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Bipedal robotic mechanisms are unstable due to the unilateral contact passive joint between the sole and the ground. Hierarchical
control layers are crucial for creating walking patterns, stabilizing locomotion, and ensuring correct angular trajectories for bipedal
joints due to the system’s various degrees of freedom. This work provides a hierarchical control scheme for a bipedal robot that
focuses on balance (stabilization) and low-level tracking control while considering flexible joints. The stabilization control method
uses the Newton—Euler formulation to establish a mathematical relationship between the zero-moment point (ZMP) and the center
of mass (COM), resulting in highly nonlinear and coupled dynamic equations. Adaptive approximation-based feedback lineariza-
tion control (so-called adaptive computed torque control) combined with an anti-windup compensator is designed to track the
desired COM produced by the high-level command. Along the length of the support sole, the ZMP with physical restrictions serves
as the control input signal. The viability of the suggested controller is established using Lyapunov’s theory. The low-level control
tracks the intended joint movements for a bipedal mechanism with flexible joints. We use two control strategies: position-based
adaptive approximation control and cascaded position-torque adaptive approximation control (cascaded PTAAC). The interesting
point is that the cascaded PTAAC can be extended to deal with variable impedance robotic joints by using the required velocity
concept, including the desired velocity and terms related to control errors such as position, force, torque, or impedance errors if
needed. A 6-link bipedal robot is used in simulation and validation experiments to demonstrate the viability of the suggested
control structure.

1. Introduction

A local pattern generator on the spinal cord regulates
humans walking on flat ground without brain directives.
The control system is complex due to multiple local control-
lers and cerebellar commands. The central nervous system
maintains human equilibrium at various levels. The hierar-
chy of controls ranges from action planning to low-level
reflex or local control. Multiple walking and running modes
need a single stability or balance criterion. Still, the literature
on balance techniques needs to be revised, making it chal-
lenging to provide a coherent background [1, 2]. Four dis-
tinct criteria are used as balancing and stability indices for
bipedal locomotion:

(i) The zero-moment point (ZMP);

(ii) The Poincare map for limit-cycle walking;
(iii) The angular momentum-based criterion;
(iv) The footstep-based criterion.

In summary, the first two criteria are required to achieve
practical bipedal mobility, and the last two criteria may serve
as helpful cues for restoring the biped’s equilibrium. The
ZMP, center of mass (COM), angular momentum, and foot-
step are directly related, as detailed in [3-5]. The initial
design of bipedal robots relies on static equilibrium; COM
is preserved inside the support polygon (footprints). The
researchers then attempted to loosen the static constraint
by requiring that the center of pressure (COP) be contained
within the support polygon, forming the so-called ZMP


https://orcid.org/0000-0002-4041-385X
https://orcid.org/0000-0001-5854-7357
https://orcid.org/0000-0001-8208-5308
mailto:dr.hayder.f.n@coeng.uobaghdad.edu.iq
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

requirement. The ZMP criterion can produce a nonrotated sup-
port foot during the walking phases. Still, it cannot ensure that
the upper body of the biped is in an upright position or orienta-
tion. Solving the challenging nonlinear equations related to the
COM and ZMP is frequently problematic. Investigators often
use simple models to estimate gait patterns of bipeds, but linking
walking periods with different COM speeds can be challenging,
necessitating a control strategy that considers both internal and
external modeling errors. In such a situation, regulating the
spinning angular momentum around the biped COM has
been researched to develop practicable, stable walking patterns.
The ZMP-based biped robots may require multilevel control
systems to provide the appropriate motion in light of the con-
cerns above. While a low-level control system is offered to track
the necessary angular joint trajectories, high-level control con-
sists of online walking patterns and balancing control techni-
ques. This study proposes a hierarchical control system for the
bipedal mechanism, which includes designing reference walking
patterns and controlling the ZMP or the COM. At the same
time, it is being tracked, maintaining balance and low-level con-
trol, as described later. The correlation between COM and ZMP
trajectories is crucial for creating walking patterns for biped
robots. Three methods have been effectively used to create
motion for bipedal robots: optimization-based gait, COM-based
gait, and interpolation-based gait. The optimization tool man-
ages minimal energy or input control effort, optimal design, and
dynamic and kinematic restrictions [6]. The ZMP criteria can be
viewed as a constraint or an objective function. The computa-
tional complexity allows for frequent offline use. The COM-
based gait assumes all masses are centered in the COM, and
the support foot’s ankle joint experiences a pushing force despite
no applied torque. This concept is suggested for the online
implementation of bipedal walking patterns. However, it
requires modification to account for errors caused by this
approximation and other disturbances [7]. Interpolation-based
gait requires proper polynomial or spline functions for the COM
and foot trajectory to track or satisty the planned ZMP with
compensated ZMP offline or online. Real-time motion planning
is challenging due to the need for a single iteration of the walking
generator’s algorithm and the discontinuous COM velocity in
transition instances [8-11]. A multilevel control plan is always
required to stabilize bipedal locomotion, comprising trajectory
generation for the COM, ZMP, or ZMP tracking control, an
inverse kinematics approach, and joint tracking control. This
work provides a hierarchical control scheme for a bipedal robot
that focuses on balance and low-level tracking control while
considering flexible joints. Refer to [12—-18] for further informa-
tion on bipedal mechanism control, balancing criteria, and
motion planning.

The following concerns are investigated in this research:

1.1. Balance and Stabilization Control Level. A high-level
control regulates the ZMP trajectory due to modeling errors
and disturbances or tracks the COM trajectory with bounded
ZMP values. The ZMP trajectory can be indirectly manipu-
lated by COM motion using a straightforward linear inverted
pendulum model. Consequently, Sugihara et al. [19] created
real-time motion generation that indirectly controls the ZMP

