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Abstract—Wheeled mobile manipulators (WMMs) involving a
wheeled mobile platform and a serial manipulator are finding
increasing applications in diverse fields, creating new challenges
in performing high-precision operations in a spacious workspace.
WMNMs are challenging to control due to uncertainties in sys-
tem parameters, coupled dynamics, and external disturbances,
which make stability guarantees difficult. This paper proposes
a virtual decomposition control (VDC)-based trajectory tracking
controller for WMMs, addressing joint flexibility, external dis-
turbances, etc. The proposed method uses a VDC-based iterative
approach to manage the complex coupled dynamics and employs
a separate adaptive controller to handle joint flexibility. The
robotic system’s stability is validated using the specific features
of VDC (proof of each subsystem’s virtual stability) according to
the Lyapunov stability theory. The advantages and effectiveness
of the proposed method are demonstrated through experiments.

Note to Practitioners—This paper addresses the challenges
faced in controlling WMMs, which are becoming increasingly
common in various industrial and service applications due to
their ability to perform tasks in large and dynamic environments.
The coupling between the wheeled platform and the manipulator,
as well as uncertainties in system parameters such as joint
flexibility and external disturbances, make precise trajectory
tracking difficult. To address these challenges, this paper presents
a control approach based on VDC, which breaks down the
complex system into manageable subsystems and ensures stability
for each part individually. The control strategy also incorporates
adaptive control to handle joint flexibility and unpredictable
disturbances. The stability of the system is rigorously proven
through Lyapunov theory, ensuring robust performance under
real-world conditions. Practitioners working on autonomous
mobile robots equipped with manipulators may find this ap-
proach useful for improving trajectory tracking performance
in uncertain and dynamic environments. However, the practical
implementation of this method will require careful tuning of
controller parameters and real-time computational capabilities
to ensure seamless operation in real applications.
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I. INTRODUCTION

Wheeled mobile manipulators (WMMs) are gaining popu-
larity for applications such as planetary exploration, disaster
rescue, and construction/service tasks due to their superior
mobility and operational capabilities [1]-[4]. A key component
of the above-mentioned applications is the robot’s accurate
trajectory tracking performance. Even though many powerful
modeling approaches (Lagrangian method [5], Newton—Euler
method [6], Kane’s approach [7]) and many advantageous
control theories (robust control [8], neural networks [9]) have
been developed, it remains challenging for researchers and
scholars to design a practical and efficient tracking controller
for WMMs due to the complex coupled dynamics, uncer-
tainties in the system, and external disturbances. Besides,
the robotic system’s stability and tracking convergence with
environmental disturbances should be guaranteed because the
contact dynamics can be severe if the robot dynamics are not
treated adequately [10].

Two fundamental approaches to kinematic modeling for
WMNMs have been employed in many studies. Several authors
have added constraints imposed by a mobile base directly to
the manipulator model, focusing on decoupling the control of
the mobile platform and manipulator. However, these methods
fail to fully control the entirce WMM system with a single
controller, leading to suboptimal performance in complex
environments [11]. Picard et al. [12] established the models
and control laws for the two subsystems, respectively, and
designed a coordination paradigm to face the variety of tasks
to be achieved. A different approach explicitly formulates the
admissible motions in relation to the platform constraints [13],
which considers the WMM as a single system, with a dynamic
interaction between the platform and the manipulator. Chen et
al. [14] reported on a matrix transformation-based kinematic
model for a four-wheeled holonomic mobile manipulator, cou-
pled with a redundancy resolution approach to maximize the
WMM'’s manipulability. Xing et al. [15] focused on improving
the motion accuracy of WMMs through a kinematics-based
approach that leverages the system’s redundancy.

Robot dynamics also play a significant role in achieving
high operation performance along with kinematics. With a
more accurate dynamic model, the system will be able to



move more accurately, as well as respond faster to changes
in the external environment. Nader et al. [16] built kinematic
and dynamic modeling for a WMM using Newton-Euler
method, and explained how its end-effector (EE) could track
a desired trajectory while controlling the platform’s motion
over irregular ground surfaces. However, the simulated ma-
nipulator only had two degrees of freedom (DoFs) and no
joint dynamics were considered. Padois et al. [S5] established
a WMM dynamic model using Lagrangian method to deal
with complex robotic missions. However, the Lagrangian
method will contain Lagrange multipliers when nonholonomic
constraints are involved, which cannot be eliminated until the
WMM'’s motion equation is obtained. To avoid introducing
Lagrange multipliers, Tanner and Kyriakopouos [17] proposed
to built WMMs’ dynamic model using Kane’s approach, yet
no experimental verification was performed. In addition, fuzzy
logic, neural networks, and machine learning-based approach
have been widely used in the field of robot modeling and
control as tools for system estimation or approximation [18]-
[21]. However, these model-free approaches do not explicitly
consider system dynamics and are challenging to implement
to predict future outcomes.

The flexibility of the joints contributes significantly to the
dynamic control of a WMM-mounted manipulator. Ghorbel
et al. [22] assumed that there was weak joint elasticity in a
flexible manipulator and presented the first adaptive control
approach for it. Fateh [23] presented a novel uncertainty
estimation approach to develop a robust tracking controller
for flexible joint manipulators. However, only simulation ver-
ification was provided. It was reported in Ma er al. [24]
that flexible-joint manipulators could benefit from an adaptive
fuzzy control strategy, where a fuzzy-logic algorithm was
used to resolve the nonlinearity. Despite this, this approach
was applicable only to single-link manipulators, and real-
time implementations were not attempted. Ding et al. [25]
presented a separate adaptive controller for the joints of a
flexible manipulator, which decoupled the control of the joints
and the links. In addition, several model-free methods have
been proposed for manipulators with flexible joints [26]-[28].

In general, the trajectory tracking approaches of complex
WMM systems can be divided into decentralized control
and centralized control. Du et al. [29] proposed a dynamic
event-triggered fuzzy control approach for multi-agent systems
with parameter uncertainties, achieving efficient and robust
trajectory tracking control in manipulator-related systems.
Papadopoulos and Poulakakis [30] virtually divided a mobile
manipulator into a holonomic manipulator subsystem and a
nonholonomic mobile platform (MP) subsystem and designed
controllers for each, with system dynamic couplings treated as
external disturbances. Fareh et al. [31] presented a decentral-
ized control method for a mobile manipulator, where the con-
trollers of the MP and the manipulator are separately designed,
and with the consideration of the subsystems’ coupling, the
global stability of the closed-loop system was proved using the
Lyapunov approach. However, joint friction and nonlinearities
were not considered. An approach developed by Yamamoto
and Yun [32] compensated the dynamic coupling of mobile
manipulators by linearizing their dynamic model, but the

decoupling matrix had to be full rank, meaning that the initial
state of the system had to be specified. Galicki [33] addressed
the position control problem for mobile manipulators operating
with state constraints in a task space, however, no experi-
mental verification was provided. Peng et al. [8] proposed
an adaptive sliding mode tracking controller to deal with the
unknown upper bounds of a mobile manipulator’s parameter
uncertainties and external disturbances to achieve accurate
position tracking. Yet, the complicated system dynamics are
difficult to be handled in practical application. Sliding mode
control [34] and adaptive control [35] have also been proposed
to achieve finite-time convergence for robotic systems with
unknown dynamics and disturbances, with their performance
validated through simulation results. However, the tracking
accuracy remains a challenge due to the complexity of the
system dynamics [36].

