions of the state variable X, X, z Z,
6, 6 timet, and the variables, d,, d,, dyare the

disturbance terms. The linear crossover terms are not
included here in the above equations, but in a genera
case, they should be present.

control commands and

3.3 Adaptive control design

Using the above virtual dynamics formulation and the
framework of virtual dynamics model based control, the
adaptive controller can be designed in the virtua space by
means of adaptive diding control theory [9]. Since the
linear dynamics of z x, and @ axis are in a smilar
formulation, the general dynamics (5) of only one axisis
described in the following section.

ayX+a,Xx+agx+a, +f(x,xt,.)+d=u (5

Define the switching variable s(t) as,



From the above result, we can prove uniform global
stability of the system (S, — 0, t — ) by Barbalat’s
Lemma [9].

The above adaptive control design can be used to
design the adaptive control fof z € axis. Thus the
corresponding controls are the force commands
(f,.f,,fy) generated in the virtual space. Then
following the steps in section 2, the actuator torques can

be obtained by forward dynamics transformations.
Referring to the general form of control law (1), in this

S(t) =X+ AX = X— X, ©6)

where X = X=X, , X, isthe desired trajectory, A isa
strictly positive gain (except A=0 for x axis dynamics).
Note that X, can be computed from the state (X, X)
and the desired trajectory X ,

X, =X S{t) = %g = A(X~Xg) @)

According to adaptive control theory [9], we can derive
the following control law,

u=Ya-Kgs (8)

Choose the adaptation law as,

a=-Try's, )
S, =s- CDsat(i) (20
b
O x |><i<1
t(X) = 11
A=y else )
D . .
where @ = |d|+|f(x,%t,..)]< D, D is the upper
D

bound of the disturbance and the unmodelled dynamics.
4 is edimation of the parameter vector a.

I =diag{y;.V,. V3. Va} . (y; >0) is the adaptation gain
matrix.

Y=[% x x 1] (12)
a=la, a, a; a,f (13
By the above control law and adaptation law, it can be

guaranteed that the positive semidefinite Lyapunov
function candidate

ai S+ 5 a T3 (14)

where a =a-a
derivative. Therefore

has a negative semidefinite time

V <-K,S? (15)

caseAu, =Va.

The result in equation (15) presents good behavior of
asymptoticaly global sability outside of the diding
boundary layer assuming the given continuous dynamics
asin (5). In fact, in our application, the equivalent virtua
dynamics in the X-axis is not a continuous function in
terms of the aternate states during bipedal walking. So
the performance in X-axis dynamics is not guaranteed.
Thisis addressed in the conclusions.

It is worthwhile to mention that the above adaptive
control scheme has a nice property, hamely robustness,
which is achieved by means of boundary layer tolerance.
The modd error and disturbance are al formulated into a
pre-estimated error bound. Then the boundary layer
thickness is determined based on it. This implies that by
adding better identification mechanisms to the above
dynamics framework (Figure 3), the performance could
be improved further. For example, we can incorporate
some nonlinear identification schemes (such as neural
networks) to the adaptive control system. Combining a
nonlinear identification model such as radial base
function neura networks and the above linear time
varying model in (5), we can derive the following virtual
dynamics equations:

N
ayX+ta,x+azx+a, + ) Cg;(*)+e+d=u (16)
=
In (16), we have a mixed model with linear and nonlinear
part where ¢ is the model error, g;(*)is the nonlinear

base functions and d isthe disturbance term. By using this
formulation and proper identification techniques, such as
neural networks, the modd error can be reduced. In this
case (not discussed here), the error bound is smaller and
the tracking performance further improved.

4. Simulation and Results

A planar bipedal walking robot was created in
simulation.  The simulated biped has a mass of
approximately 8.0 kg and stands 0.80 m tall. Both virtual
model control [6] and Adaptive Virtual Model Control
were applied to the biped. During the smulations,
external force disturbances were exerted on the biped in



different directions to test the control robustness. We

observed that the adaptive virtual model controller Bosf A AL A -
improved the system’s robustness. When an impulse Eu/ \ — ‘\“ —
external force was exerted on the robot, the robot was 5 o ! : ! 1 ? ? ! :
able to maintain stable walking and recovered its g °—\ -\ A AN A
continuous motion. Also, the simulations showed that the — "2% =+ 2 5« & & 7
biped with AVMC could better maintain the desired Bosh
height of center of mass (CM), the desired body pitch as No.sso : - - ; : : : .
well as smooth motion in the x-axis. The simulated biped sol ]
with AVMC can walk indefinitely. G A N N S W N
Figure 4b shows the simulation results with adaptive - i “'« D E—
VMC, the dynamics of force signald,,f,,f,, and A A T T
forward velocity inx, and actual position inz, & (i.e. jgﬁ‘ ! ? : 4 : : ] :
height, pitch) in virtual space. Figure 4a shows the planar EZZ R e e e S el
bipedal robot controlled by the VMC scheme. In Figure 0 1 2 s . 5 E 7 s

Time (sec)

4a & 4b, the responses are robot height (Z), pitch (Theta,
6), forward velocity (X-dot), as well as virtual force

commands generated by a controller, sucti a¢f-z), f, Figure 4a: Simulation resuits of a bipedal robot with VMC.
(f-x) and f, (f-t). Comparing the results under VMC and X-dot, Theta, and Z are responses of the forward

