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In the past few decades, people have been trying to address the issue of walking instability in bipedal robots in uncertain
environments. However, most control methods currently have still failed to achieve robust walking of bipedal robots under
uncertain disturbances. Existing research mostly focuses on motion control methods for robots on uneven terrain and under
sudden impact forces, with little consideration for the problem of continuous and intense external force disturbances in
uncertain environments. In response to this issue, a disturbance-robust control method based on adaptive feedback com-
pensation is proposed. First, based on the Lagrangian method, the dynamic model of a bipedal robot under different types of
external force disturbances was established. Subsequently, through dynamic analysis, it was observed that classical control
methods based on hybrid zero dynamics failed to consider the continuous and significant external force disturbances in
uncertain environments. Therefore, an adaptive feedback compensation controller was designed, and an adaptive parameter
adjustment optimization algorithm was proposed based on walking constraints to achieve stable walking of bipedal robots
under different external force disturbances. Finally, in numerical simulation experiments, comparative analysis revealed that
using only a controller based on hybrid zero dynamics was insufficient to converge the motion of a planar five-link bipedal
robot subjected to periodic forces or bounded noise disturbances to a stable state. In contrast, in the adaptive feedback
compensation control method, the use of an adaptive parameter adjustment optimization algorithm to generate time-varying
control parameters successfully achieved stable walking of the robot under these disturbances. This indicates the effec-
tiveness of the adaptive parameter adjustment algorithm and the robustness of the adaptive feedback compensation control
method.
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1. Introduction

The three key determinants of the working capability of
bipedal robots are agility in motion, adaptability to the en-
vironment, and diversity in tasks. As research has pro-
gressed, experimental scenarios for bipedal robots have
expanded from ideal environments to unstructured en-
vironments with uncertain disturbances. Despite decades of
research leading to noticeable improvements in the walking
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performance of bipedal robots, prototypes that are practi-
cally applicable in daily life remain scarce. The DARPHA
Challenge held in 2015 [1] highlighted that there is still
significant room for improvement in the adaptability of bi-
pedal robots to uncertain disturbances, not to mention their
use in more complex applications such as emergency rescue
[2], firefighting [3], and extraterrestrial exploration. There-
fore, how bipedal robots can maintain stable walking under
continuous or even unpredictable disturbances is a critical
issue that urgently needs to be addressed in the current de-
velopment of bipedal robots.
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The dynamic characteristics of bipedal robot systems and
external disturbances have a significant impact on achieving
motion stability in uncertain environments. Therefore, it is
necessary to further investigate reasonable modeling meth-
ods for robots under uncertain disturbances. Modeling
methods based on ideal environments can be broadly cate-
gorized into two types. One type includes simplified models
such as linear inverted pendulum (LIP) [4] and spring-loa-
ded inverted pendulum (SLIP) [5]. The other type involves
constructing multi-link dynamic models using Lagrangian
equations or Newton-Euler equations. To our knowledge,
previous dynamic models of bipedal robots have rarely in-
corporated various uncertainties encountered during robot
walking, such as continuous strong winds, muddy roads or
uneven surfaces, swaying walking platforms, or continuous
pushing in malicious areas of the robot’s body. In addressing
external disturbances like these, without loss of generality,
one can consider applying an external disturbance at the
robot’s center of mass or hip joints. As for external dis-
turbances affecting other parts of the body, the virtual work
principle can be used to derive the Jacobian matrix for the
transformation of the coordinates of the point of action re-
lative to the generalized coordinates vector. In the case of
uncertainty, the disturbance can be assumed to take the form
of bounded noise [6], with its intensity and spectral width
adjustable according to the situation. This is commonly used
to characterize external disturbances with limited spectral
width and intensity, representing stochastic variations ex-
perienced by actual systems.