The above-mentioned control approaches have led to the
employment of nonlinear model-based or model-free tech-
niques, where a well-designed feedforward control term (de-
rived by dynamic model or data-driven model) can partially
address the system’s nonlinearities. However, the exact feed-
forward control term of a WMM system is hard or even
impossible to derive due to the severe joint coupling, non-
linear friction, wheel-ground interaction, etc. [37]. In order
to cope with this challenge, Zhu [38] proposed an adaptive
nonlinear model-based control approach called virtual de-
composition control (VDC) to model and control multi-DoF
robotic systems inspired by the Newton—Euler formulation.
The primary concept of this approach is to virtually decompose
the entire robotic system into several independent subsystems.
Each subsystem is connected with the contiguous subsystem
through the “force” element composed of force/torque (F/T)
and the “velocity” element comprised of linear velocity and
angular velocity. The dynamic interaction between the adjacent
subsystems is described using the unique feature of VDC
called virtual power flow (VPF). Compared with the dynamic
model based on the Lagrangian formulation, this method’s
computation is proportional to the number of the subsystems
(the calculation of the Lagrangian high-order dynamic model
is proportional to the fourth power of the system’s DoF [38]).
Therefore, the computational efficiency improves significantly.

The VDC has demonstrated remarkable performance in han-
dling complex robotic systems, including electrically driven
manipulators [25], [39], mobile manipulators [40], and ex-
oskeleton robots [41]. Based on VDC, Xia et al. [42] devel-
oped a dynamic model of a 6-DoF manipulator considering
joint elasticity and friction. Despite the effectiveness of their
modeling approach being experimentally verified, they failed
to provide a control method to match. Koivumiki and Mattila
[43] developed an impedance control method for multi-DoF
hydraulic manipulators with highly nonlinear dynamics, which
guaranteed the Lo and L., stability of the system in both free
space and contact environments. The joint friction term, how-
ever, was not considered. The VDC method was adopted by
Brahmi et al. [44] in order to overcome the parameter coupling
of nonholonomic wheeled mobile manipulators (NWMDMs).
This increases the flexibility of the control system when the
configuration of the NWMMs changes. Despite this, no wheel-



ground interaction was considered. Jafarinasab et al. [40]
developed a model-based adaptive motion control algorithm
followed the VDC method for an underactuated aerial robotic
manipulator, but joint dynamics were not taken into account.
Sun et al. [45] presented a high-performance controller with
Lo and L, stability to realize the precise position trajectory
tracking control for exoskeleton robots, while joint flexibility
was not considered.

The dynamic control of complex robotic systems presents
significant challenges, particularly as the number of DoF
increases, leading to a substantial computational burden that
complicates real-time implementation [43], [46]. Furthermore,
the control of WMMs is further complicated by factors such
as unknown dynamic parameters, nonlinear friction effects,
structural elasticity, and wheel-ground interactions [47]. While
adaptive control approaches, including model-based feedback
and model-free methods, have been widely explored for ap-
plications involving robot disturbances, existing studies have
not yet addressed the complete-dynamics-based control of a
multi-DoF WMM coupled with a collaborative manipulator.
Notably, experimental implementation and rigorous stability
validation of such a control framework remain unexplored in
the current literature.

To address the limitations in existing research, this paper
proposes a VDC-based trajectory tracking control approach
for WMMs with flexible joints. The main contributions are as
follows: 1) A stability-guaranteed trajectory tracking control
method is proposed based on the full nonlinear dynamics of
the WMM,; 2) The control framework explicitly considers joint
flexibility and wheel-ground interactions to improve model
accuracy; 3) A rigorous stability analysis is conducted, demon-
strating the asymptotic convergence of trajectory tracking
errors for the closed-loop system; 4) The proposed control
approach is experimentally validated on a physical WMM
system comprising an omnidirectional platform and a 7-
DoF serial manipulator, showcasing its practical effectiveness.
These contributions address the absence of experimentally val-
idated, full-dynamics-based control frameworks in the current
literature.

The remainder of this paper is organized as follows. Section
IT presents the kinematic and dynamic models of a WMM
based on VDC. The proposed task-space trajectory tracking
method via VDC is described in Section III. Section IV
provides the stability proof of the approach. Experiments that
demonstrate the validity and performance of the proposed
method are presented in Section V. Section VI concludes the
manuscript.

II. VDC-BASED KINEMATICS AND DYNAMICS OF
WHEELED MOBILE MANIPULATORS

In this section, the virtual decomposition schematic, kine-
matic model, and dynamic model of WMMs integrated with a
MP and a multi-DoF manipulator are provided. Section II-A
presents the virtual decomposition schematic of the WMMs,
Section II-B presents their kinematic model, and their dynamic
model is shown in Section II-C.
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Figure 1: Virtual decomposition schematic of an omnidirec-
tional WMM.

A. Virtual Decomposition Schematic of Wheeled Mobile Ma-
nipulators

First, the concept of virtual cutting point (VCP) will be
presented, which is of great importance to the VDC approach
because it can conceptually decompose a complex robotic
system into several subsystems, which is defined in Definition
1.

Definition 1. A cutting point is a directed separation interface
that conceptually cuts through a rigid body. The two parts
caused by the virtual cut share equal pose. The cutting point
is expressed as a driving cutting point by one part and is
simultaneously expressed as a driven cutting point by the
other part. The force/moment vector is exerted from which the
cutting point is expressed as a driving cutting point to which
the cutting point is expressed as a driven cutting point.

Fig. 1 presents the virtual decomposition schematic of an
omnidirectional WMM. The WMM consists of a four-wheel
MP and an m-DoF robotic manipulator. Point P, is the connec-
tion point between the MP and the manipulator. The manipu-
lator system is virtually decomposed into 2m + 1 subsystems,
including n joints, n links, and one EE. As shown in Fig.
1, we denote {¥,,} as the manipulator reference frame. 2m
virtual cutting points (VCPs) (B1,--- ,By,, To, -+, Ty, Teg)
have been defined (the definition of VCP is shown below).
Frame {Tgg} is located at the connection point between the
m™ link and the EE. Also, frame {C} is located at the point
where the contact occurs. It should be emphasized that the EE
has only one VCP.

As for the MP in Fig. 1, its detailed virtual decomposition
schematic is shown in Fig. 2. By adding a massless virtual
6-DoF manipulator between the MP body and the ground,
the MP can be regarded as an open-chain system. Then, ten
VCPs are fixed between the system, and the MP is virtually
decomposed into ten subsystems: one MP body, four wheels,



four wheel joints, and one massless 6-DoF manipulator. Here,
frame {P,} is attached onto the VCP between the MP and
the manipulator (its z-axis is parallel to the rotation axis of
the manipulator’s first joint); frame {P.} is attached onto
the central point of the MP (this point is also the location
of the VCP between the MP and the virtual manipulator);
frames {Ag}, {Ax}, {Auw}, and {Ay} are attached onto the
VCP between the MP body and the four wheels, respectively.
Four auxiliary VCPs are set on each of the four wheels to
decompose the wheels and their joints, and then four frames
{Wa}, {Wg}, {Wy}, and {W,,} are attached onto the four
auxiliary VCPs. It is worth mentioning that the z-axes of the
above eight frames are parallel to their respective wheel joint
rotation axes. Besides, four frames {Cg}, {Cg}, {Cn}, and
{Cy:} are attached respectively onto the contact points between
the four wheels and the ground to describe their interaction
forces.