Journal of Robotics

to regulate the biped robot’s COM. Their algorithm is
divided into four sections: local control of joint angles, joint
angle localization, referential ZMP planning, and ZMP
manipulation. By manipulating the biped COM trajectory,
Choi et al. [20] took advantage of indirect ZMP control and
demonstrated the stability of its disturbance input-to-state
(ISS). After identifying the issue with the one-mass inverted
pendulum’s non-minimum phase property, Napoleon et al.
[21] used a two-mass inverted pendulum as a simplified
biped model to eliminate the unstable zeros. They used a
linear quadratic regulator (LQR) to track the desired ZMP
trajectory. Pole-zero cancelation was employed by Hong
et al. [22] as a feedforward controller to eliminate the unsta-
ble zeros, and LQR was used as a feedback controller for
tracking. Online walking patterns employing the cart-pole
system were successfully generated by Kajita et al. [23] using
the preview control mechanism of the ZMP. They recom-
mended using the preview control twice. Stage 1 might fol-
low the planned ZMP trajectory. Stage 2 would fix any ZMP
inaccuracies brought on by differences between the proposed
biped robot model and the actual multibody model. This
approach needs help specifying the appropriate ZMP at the
heel or toe of the foot to achieve human-like walking [24].
Auxiliary ZMP [25], observer-based preview control [26],
and hierarchical preview control [27] have all been
improved. The preview control has two drawbacks: (1) it
ignores ZMP limitations, and (2) it is affected by perturba-
tion and disturbance. To improve the preview control,
Wieber [28] adopted linear predictive control of biped
robots in the presence of perturbation without considering
the computing complexity, which is well handled in [29].
In addition to using the optimal control method, Miura et
al. [30] also tracked the target humanoid’s COM and ZMP
utilizing a time delay and a PID controller. Generally, most
linear control techniques can be used to control an inverted
pendulum model to follow the ZMP or COM states. As
mentioned previously, the preview control has several
issues, and [31] demonstrates how the ordinal control sys-
tem struggles to track ZMP accurately.

Furthermore, most ZMP/COM tracking control is cou-
pled with high computational complexity. Therefore, utiliz-
ing the boundary value problem, researchers have attempted
to directly solve the inverted pendulum differential equation.
Harada et al. [11] developed an analytical technique for con-
currently estimating the COM and ZMP during a change in
walking stride. Real-time and quasi-real-time strategies have
been successfully proposed for tying the new trajectory to the
existing one. In [32], the analytical procedure is extended.
See [33-38] for further information on bipedal robot balance
or stability control. As a result, the current study proposes a
high-level control system to maintain the ZMP trajectory
within a stable zone while following the intended COM
references. The system uses a bipedal robot’s centroidal
dynamics to form an equation connecting the output COM
to the input ZMP. An input saturation compensator is
required due to the constrained system. The adaptive com-
puted torque control (CTC) law is designed for uncertain
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bipedal parameters. Details on saturation compensators will
be provided later.

Remark 1. Some stabilization strategies are used for bal-
ance recovery when subjected to severe disturbances,
referred to as balance and push recovery. These strategies
can be exploited alternatively for ZMP/COM compensation.
Unique balance techniques are used by all four-legged ani-
mals to prevent unexpected falls and to preserve their general
rotational stability, dynamic stability, and postural stability
[39]. Humans can employ sophisticated tactics to maintain
equilibrium and prevent potential disturbances. The support
base must be adjusted to keep the body’s center of gravity
while standing, moving, or sprinting. The balance system
actively observes the surroundings and anticipates how
forces produced by voluntary movements will affect the
body. It then makes the required modifications to preserve
posture and equilibrium. The reactive balancing response
only appears when these adjustments are unsuccessful or
unexpected instability occurs [40]. Thus, the reactive mech-
anism (feedback control) and the proactive mechanism
(feedforward control) are used to establish balancing condi-
tions [2]. Al-Shuka et al. [3] classified four possible methods
for balance recovery:

(i) Ankle/hip modification;
(ii) Whole-body modification;
(iii) Foot-step strategy;
(iv) Predictive control strategy using a feedforward
technique.

One of the most potent control approaches is whole-
body control. This technique uses all degrees-of-freedom
(DOFs) of the bipedal robot to follow the desired COM
trajectory or the desired linear or angular momentum. For
further details, see [41-44].

1.2. Tracking Control of Desired Bipedal Joint Trajectories.
The low-level control’s task is to follow the intended angular
joint trajectories of the biped mechanism. As previously
stated, the ZMP criterion concept presupposes a fully actu-
ated biped robot in the single-support phase (SSP) to follow
the required path of the ZMP or meet it and an over-actuated
biped in the double-support phase (DSP). To effectively use
the traditional control approaches for manipulators, the
stance foot of the biped robot has to be fixed during the
SSP. Most of the methods studied in the excellent work by
the literatures [45—47] can successfully control ZMP-based
gait. However, the researcher should consider the biped
humanoid robot’s considerable degree of freedom. As a
result, most humanoid robots feature decoupled tracking
PID control systems. The early attempts at controlling the
bipedal robot were centered on linearizing the equation of
motion. Golliday and Hemami [48] linearized the three-link
biped robot with locking knees around the necessary opera-
tional points. Observability, controllability, and stability were
then examined. Feedback control systems for controlling the
speed and stride length of the investigated bipedal mecha-
nism were suggested. Their inverted pendulum-based biped

robot was controlled by a local PID controller created by
Kajita and Toni [49]. The abovementioned linearization-
based control has the drawback that its solution only applies
in a limited area surrounding the operational locations
(nominal trajectory) [50]. Any moving walking robot will
experience several abrupt geometric limitations, such as
knee locking, stepping on the ground, etc. These restrictions
in every walking machine lead to disturbances that resemble
impulses and are very challenging for a standard PID con-
troller to regulate [51]. The typical PID might be unable to
keep the gait stable if the uncertainty level (is greater than
80%). Raibert et al. [51] compared a local PD controller,
CTC, and sliding mode control (SMC) to simulate a five-
link planar biped robot. They demonstrated the superiority
of sliding-mode control for bipedal systems in the presence
of parameter uncertainty. Similar works utilizing SMC were
accomplished by the literatures [52-54]. The literature has
described various control strategies, such as learning control
algorithms [55-57], impedance control [58, 59], and torque
control [60, 61].

On the other hand, most researchers avoided using typi-
cal adaptive controls in complex bipedal systems because
they may depend on a regressor matrix only applicable to
six DOFs or fewer. Zhu’s virtual decomposition control
(VDC) [62] is a potential solution to this problem. Every
link in the complex system is broken down, giving each
subsystem similar classical adaptive control. It has been
used to underactuated bipeds via time-scaling-based adap-
tive VDC. Decentralized control strategies have been pro-
posed in [63-65]. This paper focuses on fully tracking
decentralized adaptive approximation control, considering
joint flexibility and input saturation, which will be briefly
discussed in subsequent subsections.