The control of motion stability in bipedal robots has been
a challenging task. One approach is to achieve stability by
dynamically adjusting the robot’s gait in real-time. Gait
adjustments can be accomplished through optimization-
based real-time planning [7,8], trajectory generation meth-
ods inspired by lower limb movement mechanisms, such as
phase-variable mapping [9] or motion-lagged coordination
mapping [10], heterogeneous model for gait analysis [11] or
gait transitions based on a gait library [12]. In Ref. [13],
stability of the center of mass motion is achieved by pro-
viding an explicit range for the desired step duration, and a
nonlinear optimizer is employed to update the walking cy-
cle. Additionally, compensating for the trajectory energy
based on the capture point theory [14], quadratic program-
ming for tracking error, or synchronization with the zero
moment point (ZMP) saturation events can be used to adjust
step length and walking cycle. Model predictive control
methods based on online calculations [15] have also been
widely applied in recent years for disturbance rejection
control [16,17]. Reference [18] proposes a framework based
on a simplified model and online predictive control, reacting
to disturbances and anticipating offline trajectories to
counteract adverse effects generated by disturbances. Opti-
mization-based real-time planning methods have high real-

524007-2

time requirements and often simplify the robot to a common
dynamic equilibrium system such as an inverted pendulum.
However, bipedal robots are complex tree-structured sys-
tems with multiple degrees of freedom. The real-time and
accurate perception of posture and center of mass state in-
formation is challenging, making it difficult to achieve dy-
namic stability directly through center of mass position
adjustments. Therefore, dynamic stability control is more
challenging for bipedal robots. Researchers at the University
of Michigan utilized virtual constraints [19] and hybrid zero
dynamics (HZD) to offline optimize the generation of gaits
with different speeds. They then switched gaits based on the
estimated state of the robot’s body, enabling the robot to
walk experimentally on various terrains such as sidewalks,
grass, sand, waxed surfaces, and snowy areas [20]. Ge et al.
[21] further designed a multi-objective gait switching
function on the basis of gait library generation. They opti-
mized this function to obtain the reference gait for the next
step and achieved stable walking in a simulation environ-
ment on randomly uneven ground. However, this gait library
construction method requires a significant amount of time
for offline optimization, and the non-smooth transition be-
tween different gaits during online walking may lead to
instability in walking.

In addition to gait-based adjustments, rapid error con-
vergence can be achieved by designing appropriate con-
trollers [22]. Control methods based on HZD [23] have been
successful in the underactuated walking control of bipedal
robots. To obtain a stable zero dynamics manifold, the
controller is typically designed to be feedback linearized
with respect to lateral dynamics [24]. Building upon this, a
Lyapunov function [25] can be established to construct a
rapidly exponentially converging hybrid periodic orbit.
Recently, Ma et al. [26] designed a low-level neural control
with cubic order evolution rule by Lyapunov’s stability
theory, and achieved application effectiveness for better
control accuracy, faster convergence speed, and lower con-
trolled torque for a novel gait planning strategy of lower
limb prosthesis; Reher and Ames [27] proposed a model-
based control Lyapunov function quadratic programming
controller, achieving stability of bipedal robots on uneven
outdoor terrain and under external force. Nevertheless, this
gain scheduling approach requires extensive and tedious
parameter tuning both in simulation and real-world en-
vironments. Even with successful adjustment of a set of
gains, it may still lead to steady-state errors [28] and os-
cillations [29]. Additionally, a self-adaptive sliding mode
controller was proposed in Ref. [30] to ensure that the ro-
bot’s state trajectory converges to a certain boundary layer
under uncertain disturbances, extending the controller to
non-flat terrain conditions. However, this method is based
on inverse kinematic planning trajectories and does not
consider the energy efficiency of the gait.
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In response to the aforementioned issues, this work pro-
poses a disturbance-resistant control method based on
adaptive feedback compensation to achieve the walking
stability of bipedal robots under different external force
disturbances in uncertain environments. The structure of this
work is as follows: the first section elucidates the dynamic
modeling method of bipedal robots under external force
disturbances; the second section presents the gait planning
method for bipedal robots based on virtual constraints and
HZD; the third section introduces the adaptive feedback
compensation control method and the algorithm for adaptive
parameter adjustment for bipedal robots; the fourth section
demonstrates the application of both the traditional control
method based on HZD and the further proposed disturbance-
resistant control method with adaptive feedback compen-
sation to bipedal robot control under the influence of ex-
ternal periodic forces or bounded noise; finally, the fifth
section provides conclusions.