In summary, combined with Definition 1, the VCPs con-
tained in each MP subsystem can be concluded as follows:

e The left front wheel has only one driven cutting point
associated with frame {Wy}.

e The right front wheel has only one driven cutting point
associated with frame {Wr,}.

e The left rear wheel has only one driven cutting point
associated with frame {Wy, }.

e The right rear wheel has only one driven cutting point
associated with frame {Wy,}.

e The left front wheel joint has one driving cutting point
associated with frame {Wy} and one driven cutting point
associated with frame {Aq}.

e The right front wheel joint has one driving cutting point
associated with frame {Wg} and one driven cutting point
associated with frame {Ag}.

e The left rear wheel joint has one driving cutting point
associated with frame {Wy} and one driven cutting point
associated with frame {Ay, }.

e The right rear wheel joint has one driving cutting point
associated with frame {Wy} and one driven cutting point
associated with frame {Ay,}.

e The MP body has five driving cutting points associated
with frame {P,}, {An}, {Ax}, {Aui}, and {Ay}, respectively,
and one driven cutting point associated with frame {P,}.

e The massless virtual manipulator has only one driving
cutting point associated with frame {P.}.

When the manipulator is mounted on the MP, the manipu-
lator will have one more VCP to decompose the manipulator
and the MP, that is, the first joint of the manipulator will have
another driven cutting point associated with frame {P,}.

B. Kinematic Modeling of Wheeled Mobile Manipulators

In line with the virtual decomposition model of the WMM
described in Section II-A, the kinematics of the WMM can be
derived. We will first present the kinematic model of the MP.
It is assumed that a pure rolling contact exists between the
mobile base’s wheels and the ground (i.e., no slippage). With
this assumption, the kinematics of the MP can be derived as

q, = ¥(q,)vp, 6]

Figure 2: Virtual decomposition schematic of an MP.

where ¢, € R" is the generalized coordinate vector of
the MP with n, denoting its dimension, v, € RP? is the
velocity vector of the wheels with p denoting its dimension,
and ¥(q,) € R"*P? is the constraint matrix of the MP.

According to Figs. 1 and 2, {3} denotes the world
frame, R, denotes the wheel radius, /1 and [ denote the
distance between the wheel axis and point P, d denotes the
horizontal distance between points P}, and P.. Here, in Fig.
2, the generalized coordinate vector of the MP is defined
as q, = [zp,yp,0p]" € R?. Also, the velocity command
of the wheels is defined as v, = [LUﬂ,Wfr7LU1)1,Wbr]T € R%
According to the structure of the MP and (1), the constraint
matrix W(q,,), which transfers the wheel velocities to the MP’s
generalized velocities, can be expressed as

W(g,) = Jx(gp)(Jy + J2) )
cos, —sinf, 0
with  J = sinf, cosf, 0|, Jy =
0 0 1
1 1 1 1
% -1 1 1 -1 1, and J, =
—1 1 —1 1
I1+1> 1412 1412 l1+l12
0 0
Ryd | _—1 1 ~1 1
4 lLitle hitle hitle i+l
0 0 0 0

Then, the kinematic model of the manipulator will be
established followed by the introduction of the term of lin-
ear/angular velocity and force/torque transformations. Con-
sider {A} as a frame attached to a rigid body. Let *v € R3
and “w € R? be the linear and angular velocity vectors of
frame {A}, and the linear/angular velocity vector of frame
{A} is written as AV = [%oT, AwT}T. Similarly, let
Af € R? and *m € R3 be the force and torque vectors
of frame {A}, and the F/T vector of frame {A} is written as

AF = |AfT AmT|  Then, consider two frames, expressed
as {A} and {B}, being fixed to a rigid body, no matter whether
it is moving or subject to physical force and torque vectors.
The following relations hold

PV =AURtv, AF ="Ug"F, 3)
where AUp € R®*6 is an F/T transformation matrix that

transforms the F/T vector expressed in frame {B} to the same
F/T vector expressed in frame {A}.



Thus, the linear/angular velocity vector of each manipula-
tor’s subsystem in its corresponding frame can be expressed
as

B1V = zqu’ (421)
Tq',V —_ Bi_1U$iBi_1V7 (4b)
BiV — z(jm,i + TiUrEI;iTiV —_ Z(jm,i + Bi—1 U'EI;iBi,lv,

(40)

Tesy =By BrV, (4d)
By = Teey L TeEV, (4e)
CVe _ EEUE EEV, (4f)

where i = 2,3,...,m, z = [0,0,0,0,0,1]T € RS, ¢,
represents the angular velocity of the " joint, and TUp
denotes the force/moment transformation matrix from {B} to
{T} with its definition in (3).

According to (4), the transformation matrix between
€V, € RS and the generalized joint velocity vector q,, =
[Gm 1) Gm,2, - - > Gmm]T € R™, also called the manipulator
Jacobian matrix J,,. € R6*™, can be expressed as

Ve = Ty, = [Blng,Bmgz, . .,Bngz} q. (5)

As shown in Fig. 1, we fix the manipulator reference frame
{En} with point P}, to set up a WMM, and make sure that
the x-axis of frame {X,,} coincides with the MP’s heading
direction. It should be noted that the reference frame of
Jacobian matrix Jp, is frame {C}, if we want to replace it
with the world frame {X,}, then, the new Jacobian matrix can
be derived as

EWRC

Jm =
{ng‘s

O3x3
EWRQ] Jmea (6)

where J,, € R&xm represents the manipulator’s Jacobian
matrix in {Xy}, and ¥ Rc € R3*3 represents the rotation
matrix from {C} to {Z}.

The generalized velocity vector of the manipulator is se-
lected as its joint velocity vector, which is ¢,, Vm,
where v, € R™ denotes the manipulator’s joint velocity
vector. Let us define the configuration vector of the WMM
as q = [qIT), qITn]T € R"”, and its velocity input vector as
v = [vg, UL]T € R™, where n = n, +m, n = p+ m.
The pose of the EE in {X} is defined as z, € R" with
r representing its dimension; then, the forward kinematics at
velocity level of the entirce WMM can be expressed as

&e = [T0(a), Tm(q)] [?p] _

o | = [Io(@): Tn(q)] [‘I’(qp)vp]

Um

(7

where J, € R"™*" and J € R"*" denotes the Jacobian
matrices of the MP and WMM in {X}, respectively.

C. Dynamic Modeling of Wheeled Mobile Manipulators

Consider a rigid object with frame {A} fixed; then, the
general formulation of its dynamics, in which frame {A} is
used as the reference frame, can be expressed as [38]

MA%(AV) +CACWAV + G =*F", (8
where M 5 € R%*C is the mass matrix, Ca(*w) € R6*C is
the matrix of Coriolis and centrifugal terms, Ga € RS is the
gravity term, and * F* € RS is the net F/T vector of the rigid
body expressed in frame {A}. The aforementioned inertia and
similar parameters are classified as internal and parametric
uncertainties. In the following sections, these parameters will
be estimated using adaptive control with predefined upper and
lower bounds.

