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Model Reference Adaptive Control for
Actuators of a Biped Robot Locomotion
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Abstract — Many robotics problems do not take dynamics of ~ To address the problem of poorly known actuator
actuators into account in the formulation of the catrol  dynamic characteristics and unpredictable variations of a
solution. The fallacy is in assuming that desiredoces/torques  biped system, we propose a Lyapunov based model
can be instantaneously and accurately generated. lpractice  reference adaptive control system (MRAC) method for the
actuator dynamics may be unknown and can have sidgigant biped walking control. In MRAC the presence of the
transient effect on the overall results. This papepresents a reference

Model Reference Adaptive Controller for the actuates of a del ifies the plants desired f The olant
robotic biped walker. The actuators learn and prodee the model Specilies the plants desired performance. € pian

torque required for a walking cycle presented in tie form of a  (Piped actuators) adapts itself with the reference syste

torque reference model. The actuators of the bipecadapt (desired signals to the actuators). In this paperreate

themselves to match with the desired torque referere model System signals are represented by torques derived &

with the aid of Lyapunov stability criterion. This control  simulated biped walking control parameters [1].

scheme for the biped robot is simulated on a sagdttplane. The  Alternatively, we can also capture the walking control

results verify the MRAC scheme for the actuators. parameters from human walking movements using motion

capturing devices. Once we have the walking control

parameters either derived or captured, the reference model

will be implemented based on this control data. The plant

will then adapt itself to provided control data (reference

. INTRODUCTION model). Lyapunov’s stability criterion is applied in

Biped walking dynamics is highly non-linear, has manyeedback for tuning the parameters to make the error

degrees of freedom and requires developing highbetween the reference and the plant tends to zero. Through

complicated model to describe its walking behavior. Thengis scheme, a robot can learn its behavior through its

are number of novel approaches emerging in the field géference models.

biped walking to address this complicated control

mechanism. Existing biped walking methods [3]-[5], give 1. PROBLEM DESCRIPTION

precise stability control for walking bipeds. Howevieede

methods require highly precise biped walking dynamics. InA. Objective

the recent years, biped walking through imitation has been aconsider the objective of controlling a biped robot so
promising approach, since it avoids developing complegat it imitates the movements of a person. Due to
kinematics of the human walking trajectory and gives thgncertainty associated with nonlinear actuator dynaarids
biped a human like walking behavior. These methodgknown parameters, an adaptive control scheme will be
combine the conventional control schemes to develop thged to achieve the objective. Fig.1. shows the concept
walking mechanism for the bipeds. Examples includgyhere a model references adaptive control (MRAC) scheme

imitation based on inte"igent control methods like geneths proposed for a b|ped robot to imitate human movement.
algorithm [6], [4], fuzzy logic [7] , neural network appoba

[8], and other methods such as adaptation of bipe

Keywords- Model Reference Adaptive Control, Biped walker,
Actuator Dynamics.

locomotion [5], learning to walk through imitation [8] and M
reinforcement learning [4], [7]. But these methods cann: X F
) . . . ) m | MRAC
readily adapt their behavior to the changes in the dynami »| Actuator |
of the process and the character of the disturbances | Schem
Therefore there are adaptive control approaches [10]-[12] q
q

Manuscript received on July 152009.

Pavan K. Vempaty (corresponding authpvempaty@oakland.edlu . .
Ka C. Cheok and Robert N. K. Loh are with the Depantnoé Electrical Fig. 1Biped Robot, Its Actuators and Human Movements

and Computer Engineering, Oakland University, Roarestll 48326

USA. The study presented in this paper deals with the

formulation, simulation and experimental aspects of the
MRAC actuator scheme.

ISBN:978-988-18210-2-7 WCECS 2009



Proceedings of the World Congress on Engineering and Computer Science 2009 Vol 11
WCECS 2009, October 20-22, 2009, San Francisco, USA

limb. The biped has two hip joints, two knee joints and two
Equations for describing the dynamics of a biped robenkles at the tips of the lower limbs. There is atuator
have been introduced in [1], and can be summarized lg@sated at each join and all of the joints are considered
follows. rotating only in the sagittal plane. As the system rane
freely in the x-y-plane and contains five links, it ls@ven
" . degrees of freedom. The corresponding seven coordinates
Aq (q )q B b(q,q M F ) (1) aregselected according to fig. 3a. P ’

where q is the generalized coordinates of the robdtthe

moments/torques applied to the joints in the robotfatite
reaction forces at the contact of the robot’s feet andrgl. . . -
Many literatures assume thit can be readily generated The coordmates(xo, yo) fix the position of the center

without considering dynamics of actuators. As an examplgf mass of the torso, and the rest of the coordinates descri
if a set of desired torques are calculatedigs, then it yhe joint angles. The link lengths are denotec(lgdl,lz)

would assume thail =M d :?md applled'd|rectly as'mpu'.[s and masses m,ml’mz)' The centers of mass of the
to the robot. However, this is not a valid assumptionesinc

in practice the momentdl will be generated by actuators. links are located at the diStanCﬁ(So,fl,rz) from the
We model the moment as stateg =M as follows: corresponding joints.

q:[xo’yo’ailgLuBRiyL’yR]T (3

@) The model is actuated with four moments two of them
acting between the torso and both thighs and two at the
knee joints, which is shown in fig. 3.b.