2. Dynamic modeling of bipedal robot walking
under external force disturbances

In Fig. 1(a), the bipedal robot considered here is composed
of a torso, two thighs, and two shanks. Unless otherwise
specified, the following parameters are assumed: the length
of the torso is L; = 0.4 m, mass is m;=12.5 kg, and the
position of the center of mass relative to the hip joint is
/,=0.21 m; each thigh has a length of L, = 0.19 m, mass
m, = 0.7 kg, and the position of the center of mass relative
to the hip joint is /, = 0.125 m; each shank has a length of
L,=0.19m, mass m,=0.7kg, and the position of the
center of mass relative to the knee joint is /, = 0.125 m. For
other parameters’ values, a similar analysis can be per-
formed. In addition, ¢, is the angle of the torso relative to the
vertical line, g, and g, are the angles of the two thighs
relative to the torso, while ¢, and g5 are the angles of the
two shanks relative to the connected thighs, respectively.
This work only considers the planar dynamics of the robot
shown in Fig. 1(a) and the walking control under sustained
external force disturbances shown in Fig. 1(b). Although
this may seem unrealistic, in many cases, the bipedal robot
dynamics can be approximately decoupled into sagittal and
coronal plane dynamics. This approach is often helpful for
robot’s dynamic analysis, controller design, and numerical
simulations [31].

As shown in Fig. 1(b), it is assumed that the hip joint of
the bipedal robot is subjected to a horizontal force dis-

turbance: F,, :[F ® 0 ]T, where F(f) is a periodic or

bounded noisy external force disturbance. The specific form
of F(¢) will be provided in Sect. 4.
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Figure 1 Schematic diagram of the link model of bipedal robot under
external force disturbance. (a) Bipedal robot model; (b) external force
disturbance.

In order to incorporate external force disturbances into the
dynamic model of the bipedal robot, it is necessary to es-
tablish a mapping relationship between the operational
space and the joint space through the Jacobian matrix:

0 =5, ()

where P, is the disturbance force application point position

vector, and q is the generalized coordinate vector of the
bipedal robot. Thus, the form of external force disturbance
reflected in the generalized coordinates of the bipedal robot
can be expressed as

¥ =J@)'E, @)

During the walking process, the dynamic model of a bipedal
robot can be represented by a set of differential equations
describing the single support phase, along with a discrete
model for the contact event when initiating dual support. As-
suming Q, is the configuration space of the robot during the

single support phase, ie., q:= (%%,qs,%,qs)T €9,
it can serve as a set of generalized coordinates for the
robot, where the subscript “s” denotes the single support
phase.

During the single support phase, the dynamic equations
for this phase, considering the external force disturbance
described by the Lagrange equation and Eq. (2), can be
expressed as follows:

D(q94;+ C(q5 494, + GJ(qy) = By(qu+, (€)
where D(q,) is the inertia matrix, Cy(q, 4,) is the Coriolis

matrix, G(q,) is the gravity vector, B,(q,) is the input ma-
trix, u is the control force vector, and y represents the ex-
ternal force disturbance described in Eq. (2).

Defining the state vector of the bipedal robot as

X = {q q']T, the differential equations for the single support
phase of the bipedal robot can be transformed into
x = f(x) + g(x)u+f,, 4)

where
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i) =[a, ~Dya) [Clasd)a,+ Gya)]
g =[0 Dy(q) 'Byq)] -

T
f. = .

ex

0 Dyq) 'v]

When the swing leg makes contact with the ground, the
robot enters the dual support phase. Assuming that the
contact collision between the swing leg and the ground is
instantaneous and rigid, there is no change in pose during
the collision process, and the leg end does not rebound from

the ground. At this point, the coordinate vector of the swing
leg end position, denoted as P, =[x,z ], needs to be
added to the generalized coordinates of the robot, i.e.,

e = (XgysZoy>qp 92 93, 44, q5) € Q.- Also, since there is
no sudden change in pose during the collision process, ac-
cording to the law of conservation of angular momentum,
the following collision model can be derived:

q. = q,, 5
d.
f

Dc(q;r) “E
E 0

0 (6)

D.(q.)q. ]

ct

where q, and q, are the generalized coordinates, and ¢, and
q. are the generalized velocities before and after the colli-
sion, respectively. Additionally, D,(q,) and D,(q;) are the
inertia matrices before and after the collision, E is the Ja-
cobian matrix of the swing leg end position coordinates
relative to the generalized coordinates, and f, is the ground
reaction force acting on the swing leg during the collision.

