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(left) Bipedal robot walking on a moving ground, e.g., a
swaying treadmill. (mid) A linear inverted pendulum model
onh a moving platform is used to capture the overall dynamic
behavior of the robot. (right) lllustration of the hybrid nature
of locomotion when taking a step.

The error system is hybrid and affected by unknown time-
varying disturbance.
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Consider the hybrid dynamlcal system
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y(t) = Cx(t) + Qw(t)
where t,,.1 — t, =T for all k € N, the plant is stable, the
disturbance may be modeled as a linear combination of
n, > 0 sinusoidal components with phase jumps across the
discrete events, i.e

_ 1
S. = diag (O W1 O] [ | OD |
5, = diag (1 wsp, i %] B Rl )
—sin@; CoS @4 —sing,,  COS@y,
where, fori =1,2,...,n,, w; > 0 are the distinct disturbance

frequencies, and ¢@; € R are the phase jumps across the
discrete events.

Assuming A.,A,4, B., B;, C, T are known and S, S, P., Pz, 0
are unknown, the control objective is to desigh a controller
which generates the control input u.(t) and u;(t;) such
that the measured output y > 0ast — o
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Hybrid plant
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Compensators G, Gj, G4
\
Adaptive law
¢

Regressor generator

step 1:Is it solvable?

Theorem 1 (Hybrid Regulator Equations): For any P., P; and
Q, there exists a control input u, = ¥Y.w,u; = WY;w such that
the measured output y - 0as t — oo if and only if there
exists a solution (II.,¥.,Y¥,;) to the Hybrid Regulator
Equations:

.S, = A, + B,Y¥,. + P.
CTl,+Q =0

AdHC + qujd + Pd — HCSd — O
step 2: A controller that is safe to adapt

Observer predicts the behavior of the plant without the effect
of disturbance

x(t) = A.x(t) + Bouo(t), t#ty
X(ty) = AgX(ty) + Baug(ty), t =ty
y(t) = Cx(t)
d(t) =y —J(t)
Jump compensator produces the discrete control u,(t;)
from d(t; ) by
N, =0, t#*t
nj(t) = Fm;(t) + Gid(ey),
uq(ty) = Hjn;
Continuous compensator produces the continuous control
input uc(t) from the signal d(t) by

= [ ol o]+ ] aco,

t:tk

t # t,

"c(t; )| _ et [0, )
_nt(tk)_ 0 Ft] Ut(t;;)] T ’GJ d(ti), t =1
uc(t) — [Hc O] ZEI

Theorem 2 (Performance of the controller): Assume there
exists a solution to the Hybrid Regulator Equations. There
exists compensator parameters (G;, G., G;) such that the
steady-state output of the controller is u,.(t) = Y.w(t) and
uy(t;) = Yyw(t,) and the steady-state measured output is

y(t) =0 if n; =n,, n, =2n, +n,, n, =nyand the pairs
(S exp(S.T),Q,) and (diag(4.,S.),|C Qo)) are
observable.
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Motivated by bipedal walking on a moving platform, this work studies the disturbance rejection problem of a hybrid linear
system subjected to sinusoidal disturbances with unknown frequencies. We propose an adaptive output feedback
controller that can learn the correct controller parameters online through a modified recursive least-squares adaptive law
to reject the disturbance. Simulation and experimental results show that with the proposed adaptive controller, the center
of mass tracking error of a bipedal robot walking on a moving platform with unknown motion is reduced.

The hybrid adaptive controller is integrated into a hierar-
chical locomotion control framework for a blpedal robot.
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The system of CoM tracking error &:
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The observer-compensator subsystem:

z(t) = A.z(t) + B.EL(£)6.(1), t # ty
_ _ 9; '
z(ty) = Agz(ty) + B4Ep (ty) é;((il,;)) ) t =ty

y(t) = Cz(t)
where (6,,6;,0,) are the vectorized estimates (G, G;, G,)
and (2], HD) rearrange d(t).
Lemma 1 (Hybrid Swapping Lemma): the trajectory of y is

) ()
9(0) = () + SO0 + [9] 0, 450 | ((tt"))
Yd\‘k ).

where £(t) contains the initial condition effect and swapping

terms and ¢/, quT, ¢, can be generated by a known hybrid
system with d(t) as input.

The Hybrid Swapping Lemma yields the construction of a
linear parameter estimation equation:

d(t) = ¢" ()6"
where 6 contains the parameters 6., 6;, 6, that reject the
disturbance and ¢ (t) = —|¢I (¢), ¢/ (), pg(B)].

Using modified recursive least-squares adaptive law with
normalized estimation error, the parameter can be updated.

— ¢T§
1+ trace(¢pTK¢)’
The covariance matrix update law
Kopp'K
1+ trace(¢p"K¢)

§ = proj(aK¢e)

K=—-a + Bl + YK — 5K?

Theorem 3: Then all signhals in the closed-loop system are
uniformly bounded and the measured output converges to

Zero L}im y(t) = 0, with no knowledge of the disturbance.
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Given the hybrid property of the error system, the proposed
controller can reject the disturbance. e

Treadmill pitches and sways; motion
unknown to the robot. 4 profiles.

x-direction (pitch-driven)

y-direction (sway-driven)

E 12
£ 6 +16%
5 10
= 5
o 8
= 4
X

4
(%3 2
n 2 1
Z o 0

Pitch  Pitch fast Sway Pitch+Sway Pitch  Pitch fast Sway Pitch+Sway

—~ 10 PD baseline Proposed adaptive framework
= 10}
= o Mwwwwwwwwm
G -10F
— 10r
Za AV |
\v
= 0 R\ w»w” v o WM v
F _10 1 1 [ ] 1 [ ] 1 1 1
é 10- D—O:QMAA—AAAAT —AOHA:AMMA—AM —ooogg.::“q']o E
\; 0 \ C’000003000000600o 04 °°° ASGOOOOOOOO 00006 6; 0 é
5 -10p | | | - ——— g — 910 ¢
0 5 10 15 20 60 65 70 75 80

t (sec) t (sec)

Our design

The proposed adaptive framework for
hybrid linear systems

Sim-to-Real challenges

Unknown time-varying disturbance in
hon-inertial environments [1]

High-frequency, unmodeled disturbance Low-pass compensators design

Parameter estimation error

We developed an adaptive controller that can reject the sinusoidal
disturbances with unknown frequencies, phases, and amplitudes
for a class of hybrid linear systems. Then, applying the proposed
controller to control a humanoid walking on moving ground
improves the center of mass tracking performance.
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