1.3. Compliant Actuation Systems. Electrical drives power
most robot actuators due to their accessibility and established
control mechanisms. Bipedal robots often use transmission
units, with harmonic drives being particularly interesting due
to their low backlash, high accuracy, small dimensions, and
high torque output. High gear ratios in manipulator robots
hinder back driving, causing issues with shock absorption. Stiff
actuators, which store energy, are preferred over compliant
joints for improved tracking accuracy. Therefore, well-known
ZMP-based bipedal robots, such as ASIMO [66], WEBIAN
[67], HRP series [68], Johnnie [69], and KHR series [8],
utilize position control strategies using stiff joints with
harmonic drive units. Legged robots may benefit from elastic
joint characteristics for shock absorption, energy storage, and
reduced control effort, even though their tracking accuracy is
less rigorous than overall dynamic stability. As a result, some
bipedal robots such as cCUP [70], Valkyrie [71], and COMAN
robots [72] use series elastic joint actuators to avoid the
shortcomings of stiff actuators. Series elastic actuators feature
an elastic element with constant stiffness attached to the robotic
joints, offering advantages over stiff actuators like low
impedance, impact load absorption, and increased peak
power output. Joint flexibility presents challenges in
modeling and control due to its additional degrees of



freedom, causing the order of related dynamics to be twice that
of rigid robots. This results in more complex dynamic behavior
that requires further study and evaluation in mathematical
modeling. The control of rigid robots, such as full actuation
and passivity, is lost when joint flexibility is included in the
dynamic model. Flexible joint robots face control issues due to
quick dynamics, vibration, uncertainties in connection
dynamics, payload fluctuations, external distances, and drive
dynamics, particularly joint stiffness values. Over the past
decade, various strategies for controlling flexible joint robots
have been proposed, including feedback linearization [73],
which offers fast response and large bandwidth but requires
higher-order time derivatives. The cascaded control method is
a control method for flexible joint robots that involves breaking
down a high-order system into multiple lower-order
subsystems [74]. This method requires constant reference
input to the inner control loop, slowing down the response
time and resulting in a lower bandwidth in the state-space
approach. The singular perturbation approach [75] and
integral manifold approach are popular methods for
controlling joint torque subsystems, adding damping to the
fast mode. Other flexible joint robot control methods, such as
integral backstepping control [76], passivity-based control [77],
PD control [78], and so on, primarily focus on position control.
The joint torque tracking loop is crucial for robotic systems
operating in constrained environments. The torque control
loop faces a significant issue with noisy torque derivative
time signals, necessitating the use of a low-pass filter for
teasible results [79-83]. Two control algorithms are proposed
in this paper to address joint flexibility issues effectively.

1.4. Input Saturation. Actuators have practical limits like
saturation, dead zone, and hysteresis. These constraints can
reduce closed-loop system performance and cause instability.
Researchers have concentrated their efforts on developing
controllers for systems with saturation restrictions. There
are two approaches: changing the control effort signal and
building an auxiliary system to specify tracking errors. These
ideas are intended to solve these restrictions while also
improving the safety and performance of closed-loop sys-
tems. See [84—87] for more details.

This study presents a hierarchical control strategy for a
bipedal robot, emphasizing balance (stabilization) and low-
level tracking control while considering flexible joints. The
Newton—FEuler (N-E) formulation is used in the stabilization
control approach to building a mathematical correlation
between the COM and the ZMP, leading to highly coupled
and nonlinear dynamic equations. Adaptive approximation-
based feedback linearization control, also known as adaptive
CTG, is paired with an anti-windup compensator to follow
the intended COM generated by the high-level command.
The ZMP with physical limits acts as the control input signal
along the length of the support sole. The Lyapunov theory is
used to prove the viability of the proposed controller. The
low-level control for a bipedal system with flexible joints
follows the planned joint motions. Position-based adaptive
approximation control (PAAC) and cascaded position-
torque adaptive approximation control (cascaded PTAAC)
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FiGure 1: The proposed control structure. The focus of the current
work is stabilization and tracking joint controls.

are the two control techniques we employ. The intriguing
aspect is that by using the necessary velocity concept, which
also includes the desired velocity and terms relating to con-
trol faults such as position, force, torque, or impedance
errors as needed, the cascaded PTAAC may be expanded
to cope with variable impedance robotic joints. In simulation
and validation studies, a 6-link bipedal robot is employed to
show the effectiveness of the recommended control.

The rest of the paper is structured as follows: The diffi-
culties and imposed assumptions of the work are outlined in
Section 2. The methodology is described in Section 3, with
two control stages to stabilize and track the target robot’s
mobility. Section 4 introduces the simulation experiments
and the validation results, while Section 5 ends.

2. Problem Formulation and Assumptions

This study addresses two control issues using anti-windup
compensation principles: tracking the COM trajectory while
keeping ZMP control input within the stance sole and fol-
lowing desired joint states, considering joint flexibility and
physical torque input saturation. The study proposes a four-
level control strategy for legged mechanisms, focusing on
balance control (COM tracking) and low-level control (flex-
ible joint monitoring). The control architecture, shown in
Figure 1, uses the saturation compensator for motion stabi-
lization, addressing physical limitations on joint torques and
ground reaction forces. As illustrated in Figure 1, the pro-
posed control structure consists of the following key
elements:
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(1) COM planner. It is beyond the scope of this paper;
however, it is responsible for designing stabilized
walking patterns for the target bipedal. The desired
references for the COM and the ZMP can be gener-
ated using three possible methods: optimization-
based gait, COM-based gait, and interpolation-based
gait [6-11]. Among these methods, our motion plan-
ning algorithm proposed in [88] is selected.

(2) Stabilization control. It aims to regulate the con-
strained ZMP trajectory by tracking the referential
COM. It develops an explicit dynamic relationship
between the ZMP and the COM and designs an
adaptive CTC scheme, integrating it with an anti-
windup compensator for motion stabilization.

(3) Inverse kinematics. This topic is outside the purview
of the present work and should be discussed at a later
time. The inverse kinematics strategy is used to find
desired angular trajectories by calculating the desired
COM and referential foot trajectory. This strategy
can be integrated with multiple tasks for balancing
and stable configurations of the bipedal mechanism.
The geometry method is used instead, based on the
work of [31]. Please see [4, 89, 90] and the references
therein for more details on this topic.