The collision model for the bipedal robot entering the dual
support phase can be further simplified as

X, = A(x;). @)
Combining Eqs. (4) and (7), the complete dynamic model
of the bipedal robot under external force disturbances is
given by
i = f(x) +gu+f,, x¢S8,

A v

X €S,

where S = {x | zw(X) = 0, 2, (x) < 0} represents  the

switching surface. At this point, the robot collides with the
ground, and the single support phase comes to an end.

3.  Gait generation and analysis of external
force disturbance resistance based on virtual
constraints and HZD

In this section, a brief analysis is conducted on the effec-
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tiveness of the gait planning method based on virtual con-
straints and HZD [24] under small external force
disturbance conditions. By transforming the gait parameter
selection problem into a nonlinear optimization problem and
designing an initial gait and controller for a bipedal robot,
this sets the groundwork for the subsequent proposal of
adaptive feedback compensation control methods.

3.1 Virtual constraint design

Virtual constraints are defined as a set of output functions

used to regulate the desired motion of the robot [24]. The

main idea is to design a feedback controller to adjust the

output functions so that their output is zero, thereby

achieving tracking and control of the reference trajectory.
The output function is defined as follows:

y = h(@): = hy(q)~hy(6(q)), ©
where hy(q) is the active control term, which is a vector

composed of the active degrees of freedom of the bipedal
robot:

hy(q) = (92 93 495 9s)". (10)

Meanwhile, 8(q) is an underactuated variable that strictly
monotonically increases or decreases during the walking
process of the bipedal robot. In this context, this work de-
fines 0(q) as the absolute angle between the supporting foot
and the line connecting the hips. hy(0(q)) represents the
desired evolution trajectory of the active degrees of free-
dom, designed in the form of a sixth-order Bézier poly-
nomial as follows:

6

hy(0@) =b,() = ) e -0t D

k=0
where the real parameter vector a, (k =0, 1, ..., 6) re-
presents the coefficients of the virtual constraint that need to
be optimized, 7 is the normalized independent variable:

t=(0-0;,)/(0¢— 0;y), while 0,; and 0, are the initial and
final values of 6, respectively.

3.2 Controller design based on HZD

Taking the second derivative of the output function with
respect to the control input, the relationship between the
control torque and the output function can be expressed as
follows:

0 (¥ 1%y
3q|0q4)aq

Therefore, the controller can be designed as

f(x)+g—zg(x)u. (12)

u=(LL;y) '(~Liy+v), (13)
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V=Y, (14)
where L and L, are the Lie derivatives with respect to f(x)
and g(x), respectively [21]. By applying the HZD approach
[16], v can be expressed as

K K.
V:—S—fy—?dy. (15)

Thus, the trajectory of the bipedal robot can converge to
the zero dynamics manifold: Z,= {x, |y, =0,y, =0},
where the parameters K, > 0, Ky > 0, and & > 0. In this way,
the controller can be rewritten as

- Ky, Ky,
Uiz = ~(LeLcy) 1[Lf2y+ =yt ?dy]. (16)

By appropriately adjusting the parameters K, K4 and &,
the output function of the bipedal robot can converge to the
aforementioned zero dynamics manifold within a finite time.

3.3  Gait generation and analysis of resistance to ex-
ternal force disturbances

Based on the virtual constraints and controller design
mentioned above, the following assumptions are made re-
garding the bipedal robot’s walking, stability, and output
function:

(1) Single support and double support phases alternate,
and the double support phase is simplified as an in-
stantaneous rigid collision process.

(2) After a collision, the swing foot velocity drops to zero,
with no slipping or rebound. The joint angles of the robot do
not change before and after the collision, but joint velocities
experience a jump.

(3) Due to frictional forces, the yaw degree of freedom
remains stationary throughout the entire single support
phase.

(4) After the collision phase, there is a coordinate swap
between the swing leg and the support leg.

(5) There is at least one fixed point, and this fixed point is
asymptotically stable.

(6) The output function satisfies the characteristics of
HZD.