Xa =AXa+B U +d (0,d,7 o)

where ujare inputs of actuators andl,(q,q,Tqy)

represents d|stur'bance torques to. the actuators dubdb r.o M = [M Mo M, M RZ]T )
movements. T,;is an external disturbance torque. It is

assumed that we can monitor torques by measuring the  The walking surface is modeled using external forces that
currents in the actuators. affect both leg tips shown in fig. 3b.

The movements of a person is represented by the states F = [FLX, F
r . The control objective can therefore be expressed as the
desire to drive a partaj tor .

Fru Fry (5)

Ly?

When the leg should touch the ground, the corresponding
B. Adaptive Control Approach forces are switched on to support the leg. As the leg rises,

The problem here is that we have to deal with unknowg%e forces are zeroed.

and uncertainties in the dynamics and parameters of ging Lagrangian mechgnics, the dy”a'.“‘c equations for the
systems described by (1) & (2). An MRAC scheme bas dped system can be derived as shown in (1) where

on Lyapunov stability synthesis is proposed for dealing witf\(Q) [ 0™7is the inertia matrix and
the issue. Fig. 2.shows the adaptation scheme: b(q,q, M, F)D 07 is a vector containing the right
F hand sides of the seven partial differential equatiohg T
r My M l closed form formulas for both A and b are presented in [1].
Desired Adaptive Dynamics ) )
—»| Torque »| Actuator »| of Biped B. Computation of Desired Moments
Generator Scheme Robot
7Yy 7y The desired human movement is represented by
a9 _ T
r —[am :Blm_lgrm Vim ym]

Fig. 2 MRAC scheme for the biped walker. )

An outputy is constructed from the biped feedback info q
as

Ill. PRELIMINARIES

A. Dynamics of Walking Biped

The bipedal model in this project has five links y= [a B -8 yr]T =C,q )
connected by pin joints as shown in the figure 3.a. Ore li
represents the upper body and two links are for each lower
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The desired torque is derived as the output of a céertrol C. Dynamics of Actuators
that operates on the error betweeandy. That is

We note that the actuator staxgs=M are the torques
Ma(8)=Go(9)(r(9-y (3) (8 that wil drive the biped robot. The goal is to fing such

that M - M 4. We assume that dc motors are used as

actuators. It follows that (2) can be decoupled into
individual motors representing the first-order stator-rotor

dynamics @,;, b;) that generates output torquex,()
while subjected to disturbancely; ). That is

T
Xa:[xal X2 Xa3 Xa4]

T
uaz[ual Ugo Ua3 Ua4]
A, =diag{ ay, 8, 8, )
B, =diag{by by bs b’
da(0,9,Tex)=[dg dp dg daa]T

IV. MODEL REFERENCE ADAPTIVE CONTROL

A. Configuration of MRAC Actuator

Fig. 3a Biped robot with the corresponding 7 The adaptive actuator scheme is shown in Fig 4 below,
] : T where the reference model is specified by
co-ordinatesq] =[X,, ¥o.@ 8L .Br.YL VR - %o = A X+ B i ©)

and the control to the actuator by.

Uy =Lx o +Nu (10)

L =diag{h, Iy, I3 14

where )
N=diag{n, m, n, n}
B. Input Estimator
M ~ In the MRAC approach, the movements of a person will
L1 represent the statesr of the reference model
Xm=AXntB M 5 E.Q. X, might be represented by
T
F.. M Fr Mg, [0 Bim=—Brm Vim Vi - However, we would not
— L2 know the inputi,,, which is required for the MRAC.
A
F T F Hence a problem in the approach is to estimate the
v Ry unknown u,, knowingX,,. The unknownug, can be

represented as the output of an waveform shaping model,
i.e.,
M= [M wwMp M M RZ]T and the walking surface Xy =AX tW,

Fre Fryl- Um =C Xy

Fig. 3b Biped robot with the moments

(11)

external forcesk = |_FLX, Fy

where A, & C, represents approximate waveform
characteristics analv, is a sparse & small shaping input.
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Xm=Mg A l; = L P (Mg = %)%,
— 3| Reference Model 5| Input o b4 (14)
"| Predictor [ | 1 .
Um ﬂ:—b_r A (M = %) 4,

where we have used the notation

da(q’q"rext)
I §
u Mg =My My Myz My

a | Actuator - (15)
N > » ; Xa_M ~ ~ N N ~ T
Dynamics —‘ um:[uml Opp Upg Urm]

>~ > M

v D. Analysis of Error Dynamics

Adaptation
Mechanism In the ensuing analysis we will assume that the

generated by the input observer converges to the unknown
T U,. Define the errorsee between the actuator torque

X5 =M and the desired torque,, =M 4 as

Fig. 4 The MRAC with the input predictor.