According to Fig. 1 and (8), the force resultant equations of
the m links and the EE on the manipulator can be calculated
as

EEF* _ EEU—TEE TEEF o EEUCCFE, (9a)
Bup*r = Bnp _Bungp Teep (9b)

Tip=TiUgBF, i=m,...,2, (9c)
Bip*=Bip By, T F, i=m-1,...,1 (9d)

where ()F* ¢ RS is the net F/T vector at frame {(-)},
CF. € RS is the external F/T vector exerted at the contact
frame {C}, and *F € R®, A € {Tgg,B;, T;}, denotes the
driving F/T vector of each link at its corresponding frame. The
external force/torque vector © F',, is categorized as an external
and nonparametric uncertainty. In the following sections, it
will be computed using a linearized equation model. The
purpose of (9) is to calculate the driving F/T vector from each
joint to the next link, i F', according to (8), via an iterative
approach.

The dynamics of the manipulator joints are also considered
to improve the modeling accuracy. For most collaborative
manipulators, their joints are usually mixed with transmis-
sion elasticity, motor inertia, and friction [48], when taking
the friction term on both the motor and link sides and
the joint elasticity into account, the dynamic model of ‘"

(#=1,2,...,m) joint can be presented as [49]
qu,i(‘jm,i) = Tt,is — Ta,i, (loa)
Te,i = kti(Pm,i — Gm,i), (10b)
Ton,iPm,i + Teg,i(Pmys) = T — Toi, (10¢)

qu,iq.m,i + fcq,iSign(ij,i)a (10d)

Ttpi(Pmi) = fugi®mi + fepiSign(Pm.:),
(10e)

where 7 ; is the link-side friction torque; 7 ; is the effective
transmission input torque; 7, ; is the torque output of the
joint toward the corresponding link, which is 7, ; = 2T BiF,
ke is the joint stiffness coefficient; ¢, ; is the motor-side
joint position; Z, ; is the joint moment of inertia; 7¢g ; is
the motor-side friction torque; 7; is the motor control torque;
fvq,i and foq; denote the link-side viscous and Coulomb
friction coefficients; f.4,; and fce ; represent the motor-side
viscous and Coulomb friction coefficients; and sign(q) is

)
qu,i(q.m,i)
)



q/lql, ¢#0
0, ¢g=0
ity and nonlinear friction effects are categorized as internal
and nonparametric uncertainties. However, suitable linearized
models can be established to describe them.

According to Fig. 1 and (9), the supporting force from the
MP to the manipulator can be exerted through the connection
point P, which is expressed as

defined as sign(q) = . Here, joint flexibil-

PBop =Peyg B F, (11)
where F» F' € RS denotes the F/T vector from the MP to the
manipulator expressed in frame {P,} and FrUp, € R6*6
is the F/T transformation matrix from frame {B;} to frame
{Pp}. Thus, combined with (11), the force applied from the
manipulator to the MP can be presented as —"» F.

Then, the dynamic model of the MP will be presented. In
line with (2), the generalized velocity vector of the wheels is
written as

WiV = zow; + MU, MV, (12)
where ¢ € {fl, fr, bl, br} denotes the wheel ID, w; denotes the
angular velocity of the wheel joint with ID ¢, and 2z, € RS is a
constant vector, zy, = [0,0,0,0,0,1]T. Define 0 < nyg; < 6
as the constraint number of wheel-ground contact, the velocity
of each wheel-ground contact point in contact frame {C;} can
be expressed as

OV = VUL WV = T, i, (13)
where T.; € R6*(6=™s:) denotes a matrix of full column-
rank with each column containing a single one and five zeros
and x; € R®~™w is an independent velocity coordinate vector
of frame {C;}.

Similar to (9), the force resultant equations of the wheels
can be expressed as

WIF* — WlF _ WiUCiCing;
Wip =WiU, M F
i )

(14a)
(14b)

where Vi F' € RS and A F € RS are the F/T vector from the
wheel joint to the wheel and from the MP body to the wheel
joint expressed in their respective frames, and CiFWg € RS
denotes the wheel-ground contact force vector expressed in
frame {C;}. Wheel-ground contact is typically unknown and
categorized as an external and stochastic uncertainty. In the
following, it is represented as a combination of components
in the motion and constraint configuration spaces.
Here, Cing € R% in (14a) can be further expressed as

CiFyg =Teith; + Trip;, (15)

where Ts; € R6*mwei denotes a matrix of full column-rank
with each column containing a single one and five zeros, ¥, €
RO~™=i and ¢, € R™=i represent two coordinate vectors in
the motion and constraint configuration spaces, respectively.
The selection of T.; € ROX(6—nwei) and Ty; € ROXMwei
ensures that T;rﬂv T, = Iﬁ_nwgﬂ.’, TtTZ T:; = Inwg,,;, and
TY, Tt; = 0 hold.

In free-motion space, the independent force coordinate vec-
tor 1, € R6~™wi in (15) can also be linearly parameterized
as

¢¢ = Yc,iac,iv

where Y. ; is a regression matrix and 6. ; denotes the un-
known parameter vector.

Unlike the flexible manipulator joint model expressed in
(10), it is assumed that the wheel joints are rigid, and their
dynamic models can be simplified as [38]

(16)

Tiw; + fywi + fesign(wi) = 73 — Tay- )

In which, for the wheel joint attached with ID i, Z; denotes
its moment of inertia, f,; and f.; denote its viscous and
Coulomb friction coefficients, 7; is the actual joint driving
torque, and 7,; is the torque output of the joint toward its
corresponding wheel, which is 7, ; = 2T Wi,

According to Fig. 2, the velocity vector of the MP body can
be expressed as

Pey = Poyg Prv = UL AV, (18)

and its dynamic model can be calculated as

Pepr=PeF —PeUp e F - (ULMF), (19

where P<F' € RS denotes the F/T vector applied from the
virtual manipulator to the MP body, which is obviously Fc F =
0.

In summary, the dynamics of the manipulator are shown
in (9) and (10), the dynamics of the MP are presented in
(14)~(17) and (19), and their dynamics connection can be
resolved by (11).

III. VIRTUAL DECOMPOSITION CONTROL OF WHEELED
MOBILE MANIPULATORS

The main target of this section is to design an appropriate
algorithm to realize task-space trajectory tracking for a com-
plex WMM via the VDC framework. We are starting with
the presentation of controlling the EE in Section III-A. Then,
adaptive controllers of the manipulator (including the links and
joints) and the MP (including the wheels, wheel joints, and MP
body) are designed in Sections III-B and III-C, respectively.

A. Control of End-effector

The linear/angular velocity vector V', € RS of the contact
point in frame {C} can be written as

V,=Tz, (20)

with T € R®*" denoting a transformation matrix to connect
the velocity of the EE in {3} and the velocity of the contact
point in {C}, which can be expressed as T = [IT, 0, (6_T)} '
I, denotes the identity matrix of dimension r, and T'T=1 ”
is ensured. Then, the velocity vector of the EE in its own frame
can be obtained using (4f).