Furthermore, by minimizing the following objective
function concerning the energy of the bipedal robot:

T
J(0) = L s 2 d, (17)

where T is the set walking period. By taking the virtual
constraint parameter vector a, (k =0, 1, ..., 6) from the
fitted Bézier curve in Eq. (11) as optimization variables and
utilizing the FMINCON function in MATLAB for solving, a
periodic gait for the bipedal robot can be generated. The
robot’s center of mass trajectory for the first 2 s of this
periodic gait obtained through this method is illustrated in
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Fig. 2(a)-(c).

To analyze the impact of different disturbances on the walking
dynamics of the bipedal robot, constant force disturbance
(F=7N), harmonic force disturbance (F = 10sin(27t) N),
and impulsive force disturbance (F' = 15 N) are applied to
the robot based on variations in the duration and intensity of
equivalent force disturbances. The disturbance times are set
to be after 2 s of walking. The simulation results are shown
in Fig. 2. It should be noted that as the amplitude of external
force disturbance continues to increase, the bipedal robot
will become unstable and fall.

From Fig. 2, it can be observed that when constant or
harmonic external forces act on the hip joints of the bipedal
robot, the controller based on HZD can transition the robot
from one stable gait to another over a single gait cycle. In
the case of equivalent impulsive force disturbances, the
controller can stabilize the gait back to the original periodic
gait. Therefore, for small external force disturbances, the
HZD-based controller is effective. Despite the differences in
control outcomes after constant or harmonic force dis-
turbances compared to the original gait, the robot can con-
tinue walking without falling.

(a)

Constant force case
T T

0.51
E
s 05
o
O
0.49 . \ i ) ‘ ‘
0 1 2 3 4 5 6 7
Time (s)
®) Harmonic force case
0.51 : ‘ . :
E
s 05
)
O
0.49 . \ ' ! ‘ |
Time (s)
© 051 ' ‘ Impuylse force' case
E
s 05
)
@]
0.49 : ‘ . , ‘ .
0 1 2 3 4 5 6 ;
Time (s)

Figure 2 CoM trajectories of bipedal robot under various external force
disturbances.
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4. Adaptive feedback compensation control
method

The controller designed based on the HZD, as shown in Eq.
(17), can typically achieve asymptotically stable walking of
the bipedal robot under small disturbances. However, when
external disturbance intensity is significant, if the controller
cannot promptly adjust to the errors, it may lead to the
instability of the robot’s walking, ultimately resulting in a
fall, as seen in the relevant simulation results in Sect. 4. To
enhance the robustness of walking control for the robot, an
adaptive feedback compensation control method is pro-
posed. This method involves adding a feedback compensa-
tion adjustment component to the original controller. By
adaptively adjusting the control parameters based on feed-
back from the robot’s walking state, it aims to achieve stable
walking of the robot under continuously changing external
disturbances, preventing falls.

4.1 Feedback compensation adjustment

Firstly, after the completion of each full walking cycle of the
robot, a compensation adjustment is considered for the
controller parameters K, and K based on the feedback from
the walking state:

K, =K+, (18)
e (19)
where Kp(i) and Kd(i) are the values of K, and K, at the i-th

step, KpHZD and K /" are the original values of K,and K  in
the HZD controller, and £; and {; are the compensation

adjustment values for K|, and K, at step i. This way, the
controller at step i can be adjusted as follows:

K @) @)
=Ly |Liy+ 5y Tdy]. (20)
Next, substituting Egs. (18) and (19) into Eq. (20) yields
u; = UyyptU,g, (21
where

g, = Ay+By,

_ ~1$i
Ai_ *LgLfy ?,
__ 1§
B, = LgLyy R

From Eq. (21), it can be seen that the controller at step i
consists of the original HZD-based controller and a feed-
back compensator based on the parameter matrices A; and
B.

i
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Finally, during the walking process, the update of para-
meters K, and Ky for the bipedal robot after each step is
transformed into an adjustment of the parameter matrices A;
and B; based on its walking state. Since the goal of the
controller is to make the robot’s trajectory converge to the
zero dynamics manifold, and the form of u,p ; is similar to
that of a PD controller, the adjustment of the parameter
matrices A; and B, can be directly based on a PD controller
tuning strategy:

A=afl (22)
B, =b], (23)
where a; and b, are the changes in the parameter matrices A;

and B; at step 7, I is the identity matrix, and the relationship
between a; and b, must take the following form:

4a;=b} (24)
to obtain a critically damped closed-loop performance, i.e.,
the damping coefficient is set to twice the square root of the
stiffness in the PD controller u,g ; [32].