(4) Tracking control of joint trajectories. It precisely
tracks desired angular joint references obtained by
inverse kinematics. In this stage, joint flexibility is
considered, complicating the control task due to
increasing the DOFs to double, under-actuation
behavior, and noisy torque signals if needed. Model-
ing the flexible-joint robots using Euler—Lagrange
(E-L) formulation leads to a cascaded system. The
control inputs for the link and joint subsystem are
the elastic torques and the motor torques, respec-
tively. Using the concept of the AAC, the system
can be decomposed into link-joint subsystems, and
hence, a decoupled controller for each link-joint sub-
system can be developed. Two control schemes are
proposed: position-based control and cascaded
position-torque control. The interesting point is
that the cascaded position-torque control scheme
can be extended to control a robotic system with
time-varying joint stiffness and damping.

In general, the following assumptions are consid-
ered [31, 66].

Assumption 1: The stance foot is fixed without rotation.

This assumption is crucial for ZMP-based locomotion to
maintain the ZMP location within the support polygon
(stance sole) in the SSP.

Assumption 2: The bipedal robot is fully actuated to
apply the ZMP criteria.

This assumption coincides with Assumption 1, which
includes a fixed-stance foot. If a rotating stance foot is
selected, then the ZMP criteria cannot be held, and the
bipedal system is underactuated; see [91, 92] for more details.

Assumption 3. The gait cycle consists solely of the SSP
due to the short duration of the DSP.

Assumption 4. The dynamic coefficients of the system
equation involving the COM and ZMP can be linearly
parameterized using orthogonal functions.

This assumption is necessary for the application of adap-
tive approximation control [83].

Assumption 5. The COM velocity and displacement are
all measurable.

Assumption 6. The physical parameter values for the link
and joint dynamics are unknown and can be linearly param-
eterized in terms of orthogonal functions.

The implementation of adaptive approximation control
requires Assumption 7 [83].

Assumption 7. The elastic torque is measurable up to the
second order.

3. Methodology

This section comprehensively describes balance and tracking
control using various control scenarios.

3.1. Stabilization Control. Balance, stabilization, or postural
control compensate for modeling errors and disturbances in a
bipedal robot. It aims to track the COM trajectory while
maintaining the ZMP within a safe range. The relationship
between the COM and ZMP is determined using N-E dynam-
ics, which is nonlinearly coupled. Adaptive control is based on
the function approximation technique and windup strategy,
with an anti-windup compensator integrated to deal with the
limits of the control input, the ZMP trajectory. The output
and input variables are the COM and ZMP trajectories,
respectively. Saturation restriction is a common challenge in
actuator design due to physical properties and safety issues. It
can improve closed-loop system efficiency and potentially
cause instability. In our case, however, the ZMP signals are
the control input and should be positioned within the stance
sole of the SSP. Researchers have developed controllers for
systems with saturation constraints using two techniques:
readjusting the control effort signal and building an auxiliary
system. The method involves readjusting the control input
signal using the function approximation technique based on
Chebyshev orthogonal polynomials.

Using the N-E formula, the following explicit expression
can be obtained relating the ZMP—COM trajectories; see [4]
for details.

Lt+a,=u,u <u <, (1)
with
c,+g
L=|"° -c, o=l o]
0
c,+g
Ty" (2)
Cy —
P,+Mg
a. = : 7, candu = [p. py]T,
7 P,+ Mg



FiGURE 2: A bipedal robot with the definition of the ZMP. The force
f is the ground reaction force while the torque (moment) vector at
the ZMP has only component in z-axis. By taking a moment about
point O and using the N-E formulation, Equation (1) is obtained
for a multibody robot.

where, P, is the total linear momentum in z-dimension,
T= [Tx 7, TZ]T is the moment vector about the COM,
and p ) is the ZMP location. The control input signals repre-
sented by u, has upper and lower bounds denoted by %, and
u,, respectively.

Figure 2 shows the external force and moments affected
on a bipedal robot. The ZMP moments (torques) in the x and
y axes should be small, approximately zero, to ensure stability.
The bipedal robot maintains a constant height for the COM
or hip.

Adaptive feedback linearization, or so-called CTC based
on the function approximation technique, is suggested to
stabilize the nonlinear system in Equation (1). The feedback
linearization control technique aims to create a nonlinear
control law that makes the dynamics of the closed-loop lin-
ear. Equation (1) can be recast as Equation (3) to address
saturated control input [93].

ILc+a, =u.=v+36, (3)
where
uc,»ma)w Vi 2 uc,max
U, = sat(v;) = ¢ Ui Uemin <Vi <Ugmax, i =1, 2. (4)

uc,mina Vi < uc,vmin
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The control tolerance value (5;,i=1,2) with §=[6,6,]7
can be written as follows:

uc,-max — Vi Vi > uc,vmax
51' = 07 ucimin < Vi< uc[max . (5)

Uemin — Vis Vi < Uemin

The proposed control structure accounts for nonlinear
control saturation by tracking desired references using adap-
tive feedback linearization control and function approxima-
tion technique, with the chosen control law being as follows:

~

v=TI.(¢s—Ky(¢ = ¢a) = Kp(c = ¢q))
— ksgn(BTPTx) + @, — 5.

(6)

where ¢, is the desired reference for the COM trajectory,
the estimation is represented by the symbol, K; € R*>? and
K, € R™ are both diagonal positive definite matrices, x € R>?

0
is a robust sliding gain, B= [I } ERP? x=[el ¢T|TeR!,
2

and, P=PT € R** is a symmetric positive definite matrix
meeting the Lyapunov equation as follows:

ATP4+ PA=-Q, (7)
with
0
A= € R¥4, (8)
-K, -Kq

and Q=QT € R** is also a symmetric positive definite
matrix. Notice that if § =6 in the controller (Equation (6)),
then it results an algebraic loop. The compensation of the

dead-zone function estimation & only works in a compact set
of the state space, resulting is local stability.

Substituting Equation (6) into Equation (3) leads to the
following closed-loop dynamics:

¢+ Kge + Kye + ksgn(BTPTx) = -1, (TC t+a, - 5) +e.