The F/T vector of the contact point expressed in {C} is
derived as

°F.=Tf., (21)



where f, € R" represents the robot-environment interaction
force vector in the same dimension as @.. Thus, the driving
F/T vector of the EE, Te® F', can be derived using (9a). Here,
like (16), let f, be expressed in a linear parameterization form
as fo=Y.0..

The terminology of required velocity is an essential concept
in the VDC approach, including the desired velocity and one or
more terms related to the control errors, such as position errors
and/or force errors. The control objective of this manuscript is
to make the WMM’s actual position trajectory track its desired
position trajectory.

Then, for the EE, similar to (20), the required velocity of
the contact point in {C} is expressed as

Vv, =Tz, (22)

with , € R" denoting the required contact point velocity
vector, which is expressed as

T, = xq + A(acd — :L‘e), (23)

where g € R" is the desired EE trajectory at the contact
point and A € R"*" is a diagonal positive-definite matrix.
Then, the required velocity of the EE in its own frame is

BBy, =CULs “V.. (24)

Similar to (21), the required F/T of the contact point in {C}
can be expressed as

°F,=Tf,, (25)

where }'e € R” denotes the desired task-space force vector of
the EE, with

fo=Yb.. (26)

The following projection function in [38] is utilized for
unknown parameter adaptation.

Definition 2. A projection function P(s(t),k,a(t),b(t),t) €
R is a differentiable scalar function defined in t > 0 such that
its time derivative is governed by

P =ks(t)x 27

with
0, ifP<alt)and s(t) <0
k=14 0, if P>b(t) and s(t) >0
1, otherwise

where s(t) € R is a scalar variable, k is a positive constant
and a(t) < b(t) holds.
Consider an arbitrary P function defined in (27), and for
any constant P, satisfying a(t) < P, < b(t), it follows that
1.
(P.—P) (s(t) — k:P) <0. (28)
By defining
S =Y (&, — ), (29)
each element of @, in (26) can be updated by employing (27)
as

Oy = P(Serys pe’yaQe’y’ Oey,t), (30)

where 0., is the v element of 8., s, is the v element of
Se, Pery > 0 is the update gain, and Qe7 and 967 are the lower
bound and the upper bound of 0.

The required net F/T vector of the EE can be expressed as

EER* — YppOps + Kep(PPV, - F2V)  (31)

with

Y gebr = MEE%(EEVr) + Crp(*Fw)®**V, + Ggg,
where Ygg € R6*!3 is a regressor matrix, @gg € R'? and
QEE € R'3 are the unknown parameter vector and its estimate,
respectively, and Kgg € R®*6 is a symmetric positive-
definite matrix, representing the velocity feedback control
gain. Ygg is a function of the known parameters (measured
or calculated), including %(EEVr), EEY and PEV. Ogg
denotes a function of the unknown parameters, containing EE’s
mass, position of the mass center, and moment of inertia. The
exact representation of each element of these parameters can
be found in [38].

The estimated parameters of Ogr in (31) can be updated
using the parameter adaptation method provided in Definition
2 with

sge = Y (PFV, — FEV), (32)

Then, each element of g can be updated using (27) as
éEE’y = P(SEEWpEEwQEEWgEEwt)a Vy e [1,13], (33)

where Ogp, is the 7" element of g, spp- is the 7' element
of sgg, pEEy > 0 is the update gain, and QEEW and 5EE7 are
the lower bound and the upper bound of Ogg- .

Similar to (9a), the required net F/T vector of the EE can
be calculated as

EEF;: — EEUTEETEEFr — EEUCCFr. (34)

B. Control of Multi-DoF Manipulators

The linear/angular velocity vector of the i*" link B:V ¢ R6
can be obtained using (4a)~(4c), and its F/T vector B¢ F' € RS
can be derived using (9b)~(9d).

According to (7), the required joint velocity of the manip-
ulator g, ;r can be calculated as

_ T T 1T ..
v = [Vpes ] = T,

(35)

where (.)" denotes the Moore-Penrose pseudoinverse of a ma-
trix'. The required velocity vector of the i*? link BV, € RS
is expressed as

BlVr - qu,lr, (363)
Ty, =Byl Piov,, (36b)

BV, = 2Gm + TUR, TV = 2Gma + P UR PV,
(36¢)

The last m elements of v denote the joint velocities of the manipulator,
and we use q,, to refer to them, since they are equal to each other.



The required F/T vector of the i*® link B/ F € R% can be
obtained as

Bupr =Bnp, _Bopyy TeEF, (37a)
Tip, =TUgBF, i=m,...,2, (37b)
BVLF::BiFr_BiUTi+1Ti+1Fr7 i:m_la"'vlv

(37¢)

The VDC-based control procedure of the links is the same as
the process of the EE in (31) and (32)~(34) with appropriate
frame substitutions.

After that, the controller of the manipulator joints is pre-
sented. The relationship between the joint velocity vector and
the linear/angular velocity vector of the adjacent links is shown
in (4a)~(4c). The dynamics of the i*" joint are provided by
(10). Combined with (37), the command joint torque of the

i*" manipulator joint is designed as [25]

Tt,id = Yqzeqz + ZT BiF + kvq7i (Qm,ir - Qm,i)y
¢m,ir =T, zd/kU +Qm irs .
Ti = Tt,id + dee(in + kv¢7 z(¢m ir ¢m,i)a

Yq‘ = [dm, ir, sign (i, i) (38)
qz - [qu Z).qu Z] )
Y [(bm irs (bm iry Slgn((bm zr)]

ezj)i = [ m,s s fv¢,za fcd),z] P

where kyq; and kg ; are two positive constants, representing

the link-side and motor-side control gains of the ‘" joint,
respectively.
Define
= Yqz (Qm ir Qrp,i)a
(¢m ir d)m,i)a .
Skfz = (Qbm,zr Qm,ir) [(¢m,ir - ¢m,i) - (‘jm,ir - Qm,i)}a
(39

then, each element of 9qi, 9@‘, and I%u can be updated using
(27), respectively, as
vy € {1,2},

Vy € {1,2,3}, (40)

P(Sqis Paivys Baivs Ogivys 1),
e(bz'y - P(Sdnry, pd;ln” 9¢w, 6¢/Lry’ )7
kf,L - P(Skfh pkmef,p kt,z, )7

qu

where éqi,y, éqﬁiw Sqiy» and s, represent the ’yth element of
éqz, 9@, Sqi» and 84, respectively; pgin, Pepivys and pyg; denote
positive parameter update gains; 0, and 6, denote the lower
and upper bounds of fg;+; 64, and 0 i~ represent the lower
and upper bounds of 04;,; and Ef,i and kg ; are the lower and

upper bounds of ki ;.

C. Control of Wheeled Mobile Platform

According to Fig. 1, (11) and (37), we can calculate the
required F/T applied to the MP by the manipulator, which is
noted as Fr F',.

In line with (12), the required velocity of the wheel with
ID ¢ can be designed as

Wiy, MUw MV (41)

where i € {fl, fr,bl,br} denotes the wheel ID, the required
velocity of the wheels w;; can be obtained via (35), and Ay,

= ZwWir +

can be derived through matrix transformation using Y<V .
Combined with (13), the required velocity of each wheel at
the contact point can be designed as

Ve =VULV IV, = Teixis (42)

here, it is worth mentioning that x;, € RS~™=i is not
necessarily an independent variable, it can also be derived from
the required velocity of the wheel ViV .