AVMC, we can see that AVMC can improve the dynamic velodity, pitch angle and robot body height
tracking performance of height and pitch, but it can't help respectively. f-x, f-t, f-z are thevirtual force
much in forward velocity control because the controller commands generated by the VMC.
can only function in the double support state. In single
support states, because of the dynamics constraints, the
controller of X-axis is disconnected by the dynamics
transformations. This implies that the virtual dynamics in ,
X-axis is not a continuous function. Therefore the & : : : . : L L .
adaptive control can not really achieve a desired ‘ ‘ ‘ ‘ ‘
performance in the forward speed control ¥6hxis),
This could be further improved by a gait control scheme. :
Figure 5 shows the parameter identification of the virtual N ]
linear dynamics model by the adaptation mechanism. _af } ; ‘ |
In the test of robustness with external disturbances, we TP N S S S S
did an external force impact test in our simulation. Figure ) T S R R T S R
. X X . sl o e
6 shows the simulation responses of a bipedal walking < g \‘ | ﬂwm W 1
0
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robot experiencing an external force impact (10 Newtons)
in the z-direction. Figure 7 shows the stick plot diagram 2o\ N
of this walking profile with a force impact. From the + ey

above results, it has been shown that improved robustness R o S
can be achieved by means of the adaptive VMC scheme.
The robustness of the biped with changing terrain will be
tested in our future research.
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Figure 4b: Simulation results of a bipeda robot with
Adaptive VMC. X-dot, Theta, and Z are
responses of the forward velocity, pitch angle
and robot body height respectively. f-x, f-t,
f-z are the virtual force commands generated
by the Adaptive VMC.
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Figure 5: Parameter identification of the linear virtua
dynamics model in z-axis.
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Figure 6: Simulation results of a bipedal walking robot
with external impact (10 Newtons) in z direction.
Z and f-z are therobot height and the virtua
force command in z axis respectively.

Figure 7: Stickplot of a bipeda walking robot experiencing
external force impact (10 Newtons) in z direction.

5 Conclusions

Adaptive Virtua Model Control has been proposed to
enhance the robustness of the control system for a bipedal
walking robot. When adaptation is added to the virtua
components, the controller responds to time varying
parameters and external disturbances. It also adapts to
unmodelled dynamics, resulting in more accurate height
and pitch trgjectory tracking.

Under-actuation is a mgjor aspect of dynamic legged
robots which makes their control a challenge. Due to the
limitations of the foot-ground contact, it is impossible to
stabilize a biped under al circumstances. In this study,
we assumed the feet and ankles were unactuated and
hence chose to control forward velocity only during
double support. Thus the stability results of section 3
hold only for pitch and height during single support, and
for speed assuming the swing leg and support transition
controllers successfully carry the robot from one double
support phase to another. Forward speed control could be
accomplished by a proper gait control scheme.

It may be possible to extend Virtual Model Control by
adding learning components as well as adaptive
components. We are currently pursuing thisidea

Acknowledgement

The firg author appreciates his many constructive
discussions with JJ. Slotine about the theory underlying
this work.

References:

[1] Marc Raibert, Legged Robots That Balance.
Cambridge, Mass.: MIT Press, 1986.

[2] C.L. Golliday & H. Hemami, An Approach to
Analyzing Biped Locomotion Dynamics and
Designing Robot Locomotion Control, IEEE Trans.
on Automatic Control, AC-22-6, 1977.

[3] M. Vukobratovic, B. Borovac, D. Surla and D.
Stokic, Biped Locomotion: Dynamics, Stability,
Control and Application, Berlin-Heidelberg,
Germany: Springer-Verlag, 1990.

[4] Jerry Pratt, Ann Torres, Peter Dilworth, Gill Pratt,
Virtual Actuator Control, IEEE International
Conference on Intelligent Robots and Sysems,
Osaka, Japan, November, 1996.

[5] N. Ozawa, Locomotion Control System for Mobile
Robot, United States Patent #5,402,050, Honda
Motor Company, 1995.

[6] Jerry Pratt, Peter Dilworth, Gill Pratt, Virtua Model
Control of a Bipedal Waking Robot, |EEE
International  Conference on Robotics and
Automation, Albuguerque, NM, April, 1997.



[7]

8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Hirofumi Miura and Isao Shimoyama, Dynamic
Walk of a Biped, International Journal of Robotics
Research, Val.3, no.2, Summer 1984.

Eric Dunn and Robert Howe, Foot Placement and
Velocity Control in Smooth Bipedal Walking, |IEEE
International  Conference on Robotics and
Automation, Minneapoalis, April 1996.

JJ. Sotine & W.P. Li, Applied Nonlinear Control,
Printice-Hall, 1991.

F. Miyazaki & S. Arimoto, A Control Theoretic
Study on Dynamica Biped Locomotion, ASME
Journal of Dynamic Systems, Measurement, and
Control, Vol. 102, 1980.

J. Furusho & M. Masubuchi, A Theoretically
Motivated Reduced Order Model for the Control of
Dynamic Biped Locomotion, ASME Journal of
Dynamic Systems, Measurement, and Control, Vol.
1009, 1987.

S. Kgjita & K. Tani, Experimental Study of Biped
Dynamic Walking in the Linear Inverted Pendulum
Mode, IEEE International Conference on Robotics
and Automation, 1995.

W.T. Miller, Real Time Neurd Network Control of
a Biped Waking Robot, IEEE Control Systems
Magazine, Feb., 1994.

T.McGeer, Passive Dynamic Walking, International
Journal of Robotics Research, Vol. 9, no.2, April
1990.

S. Murakami, E. Yamamoto and K. Fujimoto, Fuzzy
Control of Dynamic Biped Walking Robot, |EEE
International Conference on Fuzzy Systems, 1995.
Chee-Meng Chew, Blind Walking of a Planar Biped
on Sloped Terain, Master Thesis of Mechanicd
Engineering Department, MIT, January, 1998.

Jerry Pratt, Gill Pratt, Intuitive Control of a Planar
Bipeda Waking Robot, IEEE International
Conference on Robotics and Automation, Belgium,
1998.