Based on the above analysis, the control block diagram for
bipedal robot walking using the proposed adaptive feedback
compensation method is illustrated in Fig. 3.

4.2 Parameter adaptive adjustment algorithm

When external force disturbances continuously change,
maintaining the adjustment values a; and b, the same as the
previous step can lead to an increase in the error between the
expected and actual walking gaits. This may result in var-
ious issues for the bipedal robot during walking, such as
sliding of the supporting leg, inconsistent forces between the
swing leg and the ground during collisions, knee joint
buckling, and even falls. Therefore, it is necessary to assess
these situations in real-time during the robot’s walking
process and dynamically adjust the parameter matrices ac-

Adaptive parameter Update every step

adjustment algorithm

4
y Adaptive External |
——p| P i disturbance |
controller
U, F, |
s . Woopn; T X+ u, 9,9
controller UT States
y
Virtual constraint

— output function

h(q)

Figure 3 Block diagram of adaptive feedback compensation control of
bipedal walking.
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cordingly. The flowchart is shown in Fig. 4. The steps of the
parameter adaptive adjustment algorithm are briefly sum-
marized as follows:

Step 1: Set the initial state of the bipedal robot, x,, de-
termine the maximum number of walking steps N, and in-
itialize the adjustment values for the parameters a, = 0 and
by, =0.

Step 2: Integrate the state matrix of the bipedal robot
within one step using Eqgs. (8) and (21).

Step 3: Calculate the position of the swing leg £,
the kinematics of the bipedal robot:

Ry = Lyxsin(g, + qp) +L3*sin(q; g4+ ¢)
—L,xsin(gs + q;) —L3*sin(g;+gs5 + gy), (25)
and based on the position of the swing leg, determine
whether to take a step forward. If the swing leg has com-
pleted a full step forward, proceed to the next step. Other-

using

wise, consider the current state as the initial state x,, for the
next integration calculation and return to Step 2 for further
integration.

Initialization of parameter
adjustment values
(IO b0
A
Integral calculation to obtain the
state matrix for a gait cycle
A

Calculate swing leg position

Use the end
time of this step|
as the initial
time of the next
step

Change the time
to the initial time F—
of previous step

Step forward?

Calculate the forces at the end of
the standing and swing legs

Whether
friction conditions
are met with?,

Increase wuk

Get the knee angle matrix

Whether
the knee
is reflexed?

Decrease uk

Use the
current state

Calculate the next initial
condition according to
initial state Eq. (8)

W] r
/NN

the set ber of steps
is completed?

;

as the next

Figure 4 Flowchart of parameter adaptive adjustment algorithm.

524007-7

Step 4: Calculate the force E;
throughout the process using Eq. (3). Analyze the force K,
on the swing leg during collisions based on Eq. (8). De-
termine if the frictional forces meet the friction conditions
based on the preset friction coefficient [26]. If they do,
proceed to the next step; otherwise, adjust the parameters a;
and b, in Egs. (22) and (23). The specific form is as follows:

on the supporting leg

a;= ukiz, (26)
b; =2 X uk, 27)
uk; = uk; |+Ak, (28)

where Ak, is an increment for step length adjustment, and in
this context, it is set to 0.5. Then, reset the time to the initial
time of this step and return to Step 2 for integration.

Step 5: Obtain the knee joint angle based on the state
matrix of the bipedal robot from Step 2. Then, determine if
there is a buckling situation at the knee joint. If there is no
buckling, proceed to the next step; otherwise, adjust Eq.
(28).
uk; = uk; |—Ak,, (29)

where Ak, is a decrement for step length adjustment, and in
this context, it is set to 0.2. Then, reset the time to the initial
time of the current step and return to Step 2 for integration.

Step 6: Calculate the initial condition x, for the next step
using Eq. (8).

Step 7: Determine whether the maximum number of
walking steps N has been reached. If not, set the current step
end time as the initial time for the next step and return to
Step 2 for integration. Otherwise, output the characteristic
results for each step, and the algorithm terminates.