Similar to (31), the net F/T vector of each wheel is designed
as

-Wiv),  43)

where the calculation of unknown parameter vector éwi is
similar to (32) and (33) with appropriate frame substitutions,
and Kvw, € R%6 is a symmetric positive-definite matrix,
representing the velocity feedback control gain. Combined
with wheel dynamic model (14), we can derive

Fo=ViF: +WiUg, % Fyy .,
A; _ A i
F, =AUy ViF,.

(44a)
(44b)

Then, the required F/T vector of the contact point should
be calculated. According to (15) and (16), the required F/T
vector of the contact point in frame {C} can be designed as

C Fuge =TeiYci0ci+ Trip; 4. (45)

where @, 4 € R™=" denotes the desired value of the required
F/T vector. To estimate 6, ;, we set s.; = YcT,i(Xi,r - Xi)s
and each element of éc,i can be evaluated according to (27).

The joint of the wheel is rigid, and its dynamic model is
shown in (17). Then, combined with (44), the command torque
of the wheel joint with ID ¢ is designed as

i =Y A,06, + 2L M FL 4 ko, (wir
Ya = [wir, Wir, Sign(wir)] ,
T
BA'L = [Ii7fV,i7fC,i] ,
where k,, is a positive constant, representing the control gain

of the wheel joint with ID <.
Define

- wi)a
(46)

sa; = YA, (wir —wi), (47)
then, each element of 0 A, can be updated using (27), respec-
tively, as

éAi'y - P(sAi"/v pAi’WQAirngi’w t)a V’Y S {17 27 3}7 (48)

where sy, represents the v*! element of s, pa,, denotes

a positive parameter update gain, 6., and 64,, denote the
lower and upper bounds of 6., respectively.

According to the kinematic model of the MP, as shown in
(18), its required velocity meets the following condition

Pev, =PrUp PPV, = MU MV, (49)

Then, similar to (31) and (32)~(34), the required net F/T
vector of the MP P<F¥ can be calculated. Combined with
(19), the required F/T vector of the MP can be derived as

PeF, =" F;+"Up,"Fr+ Y ("UasMF,). (50)

7



The massless virtual manipulator must ensure that its force
vector transmitted to the MP body meets < F' = 0. Thus, the
required F/T vector of the virtual manipulator is designed as

PC —_— PC PC
Fr— Kvm( Vr_ V)a (51)
where K, € R%%6 is a semi-definite matrix, representing
the velocity feedback control gain. It is noteworthy that (51)
contains the condition that P<F, = 0, since K, = 0 is
allowed.

The entire control system is shown in Fig. 3.

IV. STABILITY ANALYSIS

We present the stability proof of our control approach in
this section. Sections IV-A, IV-B, and IV-C provide the virtual
stability of the EE, multi-DoF manipulators, and MP, respec-
tively. Section IV-D proves the stability of the entire WMM
system based on the virfual stability of each subsystem. The
computational complexity analysis of the proposed method is
presented in Section IV-E.

In the beginning, the concept of VPF and virtual stability
is presented. One of the unique features of the VDC approach
is the introduction of VPF, which is defined in Definition
3. The VPF describes the dynamic interactions among the
subsystems, which is essential for the proof of virtual stability,
and will be presented in Definition 4.

Definition 3. Consider a rigid body attached with a frame
{A}, with respect to this frame, the VPF is defined as the
inner product of the linear/angular velocity vector error and
the F/T vector error, that is

de
pa " AV, - AV)T(AF, - AF), (52)
where 2V, € RS and AF, € RS represent the required

vectors of AV € R® and *F € RS, respectively.

Definition 4. A subsystem with a driven VCP to which frame
{A} is attached and a driving VCP to which frame {C} is
attached is said to be virtually stable with its affiliated vector
x(t) being a virtual function in L, and its affiliated vector
y(t) being a virtual function in Lo , if and only if there exists
a nonnegative accompanying function

1

v(t) > Sa(t) Pa(t), (53)
such that
p(t) < —y(H)"Qy(t) + pa — pc — s(t), (54)
which is subject to
/0 T adt > - (55)

with 0 <
matrices.

Vs < 00, where P and Q are two positive-definite

A. Virtual Stability of End-effector

Theorem 1. Consider the EE described by (8), (9a), (20), (21),
combined with its respective control equations (22)~(31), (34),
and with the parameter adaptation algorithms (32) and (33).
Then, the EE is virtually stable.

Proof. Define the nonnegative accompanying function for the
EE VEE aSs

1
VEE = i(EEVr _ EEV)TMEE(EEVr _ EEv)+
A 2

1 i (9EEW — HEEV) (56)
2 po] PEEy 7

then, the time derivative of (56) can be derived as

e < —("FV, = FEV)TKgp (PP V, = "BV) + pryy — pes

(57)

where pr,,, is the VPF (defined in Definition 3) at the driven
VCP of the EE, and p¢ is the VPF between the EE and the
environment.

It should be noted that the EE only has one VCP (shown in
Fig. 1), but two VPFs appear in (57). The VPF pr__ locates
at the VCP attached to frame {Tgg} of the object. Therefore,
for the virtual stability of the EE, the condition to guarantee
that the existence of VPF p¢ still satisfies Definition 4 must
be found.

According to (20)~ (26), (29)~(30), and (52), it yields

= (V.= V)N (F, - °F.)
= (@ — zbe)TTTT(fe fe)
— (@ — @) TV o(6 — )

= - Z (9«37 — éev> Sey —
S

0. NN
p;] - (0=

A 0.
>-Y (097 —fo)) 22
¥ Nl
(58)
Then, integrating (58) over time yields

- Pevy Pey
R 2
S Zl (967 ‘gev(o))
2 Pery
(59)
Therefore, the following condition
/ pedt > —qc (60)
0

holds with 0 < ¢ < oo. Then, the EE is virtually stable
according to Deﬁmtlon 4. O
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Figure 3: Block diagram of the proposed control system.

B. Virtual Stability of Multi-DoF Manipulators

We will first prove the virtual stability of the manipulator
links, and followed by the virtual stability of its joints.

Theorem 2. Consider the manipulator links described by (4),
(8), (9), combined with their respective control equations (36),
(37), and with parameter adaptation algorithms, which are the
same as (32) and (33) with appropriate frame substitutions.
Then, these links are virtually stable.

Proof. Define the nonnegative accompanying function of the
ith link vp, as

1
vp, = 5(Bivr By TMp,(Biv, - Biv)+
1 i (‘QBW — éBn)Q D
2 = PBivy
then, the time derivative of (61) can be derived as
ﬂBi < - (Bivr - BiV)TKBi (Bin - B’V)-i— (62)
In view of (9), (37), and Definition 3, it yields
(BmVr - BmV)T(BmF: - BmF*) = PB,, — PTge, (03a)
PV, = BV)T (P Fy = P F*) = pp, = pr,y,,  (63b)
where i =1,...,m — 1.