)

Equation (9) is basically a linear closed-loop dynamics
with residual error, e € R*,and (~) = (.) — (/). However due
to the robust sliding term, ksgn(B? PTx), it’s no longer linear.
The FAT can represent mass and nonlinear matrices and
vectors as follows:

IL=Wlo;+e¢
azwg(pﬁ +85

where the weighting matrices are W; € R?2, W, € R,
and W € R?7<, the basis function matrices are W € R?>2,
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©e €R?, and ¢z € R?, and f denotes the number of basis
function terms. The estimated matrices using the same set of
basis functions are as follows:

Ic = W;¢I
?c :/Z\,Z@a (11)
6= Wg%

Consequently, the control law (Equation (6)) is formu-
lated as follows:

u=WTep(tg—Ka(c = ¢q) = Ky(c - cz))

_ o (12)
- ngn(BTPT'x) + Wg;q)a - W(Y;goés

then the closed-loop dynamics (Equation (9)) becomes the
following:
&+ Kyé + K,e + ksgn(B" Px)
=- (WIT%) B (WIT% q+Wig, - VNV(?%) +e
(13)
Expressing Equation (13) in a state space form as follows:

x=Ax— B(T_l (Wf¢1 ¢+ W;@a - ng”é)

(14)
— e+ Kksgn(BTP'x)).
Selecting the relevant updated laws as follows:
/W\I = —Yll(ﬂl C (XTPBT_I)
W, =%, (xTPBT—l) (15)

W\é = T(g(pé (XTPB/I\_I) s

where the adaptation matrix is ¥, € R,

In effect, the estimate I of the inertia matrix I is not
always invertible, even though it is nonsingular for every
t>0. As a result, as the determinant of I approaches zero,
Equation (15) may experience a singularity issue, and a

. 1 ~ —~ —~ —
V= -2xTQr TP BV (Wi e + Wip, - Wigs) = Be+ Brsgn(B"P"x)]

—tr(WIT‘I’I‘IWI) - tr(\?\//g’ljglwa) - tr(W?‘I’gl\//\/\g).

projection change is necessary. A well-known method based
on the passivity design was put out by Slotine and Li [94] to
address these issues.

The L, and L, stability of target systems is frequently
demonstrated in this paper using the following lemma [62]:

Lemma 1. Assuming that Q € R™" is a symmetric positive-
definite matrix, x(t) € R", n>1, and that V(t) is a nonnega-
tive piecewise continuous function defined as follows:

V(t) >

> (1) Qx(1). (16)

If the time derivative of V(t) is determined by the
following:

V <=y(t)"Py(t) -5 (t) < -5 (1), (17)

where y(t) €R™, m>1, P € R™™ is a symmetric positive-
definite matrix, and &(t) is as follows:

/ T (t)dt > -, (18)

0

with 0<p<oo, then V(t)€L,,x(t)€L,, and y(t)€e
L, hold.
The proof of Lemma 1 is described in the appendix.

Theorem 1. In the sense of L, and L, stability introduced in
Lemma 1, the ZMP-COM dynamics in Equation (1) are stable
when combined with the control law, closed-loop dynamics,
and related update laws stated in Equation (12) through
Equation (15).

Proof. Choosing the following Lyapunov-like function along
the closed-loop dynamics (Equation (14)):

1 I
V= xTPx+ Etr(WIT‘P;lWI FWIYIW, + ngifglwﬁ).
(19)

By substituting Equation (14) for the time-derivative of
Equation (19), we obtain the following:

(20)



It is possible to rewrite Equation (20) as follows:
|

. 1 o~ —~ BN —~ ~ A
V= —Sx"Qx- tr(w,T ((pI 'é(xTPBM‘l) + *P;W,)) - tr(Wg (q)a (xTPBM—l) n *P;lwa))

—tr (W}; ((pa (xTPBI\A/I‘l) - Y’glw\&)) — x"PB(-¢ + ksgn(BTPTx)),

by substituting Equation (15) into the previous equation, we
get the following:

. 1
V = - -xTQx — x"PB(-¢ + ksgn(BTP'x))
: (22)

)

= - ATQx + {Te = Xkl

where ¢ = BT"PTx and choosing the components «; so that

K; > |ei| + i (23)

where y; is a positive constant, making Equation (22)
become

VZ—%XTQx—ZKiMiL (24)

In the perspective of Lemma 1, Equation (21) implies L,
and L, stability. 0

3.2. Tracking Control of Joint Trajectories. In this section, two
tracking control strategies—position control and cascaded
position and torque control—are presented for tracking
joints with unknown parameters and input saturation. The
complexity of the problem is compounded by the inclusion
of joint stiffness and damping, as the system will be under-
actuated due to the doubling of the DOFs. Furthermore, it is
challenging to design control laws that are decoupled while
taking into account the uncertainty of joint stiffness and
damping. To fix the control issue, you need an adaptive
backstepping control system. Figure 3 shows a 6-link bipedal
robot with flexible joints.

3.2.1. Position-Based Adaptive Control. This section develops
the E-L dynamics for an n-DOF bipedal robot with flexible
joints and torque input saturation [95, 96]. It is made up of
cascading link subsystems coupled by joint impedance. The
control law’s goal is to apply the AAC’s principles to decouple
the n-DOF bipedal system into link-joint subsystems. An
orthogonal basis function with particular terms is used to
approximate the nonlinear coupling expressions. Consequently,
the E-L formulation for the n-DOF bipedal robot is expressed as
follows:

Mg+ Cq+g=ry, (25a)
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Imé +Bm9 + 7, =u,

and

7, =K(0-q) + Cv(é - q), (25¢)

where M € R™" is a positive definite and symmetric inertia
matrix, g € R" is the angular displacement of links, C € R™"
is the Coriolis and centripetal matrix, g € R" is the gravity
vector, 7; € R" is the elastic joint torque, I,, € R™" is a diag-
onal inertia matrix with a diagonal element r(r -+ 1)], with r
being gear ratio, J, is the rotor and gear inertia, B,, € R™" is
the viscous damping matrix, K; € R™" is the stiffness matrix
for flexible element, C, € R™" is damping matrix for the joint
flexibility, € € R" is the angular displacement of motor, and
u €R" is the control input and subjected to the following
constraints:

Uimax» Hi b Ujimax
His Uimin <Hi <Ujmax » 1 =

Uimins Hi < Uimin

u; = sat(y;) = 1,2,3,...,n.