01 — v —
E.g., (1) is a so-calledz model if A, :{0 O} & =X~ Xm (16)

C, :[1 0] . The reference model and shaping model cahcan be shown that

be augmented as o= Ame+[ A,-B,L-A m]x a

. - . 17

Xmu=Am& mutB mW (12) +[BaN_Bm]um+d 0,47 exd

Xm = CmUX mu

E. Lyapunov Stability Analysis
[ Xm |An By |0

where  Xmy = |:Xu }’ A mu_{ 0 A, | Bm = [ Define a candidate for a Lyapunov function as
& Chy :[I 0] ; 0& | are null and identity matrix, v=e' Pe
respectively, of appropriate dimensions. An estimatbef t -
of Uy, can be found using an observer of the form +race(A,-B.L -A ) QA ;B L A ) (19)

+trace(B,N -Bp)' R(B,N-B )

(13) where P=P" >0, Q=Q" >0 and R=R' >0 are
positive definite matrices. The

)A(mu:Ale mu"'K m\l;x m_C rﬁij rr]L
U =[0 Cp)Xmu

Up, is used as the input to the MRAC as shown in (10) =T pet+ d Pe

C. MRAC +2(trace(Aa Bl -A ) Q(B & )) (19)

T .
The adaptation algorithm in the MRAC adjusts the gains +2(trace(BaN Bm) R(BaN))
L andN based on Lyapunov stability design. In design, we_ T T T .
assume that the disturbances are negligible. Infslisom € [PAm + Amp] e+2¢d Andy(4 9T )

the Lyapunov design that the gains - T )
L =diag{h, I, I3, 14 & N=diag{n, m, 5, n} +2(trace(Aa -B.L-A) (Pex a+Q(—B N )))

are adjusted according to +2(trace(BaN _ Bm)T (PeUmT " R( BaN)))

ISBN:978-988-18210-2-7 WCECS 2009



Proceedings of the World Congress on Engineering and Computer Science 2009 Vol 11
WCECS 2009, October 20-22, 2009, San Francisco, USA

From inspection, we choose

=

A T
B.L =Q Pex]

. (20)
B,N = -R'Pely,,

so that

Torque (Nm)
& & £y ra o N IS o @

v=e'[ PA +AlP|e+2€ A d (g gt ,,) (21)

=

U,‘E ; 1‘5 2‘ 2‘6 3
We note that expansion of (20) leads to the (14). We next . [ Tme

;(p I (20) (14) X Fig. 5.1 Adaptation oM ; to My, ;.
choose arS=S' >0 and solveP from

2

PA_+ATP=-S (22) i ‘
We arrive at g’ r\mﬁ ; '
v=-e'Ser2¢é A d(qqr,,) (23) E |

whereV is negative under the assumption that

=
o

L L L L i
05 1 15 2 25 3

J v . e
e'Se>2¢é A d(qare,) (24) Fig. 5.2 Adaptation oM | , to My, .

or when error is more significant than the effect of

disturbance. Hence we claim the overall dynamic system
comprising of (17) and (20) has a candidate function that
satisfies the Lyapunov stability criterion under condition

(24).

3

V. SIMULATION RESULTS

A. Description of Simulation Test

The proposed control scheme for the 5 link biped model
consisting of (1)-(10) and (13)-(14) is simulated. The biped ‘ ‘ ‘ ‘ ‘
is excited with a walking cycle that is manually developed ’ " " mew ° ’
and provided as the desire human movementThis Fig. 5.3 Adaptation oM, 3 to M, 3.
walking cycle is repeated for the subsequent steps foy eve
1.5 seconds. Biped walking is tested for 3seconds. The

Torque (Nm)
O

desired torquesM 4 :[M dirt Mgio Mg s M dL4]T are
generated using Eqg. (8). Fig.5. shows the output
M = [M u M, M; M I_4]T of the adaptive
actuator scheme adapting itself with the reference
inputM . The first interval, 0 to 1.5 (s), of Fig. 5.1 to Fig

Torque (Nm)

5.4 shows the adapted torqub4 oscillates and adjusts to
converge to the desired torquds, . The second interval,

1.5 to 3.0 (s), shows convergence settling smoothly to AL T B LR
desired reference. Fig.5.5 illustrates the resulhefliped
walking behavior from the adapted torques M. Fig. Soispl Fig. 5.4 Adaptation oM 4, to My 4.

the height of the biped torso.
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Fig. 5.5 A 2-sfep simulétidn bf bipéd- waiking on thgigal
plane with the Y-axis representing the height of the bipe

torso Y, .
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Fig. 5.6 Height of the biped torsg .
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VI. CONCLUSIONS

In this paper, we presented an MRAC technique to
ensure that the actuators faithfully produce desired torques
necessary for a walking robot. An observer was used to
predict an anticipated state of the desired torque, thug caus

d:)he adaptive actuators to anticipate motion torques. We

rovided a proof to show that the MRAC scheme results in
a stable system in the sense of Lyapunov when errors
between the desired and actuator torques are significant.
Simulation results verify that the system is robust when
tested with various parameters and unknown coefficients.
We plan to implement the MRAC scheme for an actual

humanoid biped robot to follow the gait of a person in
future work.
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