As shown in Fig. 1, the m'™ link has two cutting points,
one driving cutting point associated with frame {Tgg } and one
driven cutting point associated with frame {B,,}; the i'h,i €
[1,m — 1], link has two cutting points, one driving cutting
point associated with frame {T;;;} and one driven cutting
point associated with frame {B;}. Therefore, all the links are
virtually stable in the sense of Definition 4. O

Theorem 3. Consider the flexible joints of the manipulator
described by (10), combined with its respective control equa-
tion (38), and with the parameter adaptation algorithms (39)
and (40). These flexible joints are virtually stable.

Proof. Select the nonnegative accompanying function of the
i*® manipulator joint as

(s~ 0u)’

DN | =

1 . .
Vi, = izm,i((ybm,ir - d)m 4 2 +

123: adm 9¢>w) .
2 =1 Peir

2

3 o™
— Pqiy

= (64)

When considering joint elasticity, combined with (64), the
nonnegative accompanying function can be further designed
as

1 2
Vai = Vgi + §kf,i [((bm,ir = Om,i) = (qm,ir — qmﬁ')] +

1 R (65)
§(k’f,i — k,i)%/ pxti-

According to the third equation of (40) and Definition 2,
we can obtain

(ke — ki) <5kf1' - kf,i/pkfi) <0. (66)

Combined with (66), the time derivative of (65) can be
derived as
— kyq,i(Gmir = Gm,i)® = kv, i(Pmir — dmi)*—
(q'm,ir - q'm,i)zT<BiFr - BZF)

Vai &

(67)

According to (4), (9), (36), (37), and Definition 3, we can
derive

Dal < - kvq71(q.m,1r - q.m,l)2 - kvd),l(qgm,lr - ngm,l)2
— DB, +pPp7
(68a)
-aig_kvi -mir_.mi2_kv [ .mir_.miz
z il = .0)* = b i = 0m)* (o

—pB, + P71, t=2,...,m.

As shown in Fig. 1, joint 1 has one driving cutting point
associated with frame {B;} and one driven cutting point
associated with frame {P,}. Joint 7, ¢ € [2, m], has two cutting
points, one driving cutting point associated with frame {B;}
and one driven cutting point associated with frame {T;}.
Therefore, all the flexible joints are virtually stable in the
sense of Definition 4. O



C. Virtual Stability of Wheeled Mobile Platform

We will first prove the virtual stability of the MP’s wheels,
and followed by the virtual stability of the wheel joints, the
MP body, and the virtual manipulator.

Theorem 4. Consider the MP’s wheels described by
(12)~(16), combined with their respective control equations
(41)~(45), and with parameter adaptation approach defined
in Definition 2. Then, these wheels are virtually stable.

Proof. Define the nonnegative accompanying function of the
wheel with ID 4, i € {fl, fr, bl, br}, as

1
vy, = =WV, =WV TMy, ViV, - Viv)+

2
1 i (GWW — éWn)Q (©9)
2 =1 PWin ’

then, the time derivative of (69) can be expressed as

ATAES _(Win - WZV)TKWI(WlVY - le) +Pw, —Pc;-

(70)

As shown in Fig. 2, the wheel with ID ¢ only has one

driven cutting point associated with frame {W,}. Combined

with (13), (15), (42), (45), and Definitions 2 and 3, we can
derive

= (Xi,r - Xi)TYC,i(éC,i -

A ec 3
- Z(ew‘v —Ocin) " —
v

pCi 607i)

Pe,ivy

Z {(Gc,m —Oe.ir) [Sc,w B écw} }

o Pe,iy

(71)

n ec 2
> - Z(gc,i'y - 6C,i'y) - )

’y Pe,ivy

then, by integrating (71) with respect to time, it yields

(72)

Therefore, the MP’s wheels are wvirtually stable in the
sense of Definition 4. O

Theorem 5. Consider the rigid wheel joints of the MP de-
scribed by (17), combined with its respective control equation
(46), and with the parameter adaptation algorithms (47) and
(48). These wheel joints are virtually stable.

Proof. Choose the nonnegative accompanying function of the
wheel joint with ID i, i € {fl, fr, bl, br}, as

3 2
1 1 (0a,y —0a.y)
VA; = izi(wir —w)? + 5 y

then, the time derivative of (73) can be expressed as

va, < —ka, (Wir — wi)* — pw, + Da,- (74)

As shown in Fig. 2, the wheel joint with ID ¢ has two
cutting points, one driving cutting point associated with frame
{W;} and one driven cutting point associated with frame
{A;}. Thus, all the wheel joints are virtually stable in the
sense of Definition 4. O

Theorem 6. Consider the MP body described by (18) and
(19), combined with their respective control equations (49) and
(50), and with parameter adaptation algorithms, which are the
same as (32) and (33) with appropriate frame substitutions.
Then, the MP body is virtually stable.

Proof. Define the nonnegative accompanying function of the
MP body vp, as

vp, = %(Pcvlr =PV TMp PV, = TV)+
13 (75)

1 (QPCW - éPc'y)z
2 ; PPy ’
then, the time derivative of (75) can be derived as
— PV, - PWV)TKp PV, - PV)+

pp. — PP, — ZPA“
i

Up, <
(76)

where ¢ € {fl, fr, bl, br} denotes the wheel ID.

As shown in Fig. 2, the MP body has six cutting points,
five driving cutting points associated with frames {P,}, {Aa},
{Ax}, {An}, {Ay.}, respectively, and one driven cutting
point associated with frame {P.}. Thus, the MP body is
virtually stable in the sense of Definition 4. O

Theorem 7. Consider the virtual manipulator described by
Pe F = 0, combined with its respective control equation (51).
Then, the virtual manipulator is virtually stable.

Proof. Define the nonnegative accompanying function of the
virtual manipulator as 0, then, combined with (52), we can
obtain

0< PV, =P WV)TK (v, = V)
_ _(Pcvr _ PCV)T(PCFr _ PCF) = —pp,.

c

(77)

As shown in Fig. 2, the virtual manipulator only has
one driving cutting point associated with frame {P.}. Thus,
the virtual manipulator is virtually stable in the sense of
Definition 4. O

D. Stability of Wheeled Mobile Manipulator System

First, we will provide the following important lemmas,
which play an important role in proving the Lo and L.
stability of the WMM system [25].

Lemma 1. Consider a non-negative piecewise continuous
function £(t) described as

) > %mT(t)Pm(t), (78)



where x(t) € R", n > 1, and P € R™ ™ is a symmet-
ric positive-definite matrix. If the time derivative of £(t) is
Lebesgue integrable and subject to

() < —y"(1)Quy(t) — s(t) (79)

with y(t) € R™, m > 1, and Q € R™*™ being a symmetric
positive-definite matrix, and s(t) is governed by

/ T st > - (80)
0

with 0 < g < 00, then it follows that £(t) € Lo,
and y(t) € Lo hold.

x(t) € Loo,

Lemma 2. Consider a multiple-input-multiple-output first-
order system described by

z(t) + Kz(t) = u(t), (81)

where x(t) € R™ wu(t) € R", and K € R"™" is a
symmetrical and positive-definite matrix. If uw(t) € La N Ly,
then, x(t) € Lo N Lo and &(t) € Ly N Lo

Lemma 3. Consider a multiple-input-multiple-output second-
order system described by

Mii(t) + Di(t) + Kz(t) = u(t), (82)

where z(t) € R", u(t) € R", M € R"™", D € R"*", and
K € R™ "™ are symmetrical and positive-definite matrices. If
u(t) € Ly N Lo, then, x(t) € LaN Lo and &(t) € Ly N Lo

Lemma 4. Ife(t) € Ly and é(t) € Lo, then, limy_, o e(t) =
0.