(26)

The elements of the control tolerance vector, y, can be
written as follows:

Uimax — His Hi > Uimax
Vi= 1S 0, Uimin <Hi<Ujmax - (27)
Uimin — Hi> Hi < Uimin

Equations (25a—25¢)—(27) can be reformulated for the ith
link-joint subsystems as follows:

m;i(q) §; + ci(q. 4)4; +4:(q.9) = 7, (28a)
L,0;+B,0,+1, =u, (28b)

with
aa.9)= Emy@) 4+ Toa.2)a; +9(0) (280

j#i j#i
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___________

FIGURE 3: A 6-link bipedal robot with flexible joints.

kSi(Hi - ql) + CV' (91 - ql) = Tti' (28(1)

Equations (28a)—(28d) describe a cascade system where
the elastic transmission torque serves as a virtual control
input for the ith link, with suitable control laws selected as
follows:

mii(q) 4, + €i(q. q)q,, + kisi + Ai(q.q) + oisgn(s;) = Ttd,
(29a)

k.(0,-a,) +%, (0, - 4,) =tu, (29b)

/I\m,»ér; + Em[ér,» + 71, + koisoi + 0isgn(se;) = t; = pi + i,
(29¢)

where

4, =qq +4(qa — q)

: . , 30
0, =04 + 29 (04 — 0;) (30)

where the subscript (d) refers to desired reference, and 4; is a
positive parameter denoting the time constant. The FAT-
based adaptive control is adopted to estimate the uncertainty
in Equations (29a)—(29¢). The uncertain dynamic matrices
and vectors are assumed as functions of time, and then select-
ing an orthogonal polynomial approximator to estimate the
uncertainty. Thus, the control law in Equations (29a)—(29¢)
becomes the following:

ﬁ\)r]l;,-qomi(q) .“Jr, + ’T)cT,§0ci"1ri + kisi + ﬁ\)},-q)A,v + a,»sgn(s,») = Ttd,-v
(31a)

T 2] T ) T _
wImi(pIrm‘eri + wb,(phigri - w}’i(p%de, + kglsei + O'g,-Sgl’l(Sgi) - 'udx’

(31b)

where w() € R/ and @) € R? are the weighting-coefficients
and orthogonal basis function vectors, respectively. Subtract-
ing Equations (31a) and (31b) from Equations (28a)—(28d),
we obtain the following closed-loop dynamics:

m;$; + ciis; + kis; + o;5gn(s;)

. NT . NT . ~T
=T Wy @Pm, 4y — We,Pcqr — Wy, Pa, + (dei - Tt;) + &

(32a)

Imiisgr' + er'zsi + kngi + 04,580 (sgi)
_ =T ) =T ) =T
- wImi¢Imi6ri - wbiq)bieri + Wy, Py,

- (Ttd, - Tz,.) + (ﬂi - /Jd,) =+ €g,-

(32b)

The following update adaptive laws are chosen to achieve
stable closed-loop dynamics:

wm,- = djm,-qom,- qr,-si

{Dc,- = dsc,-(pc,qrisi (3321)
Wy, = Dy@y,5i:

a\)lmi = lei(pfmzéris(’i

Wy, = Dy, ¢p,0,.5, (33b)
ﬂ\)yi = _qjﬁq)}’isgi’

where @ ) € R**/ is positive-definite gain matrix for adapta-
tion. The following theorem proves the stability of the pro-
posed control structure:

Theorem 2. The dynamics of link-joint subsystems in
Equations (28a)—(28d), and the control laws described in
Equations (31a) and (31b) with associated update adaptive
laws in Equations (33a) and (33b) and the corresponding
closed-loop dynamics presented in Equations (32a) and
(32b) is stable in view of L, and L., stability introduced in
Lemma 1 if

Hd, = His (34a)

i

and

where a ) is a scalar adaptation gain.

Proof. Consider the following Lyapunov’s like-function for
the link-joint subsystem as follows:
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V.=V, + V.. 1 | U DU BN
1 v (35a) Vi = Elmiséi + Ew’ll:mélmlxwlmr + Ewax(Dh,-lwb, + sz(phlwn
. 1k2 18 1
with S k10, -0) - 0 -0
i C!
1 1o 1. 1. 35¢
Vi, = 5 miis} 4 5 Wiy Py, + S WP, + 5wy Pyl (35¢)

(35b) where 7 ) is a positive scalar adaptation gain. By taking the time
derivative of Equation (35b) and substituting Equation (32a)
into it, we obtain

. 1
Vl == (Ti’lii - 2Cii)512 - kl'sl2 -+ S; (Ttd- - Tt-) - o‘,-S,-Sgn(Si) -+ E;S;
2 . o . . (36)
- Wy, (qsr_n%l/[)m‘ + Qm, Qrisi) -wl (%qnsi + ‘pc_,»l@q) -wy (4’4‘51‘ + deiIﬁ\)A‘)-
\
Using the passivity property with the adaptive laws in Simplifying Equation (40) leads to the following:
Equation (33a), Equation (36) becomes the following:
Vi=—ks? - bisg, — ko,s5 — (so, = si) (zea, — 71,) — oisisgn(s;)
Vi =—kis? +5;(tig, — 7,,) — oisisgn(s;) + &s;. (37) Lk 58
—aglselsgn(sgl) +éEsi+eg S, ——————.
a a,

In a similar manner, taking the time derivative for (41)

Equation (35c) and substituting Equation (32b) into it to

get the following: Using Equations (28d) and (29b), we obtain the following:

o 2 2 . ~
Vji = _bise,- - k9x‘56, - 591 (T.td,» - Tti> - Golsé)isgn(sf)‘) (Ttd[ — Tti) — _Evi (91 — ql) — ksi(gi — ql) + CVi (sgi — S%‘)
+egs9,—0f, (071, + 01, 0,5) +k, (6, - 0) - (2, - 4:)-
~ : 1A ~ 1A 42
—LUZ; ((ﬂbtgﬂSgi + ¢b,1wbi) - w’;: <(phsgi + @rilwyi) ( )
_ % _ ﬁ Substituting Equation (42) into Equation (41) and using
ay, a Equation (34b) results in the following:
(38)
V= —ks? - bisj, — ko5, — 0:5:5gn(s:) — 0,59,5gn (s,)
£;s; + €9 0,-
Substituting Equation (33b) into the above equation et ot
results in the following: (43)
le = —b;sh, — kois; — soi (r, L Tt,) — 04;Si8gn(pi) + €giSoi- Selecting the robust gains in Equation (43) such that
(39)
O; Z & + .
i 2 ei| +pi (44)

00,2 |eg | +po,”
Thus, the time-derivative of Equation (35a) becomes the
following:

Equation (43) becomes the following:
Vi = —kiS% + S; (Ttdi - Tti) + E;S; — U,»S,-Sgn(si)
- bisé, - kgisg},' + So; (dez - Tti)

ks

(Zki acx_

Vi < —kisg - biSé_ - kgisa - pPiSi — pgx_Sgi. (45)
(40)

i

ko ©6,
—0p,50,5g0 (59,) + €9,59, — ——+ — ——. This completes the proof. 0
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3.2.2. Cascade Position-Joint Torque Control. In this section,
a different strategy is developed to track and stabilize the
motion of flexible-joint bipedal robots. The same control
laws developed in Equations (29a) and (29¢) are used; how-
ever, the difference lies in computing the required angular
velocity of the motor. The key idea is to integrate a torque
error in the required velocity of the motor. Thus, the desired
angular velocity of the motor is computed via

<, (9'51,» - qr,) +ky (0, - 44) =7, (46)

while the required motor velocity is determined as follows:

9'r,» = éd,» + }bt, (?td,. - ?ti)’ (47)

where 4, is a constant gain and

_ Tid, — Ty,

(7, = 7) = Ttos (48)

with w; is a cutoff frequency and s denoting the Laplace
variable. The following theorem proves the stability of the
proposed control structure:

Theorem 3. The dynamics of link-joint subsystems in
Equations (28a)—(28d), and the control laws described in
Equations (31a), (46)—(48) with associated update adaptive
laws in Equations (33a) and (33b) and the corresponding

1, 1,
Vii =5 ImiSy; + 5w, P

-1

1k 12 1
Lok (0
2a,  2a, 2 [

By taking the time derivative of Equation (50b) and
substituting Equation (32a) into it, we obtain the following:

. 1
V==
P2

- wcT,v((pc,qr,-Si + qjc_,-lﬁ\)c,) - 17)2 ((/’A,Si =+ (pZila\)A,)'

Using the passivity property with the adaptive laws in
Equation (33a), Equation (51) becomes the following:

Vli = —kis} +5; (Ttd, - Tti) = o;s;sgn(s;) + &;5;. (52)

5 2 2 ~T 1 .
(i — 2¢;)s7 — kis? + 5;(7y, — 7,,) — osisgn(s;) + &5 — W), (dsm,»wm,- + P, qnsi)

11

closed-loop dynamics presented in Equations (32a) and (32b) is
stable in view of L, and L, stability introduced in Lemma 1 if

Ha, = Hi, (49a)

and

»];i =& (gdi - qri) [(9‘11‘ - 91) a (q’i - q’)} (49b)
&= (04 -a,) |04 -0) - (2,-a)]

Proof. Consider the following Lyapunov’s like-function for
the link-joint subsystem

V=V, +V, (50a)

with
1 1_ - 1_ ~ 1 ~
Vli = 7miislz + 7w7’1’;z¢’_”}wmi + Ewg(pc_zlwcz + Ewgi¢Z,IwAi’

2 2
(50b)

i

1 1
~T 1~ ~T o1~ 2
T WL + Ewbid)b, Wy, + Ew}’i(ph Wy, + 70)1' (Ttdi T“)

(50¢)

- 0:) - (4, - a))]*-

(51)

In a similar manner, taking the time derivative for
Equation (50c) and substituting Equation (32b) into it to
get the following:
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le = —bisa_ - k9i5§i
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~ o, (Ttdi - Tti) ~ 09,509,581 (Sgi)

=T ( p-173 2] ~T : -175
+ €9,50, — Wy, (qjlm,-wlmi + qalmxeﬁsgi) — Wy, (¢bieri59i + qsb,- wbi)

- LA[J;: ((p}’isgi + @}Zlfbyi) + /‘Ltzwi (Ttdz - Tti) (%tdi - %ﬁ) —— -

Substituting Equation (33b) into the above equation

results in the following:

Vj, = —bisfy‘ - keisé, — Sy, (Trd,- - Tt,) ~ 005,581 (Sgi) + €0,%,
.. kR §E
+ @i (v, = 7,,) (T, = 7)) = % - %
i Gi

(54)

Thus, the time-derivative of Equation (50a) becomes the
following:

V= —kis? + 5i(tig, — 71,) + €5 — oisisgn(s;) — bisj, — koS5, = sa (t1a —71,)

RE 6 (55)

—09,59,SgN (59,) + €959, + ﬂtia)i (Ttd, - Tt,») (%td, - %ti) -

However,

Si (Ttdi - Tff) ~ o, (Ttdx - Tfi)

== /1ti (Ttd,- - Tti)z - /1t,-wi (%td,- - %ti) (%td,- - ?t,-)
&, (0u-a,)[(00-0) - (a,-a)] +5,(04 )[04 - 6) - (2, - )] 56)
—6,[ (00, -0) = (2, - 0) | = k. [(04 - 0) - (a, - 4)] [0 - 6) - (2, - 1,)].

Substituting Equation (56) into Equation (55) and using
Equation (34b) results in the following:

V= —k;s? - bisj, — ko,s, — 0:5;58n(s) — 0,59,5g0 (s,)
+€i5i —+ 83[5191.
(57)

Selecting the robust gains in Equation (57) such that

0; > |ei| + pi (58)
o0, 2 |eg | + o,
Equation (57) becomes the following:
V< —k;s? - bisg, = koS5, = Pisi = Po,S,- (59)
This completes the proof. O

\
4. Results and Discussions

The section focuses on making several simulation experi-
ments to investigate the validation of the proposed control
architecture on a planar 6-link bipedal robot depicted in
Figure 3 with physical parameters shown in Table 1. Four
control levels are designed to stabilize bipedal walking:
design of desired walking patterns, stabilization controller,
inverse-kinematics control, and tracking control of desired
joint trajectories. The desired walking patterns are selected
based on a previous work [88] that proposes an algorithm to
tune walking parameters to satisfy kinematic and dynamic
constraints, such as singularity conditions at the knee joint,
ZMP, and unilateral contact constraints, whereas an alge-
braic inverse kinematics algorithm is used for capturing
the desired joint trajectories [31]. The simulation experi-
ments are focused on stabilization and tracking controls.
Figure 4 shows the stick diagram for the target biped in
the SSP, where the desired COM and swing foot trajectories
are developed according to Al-shuka et al. [88].
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TasLE 1: Physical parameters of the bipedal robot.

Bipedal Moments of inertia Lengths Masses
parts (kgm?) (m) (kg)
Foot 0.016 0.3 2
Shank 0.06 0.45 3.6
Thigh 0.06 0.45 3.7
Trunk 0.145 0.45 10
14— ! 1 ! ! ! 1
2o T SN
1 - B
E
N

x-axis (m)

FIGURE 4: Stick diagram for the simulated biped with desired COM
and swing foot references.