5. Simulation validation

In this section, we present failure cases of the bipedal ro-
bot’s controller based on HZD under four types of de-
terministic and uncertain large external force disturbances. It
is important to note that this section no longer considers
pulse and constant external force disturbance scenarios.
Instead, the focus is on continuous disturbances with vary-
ing amplitudes and frequencies (such as bounded noise) to
analyze the different effects of excitation frequency and
intensity on the bipedal robot’s walking dynamics. Other
types of external force disturbance scenarios can be simi-
larly analyzed. Subsequently, adaptive adjustment is made
to the parameter uk, and the control outcomes under these
four types of large disturbances are discussed and analyzed.
This aims to validate the robustness of the proposed adap-
tive feedback compensation control method.

Different types of periodic excitations and bounded noise
excitations are shown in Fig. 5. In all periodic excitations,
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the circular frequency is 2n. The amplitudes for sinusoidal
and sawtooth wave excitations are 30 N, while the ampli-
tude for square wave excitation is 22.5 N. Additionally, the
expression for bounded noise excitation is

n(t) = Acos[Qt+oW(t) +y], (30)
where 4 is the intensity of the bounded noise excitation (set
to 30 N), Q is the center frequency, o is the spectral width
parameter, W(t) is the unit Wiener process, and y is a ran-
dom phase uniformly distributed over [0, 27) [6]. The ex-
pression for the double-sided power spectral density of #(¢)
is
1 o? o?

S, (w) = 5= + . 31
(@) = 2 hw—Q +o* Ao+Ql+ot Gl

From Eq. (31), it can be observed that by adjusting the
value of the spectral width parameter o, bounded noise can
be used to simulate narrowband or wideband random pro-
cesses. This is commonly employed to characterize turbu-
lent flow in the wind, ground motion during earthquakes,
and amplitude or band-limited random excitations on par-
ticle or rigid body systems. An illustrative sample of
bounded noise excitation obtained through the Monte Carlo
method is shown in Fig. 5(d), in which Q=1, o = 1.

Figure 6 shows the center of mass trajectory of the bipedal
robot under the large external force disturbances using only
the HZD-based controller. From Fig. 6, it can be observed
that for any type of disturbance, the position of the robot’s
center of mass rapidly descends to zero after several normal
walking steps, indicating a fall. This suggests that the HZD-
based control method alone is insufficient to handle con-
tinuously changing and large-amplitude disturbances. In-
terestingly, in the case of bounded noise excitation, the robot
can walk for more than 2 s without falling. This can be
explained by the relatively small intensity of the excitation
during the first 2 s (see Fig. 5(d)), indicating that the HZD-
based control method is still effective. However, when the
excitation intensity exceeds 20 N, the robot quickly falls.
Therefore, the following conclusion can be drawn: In

(a) Harmonic wave (b) Sawtooth wave
~ 20 ~ 20
4 Z
=5 0 <0
20 .20
0 5 10 0 5 10
Time (s) Time (s)
©) Square wave (d) Bounded noise
= 20 = 20
%0 =
220 20
0 5 10 0 5 10
Time (s) Time (s)

Figure 5 Four kinds of external force disturbances.
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comparison to the form or frequency of excitation, the in-
tensity of external force disturbances has a greater impact on
the walking dynamics of the bipedal robot. It is necessary to
dynamically adjust the controller gains in real-time during
the control process to reduce the error between the desired
trajectory and the actual walking trajectory, thus enhancing
the robustness of walking control for the robot.

From Fig. 6(a)-(c), it can be observed that the bipedal
robot quickly loses stability and the center of mass height
rapidly drops to zero when subjected to harmonic or square
wave excitation. Therefore, the adaptive feedback compen-
sation control method proposed in this study quickly takes
effect, as seen in the variation curves of the control para-
meter uk shown in Fig. 7(a)-(c). These curves are obtained
from the parameter adaptive adjustment algorithm presented
in Sect. 3.2, which updates the parameter matrices A; and B,
at each step to cope with continuously changing external
force disturbances. On the other hand, for the cases of
sawtooth wave or bounded noise excitation, the center of
mass position of the bipedal robot is effectively controlled
by the HZD-based controller in the first 1 or 2 s (see Fig. 7
(b), (d)). Therefore, the control parameter uk remains zero
during these time intervals, and there is no need for adaptive
feedback compensation. Subsequently, the adaptive feed-
back compensation process is initiated due to the failure of
the controller.