4.1. Stabilization Control. In this subsection, several experi-
ments are implemented to investigate the effectiveness of the
proposed stabilization controller suggested in Section 3.1. As
was already indicated, the COM serves as the stabilization
control law’s output variable and the ZMP serves as the
control input. A constrained control should be considered
due to the limits of the ZMP within the stance sole in the SSP.
To highlight the strength of the proposed adaptive CTC, a
comparison study is performed with the classical PID con-
troller, considering the input saturation (Figure 5). The feed-
back gains used are selected, as shown in Table 2.

The desired COM reference with COM position error
is shown in Figure 5. The control algorithm proposed in
Section 3.1 is performed considering the control input satu-
ration. The control input signal for the ZMP is shown in
Figure 6 with and without saturation. The evolution of the
ZMP signal with saturation input is necessary to avoid
exceeding the stability margin limited by the support sole
in the SSP. A simple comparative study with the PID con-
sidering the saturation effect is performed, and the superior
of our control algorithm is clear concerning the COM posi-
tion error.

4.2. Tracking Low-Level Control. This subsection is focused
on low-level tracking control for the trajectories of the biped
joints. A 6-link bipedal robot with full actuation is tested.
The biped is provided with flexible joints that complicate the
control problem. As discussed in Section 3.2, two control
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0.03

0.025

0.02

o
=
=
w

0.01

e
=3
S
a

COM position error (m)

-0.005 B

-0.01 S

_0'015 1 1 1 1 1 1 1 1 1
0 005 01 015 02 025 03 035 04 045 05

Time (s)

—— COM position error—PID
—— COM position error—CTC

FIGURE 5: Position error for the COM trajectory using two control
strategies.

TaBLE 2: Gains parameters used for simulation of stabilization
control.

Gain values
p=11,K,=20, K4=70, ¥; =1,
¥, =501, ¥s =50, Q=1,,
1.9179 0.0071
0.0071 0.0254

Control method

CTC

Proportional gain (p) =14, integral gain
PID (I) =60, derivative gain (D) =1, filter
coefficient (N) =754*

*A low-pass filter with a time constant of (1/N) is added to the derivative
term to filter out the noise.

methods are proposed: AAC-based position control and
AAC-based cascade position-torque control. A comparison
study is implemented to test the features of the proposed two
control methods. The control gains are listed in Table 3.
Figure 7 shows the position error for the proposed control
methods, while Figure 8 shows the control inputs with satu-
rated signals with torque limits 150 N.m. The AAC-based
position control provides more precise tracking than the
cascade position-torque method. This occurs since the tor-
que control has noisy torque signals with higher orders.

5. Conclusions

This work proposes a multilevel control architecture for a
bipedal robot governed by the ZMP balance criteria. The
joint flexibility is considered complicating the control prob-
lem. Two-level control scheme is proposed: stabilization
(balance control) and tracking joint control. The proposed
stabilizer includes designing an adaptive CTC based on the
function approximation technique, whereas two control
methods are proposed for tracking the motion of the
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-0.1 1 1 A 1 1 1 1 1 1 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
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—— ZMP trajectory—PID
—— ZMP trajectory—CTC

FiGure 6: The control ZMP input shows the stability region represented by the stance sole length.
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Time (s)
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- -~ Cascade control

FiGure 7: Position error.
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TasLE 3: Control gains.

Control method*

Gain values

AAC-based position control

ki :200, kei — 150, ¢mi — (DC, — <p[m’ — (ph’ :Ill’ (DA,» — 100[11, (D}'x — 75111,

2;="5, ;= 200, &}, =50

AAC-based cascade position-torque control

ki - 70, kg,‘ — 150, dsmi - ¢51 — 45[

=@, =1y, @, = 1001, ®, =75I,,,

mi

2 =5, A = 500, w; =0.05, & =50

*1. The approximation modeling error is assumed to be zero, and hence, the robust gains are neglected. 2. The damping coefficient in the flexible elements is set

to zero.

200 T T T T

u, (rad)

oo ; ; ; ;
0

uj (rad)

100
el
= 0
=
-100
0

Time (s)

—— Position control
- -~ Cascade control

u, (rad)

-100

2200 i i i i
0

uy (rad)

T T T T
40 ......... ......... , ........ ........ -
E 20 ......... .............. -
) AL VAAS WS A
R 0 AR - ‘ ” ' '
20 F c CoEN  AARREES : -
0 0.1 0.2 0.3 0.4 0.5

FiGure 8: Control inputs.

flexible-joint bipedal robot: position control and cascade
position-torque control. The control architecture can be
extended to deal with high-level motion planning and
inverse kinematic control. The following points are investi-
gated in future work:

(1) Future research will focus on 3D locomotion, inverse
kinematics, and motion planning, incorporating
camera sensor integration, obstacle avoidance, and
redundancy in high-level control with real-time
experiments.

(2) Whole-body control with input saturations.

(3) Flexible joints with variable impedance or stiffness.

(4) Integrating the angular momentum with the stabili-
zation controller.

(5) The effect of trunk and upper-limb parts on balanc-
ing the robot.

Appendix

Proof of Lemma 1. Reformulate Equation (17) as follows:

y(O)"Py(t) < -V -5 (t). (A1)
Integrate (A1) results in the following:
00 - : oo, B o
/O y(t)' Py(t)dt < /0 Vdt /0 G (t)dt, (A.2)
<V(0) = V(c0) +p, (A.3)
<V(0) +p, (A.4)

which indicates y(t) € L,.
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By integrating Equation (17) and applying Equation (18),
it yields V(t) < V(0) +p, Vt>0, which indicates that V(t) €

L holds. Define a = 4,,;,(Q). Based on Equation (16), it can
be concluded that

2V
[|lx(2)]|? §7<oo. (A.5)
holds for t> 0, yielding x(t) € L. O
Abbreviations
AAC:  Adaptive approximation control

COM:  Center of mass

COP: Center of pressure

CTC: Computed torque control
DOF:  Degrees-of-freedom

DSP: Double-support phase
E-L: Euler—Lagrange

ISS: Input-to-state stability

LQR: Linear quadratic regulator

PAAC: Position-based adaptive approximation control
PD: Proportional derivative control

PID: Proportional-integral-derivative control

PTAAC: Position-torque adaptive approximation control
SMC:  Sliding mode control
SSP: Single-support phase

VDC:  Virtual decomposition control
ZMP: Zero moment point.
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