Additionally, from Fig. 7, it can be observed that the
variation of the control parameter uk is not continuous.
When the error between the desired trajectory and the actual
walking trajectory accumulates to a certain extent, the value
of uk will experience a jump (corresponding to the peak
value of the center of mass height of the bipedal robot as
shown in Fig. 8). This is done to achieve balance control for
the robot’s walking.

In general, the gait of a bipedal robot controlled by the
HZD-based controller appears periodic, as shown in Fig. 2
in the previous Sect. 2. This is a result of the asymptotically

(a) Harmonic case (b) Sawtooth case
o) 0.4 o) 0.4
202 202
@] @]
0 0
0 2 4 0 2 4
Time (s) Time (s)
(©) Square case (d) Bounded noise case
0) 0.4 ) 0.4
202 202
& O
0 0
0 2 4 0 2 4
Time (s) Time (s)

Figure 6 CoM trajectories of bipedal robot with controller based on
HZD.
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stable gait achieved through the integration of virtual con-
straint design, HZD method, and optimization algorithms.
When the bipedal robot is subjected to periodic external
force disturbances, even with the addition of adaptive
feedback compensation to the controller, allowing real-time
adjustments of the corresponding control parameters, the
controlled robot’s gait or center of mass position still ex-
hibits a certain degree of periodicity, as can be seen from the
results in Fig. 8(a)-(c). This is evident despite the fact that
the variations in the corresponding control parameters may
not necessarily reflect periodicity (see Fig. 7).

When a bipedal robot walks in an uncertain environment,
the real-time adjustment of control parameters allows for
changes in the robot’s gait, such as step length, period, and
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walking direction, enabling it to maintain walking balance
under bounded noise excitation. Although the gait or center
of mass height variation curve may appear non-periodic, as
shown in Fig. 8(d), the robot can continue walking without
falling. Clearly, Fig. 8(d) demonstrates variations in step
length and the duration of each step, illustrating the ro-
bustness of the adaptive feedback compensation controller
to random disturbances. It is important to note that the re-
sults presented here pertain to walking in a planar scenario,
and the directional aspects of walking are not addressed.
Additionally, it should be emphasized that as the amplitude
of the four forms of external force disturbances continues to
increase, the bipedal robot will lose stability and fall.
Nevertheless, the proposed adaptive feedback compensation
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control method significantly enhances the robot’s dis-
turbance rejection capability. Compared to traditional con-
trollers based solely on HZD, the robot can resist
disturbances with nearly twice the amplitude.

6. Conclusion

This study investigated the adaptive control problem of
dynamically walking bipedal robots under external force
disturbances. An analysis and characterization of external
disturbances were conducted, and the equivalent forces were
mapped to the joint space of the robot through the Jacobian
matrix. Based on assumptions about the gait and collisions
of bipedal robots, the hybrid dynamics model of the bipedal
robot under external force disturbances was established
using the Lagrangian method. Simulation results indicate
that the classical HZD-based controller is effective in re-
sisting small external force disturbances. However, it fails in
cases of large external force disturbances, leading to in-
stability and even falling of the bipedal robot.

Therefore, this study proposes an adaptive feedback
compensation control method. Building upon the classical
HZD-based controller design, an algorithm for adaptive
adjustment of parameters based on the walking state was
developed. This algorithm considers factors such as the
friction conditions of the bipedal robot during walking, knee
joint angles, and center of mass position to analyze walking
instability. It generates suitable control parameters under
continuous external force disturbances. By dynamically
adjusting the control parameters online, adaptive feedback
control of the state output of the bipedal robot was achieved.
This allows the bipedal robot to maintain balanced walking
under various equivalent force disturbances with amplitudes
up to one-fifth of the robot’s weight. The results of the
proposed adaptive feedback compensation control demon-
strate that, in comparison to the form or frequency of ex-
citation, the intensity of external force disturbances has a
greater impact on the walking dynamics of the bipedal ro-
bot. Real-time adjustment of controller gains is necessary
during the control process to reduce the error between the
desired trajectory and the actual walking trajectory, thereby
improving the robustness of walking control for the robot.
Additionally, real-time adjustment of control parameters can
be used to change the gait step length, period, or walking
direction of the bipedal robot.
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