It is worth mentioning that Lemma 4 is important in
demonstrating asymptotic convergence of an error signal e(t).

Theorem 8. Consider the entire WMM, which is shown in
Fig. 1. If its dynamic interaction with the external environment
satisfies (58) and (72). Furthermore, let the results in (57),
(63), (68), (70), (74), (76), and (77) hold. Then, the stability
of the WMM can be ensured.

Proof. Select the nonnegative accompanying function of the
WMM as

m

V—VEE+ZVB +ZVdZ+ZVWJ+ZVA +vp,, (83)

where ¢ and j represent the number of the manipulator joints
and the ID of the MP’s wheels, respectively.

According to the results in Theorems 1~7, the time deriva-
tive of (83) can be derived as

(V. = BV) T K, (MY

_ Biv)

SngE

v, - PV)TKp PV, - PV)
_ Z(WJ Vr _ W V)TKWj (Wj Vr _ Wy V)

- q111,i)2 + kv¢,i(¢.)m,ir - ém,i)Q

Qm,ir

5
k (wjr w]) —Pc — ZPC

J

~M|\M§~

(84)

According to (58)~(60), (71)~(72), and Lemma 1, it can
be concluded that

BBy —FEV ¢ LoN Lo,
By, —Bivel,NL,
Pey, - PV eLynLy,
Wiv, = WiV € LyN Lo, (85)
Qm,ir - C]m,i € L2 N Loov
ém,ir - qu,i € L2 N Looa
Wiy —Wj € LoN Ly

Take the i*" manipulator link for example, if its required
acceleration is bounded, that is, Bin € L. Then, its
required net F/T vector meets the condition B F} € L
According to these results, we can conclude that Bif. € Lo
and 7; € L. Further, combined with link dynamic model (9),
joint dynamic model (10), and Lemmas 2 and 3, it derives
Biy ¢ L. Therefore, if the required acceleration of each
subsystem is bounded, in line with (85) and Lemma 4, it
derives

EEy . —EEy 0,
PV, PV o,
PV, - PV >0,

Wiv, -Wiv -0, (86)
Gm,ir = qm,i = 0,
¢m,ir - (bm,i — 07
wjr —wj — 0.

O

E. Computational Complexity Analysis

The VDC-based trajectory tracking control method pro-
posed in this paper is an iterative algorithm, and its compu-
tational complexity significantly impacts the performance of
the control system. Therefore, this subsection will focus on its
discussion.

Here, we can classify the computations as follows:

(1) The computational complexity of the coefficients in the
dynamic equations of the rigid body (using the end-effector as
an example) and the joint (including the manipulator’s flexible
joint and the wheel’s rigid joint) subsystems is analyzed, as
represented by (8), (10), and (17), respectively.



(2) The computational complexity of the required velocities
of the rigid body (using the end-effector as an example) and
the joint (including the manipulator’s flexible joint and the
wheel’s rigid joint) subsystems is analyzed, as represented by
(22), (23), (24), and (35), respectively.

(3) The computational complexity of the update adaptive
laws of the rigid body (using the end-effector as an example)
and the joint (including the manipulator’s flexible joint and
the wheel’s rigid joint) subsystems is analyzed, as represented
by (33), (40), and (48), respectively.

(4) The computational complexity of the adaptive con-
trollers of the rigid body (using the end-effector as an example)
and the joint (including the manipulator’s flexible joint and the
wheel’s rigid joint) subsystems is analyzed, as represented by
(31), (38), and (46), respectively.

(5) The computational complexity of the external forces
of the end-effector-environment and the wheel-ground subsys-
tems is analyzed, as represented by (25), and (45), respectively.

Remark 1: In the computational complexity analysis pre-
sented above, we considered only the computations associated
with a single rigid body or joint within the algorithm. The
iterative processes involving velocity or force interactions
between joints and links, such as those described by (36),
(37), and (44), were excluded from the analysis. Nonetheless,
it is evident that the computational complexity increases
proportionally with the number of subsystems considered.

Remark 2: The adaptation gains in (30), (33), (40), (48),
etc., are consistently treated as diagonal matrices. This as-
sumption helps to simplify and reduce the computational
burden.

Table I presents the computational complexities associated
with the VDC-based adaptive control of rigid body and joint
subsystems. In this context, n represents the total number of
joints in the system, while r denotes the dimension of the end-
effector, with r» < 6. Accordingly, the computational costs of
the multiplication and addition operations can be considered
linear functions of the robot’s DoFs. Furthermore, the itera-
tive process’s computational cost is also proportional to the
number of DoFs. Thus, the algorithm’s overall computational
complexity is proportional to the number of DoFs, aligning
with the findings in [38].

V. EXPERIMENTAL RESULTS

Several experiments have been performed to verify the
effectiveness of the proposed control approach for WMMs.
Section V-A presents the experimental setup. Experimental
verification of joint trajectory and EE trajectory is presented in
Sections V-B and V-C, respectively. Section V-D demonstrates
the performance of the proposed method in simultaneously
tracking two trajectories from the MP and the EE.

A. Experimental Setup

The experiments were performed with a custom-built om-
nidirectional WMM, which is the sum of a 4-wheel mobile
platform equipped with two pairs of Mecanum wheels and a
7-DoF ultra-lightweight robotic Gen3 arm (Kinova Robotics,
Canada), as shown in Fig. 4. The Gen3 employs series elastic

elements to sense joint torques. The control system operates
at a frequency of 1000 Hz, corresponding to a loop period of
1 ms. It is important to note that in our experiments, the MP
can only be actuated through joint velocity control rather than
joint torque control. Consequently, an admittance interface is
employed, as described in [50].

7-DOF

134
L/Manipulator
33
- |

Mobile

Figure 4: Experimental setup.

The admittance interface for each joint of the wheels is
defined by the equation 7y,, = M 1, Vrp + DinpUimp, Where
Tmp € R? represents the resultant joint torque vector for the
MP as specified in (46). The matrices My, € RP*P and
D, € RP*P are diagonal, positive-definite matrices that
represent the virtual inertia and damping of the interface,
respectively. In the experimental setup, these matrices are
chosen as My, = 0.75I4x4 Nm-s? and Dy, = 241454
Nm:-s. The manipulator joint stiffness coefficients, as given
in (10), are sourced from Kinova Robotics and are specified
as k¢ = [16,16,16,16,7.1,7.1,7.1]T kN-m/rad. Additionally,
to mitigate the effect of measurement noise, a fourth-order
Butterworth low-pass filter is applied to the joint acceleration,
with a cutoff frequency set at 3 Hz. The control parameters
implemented in the following experiments are listed in Table
II. The control parameters listed in Table II are determined
through trial and error during the experiments. While selecting
appropriate values can achieve desirable tracking performance,
excessively large values may introduce instability to the
WMM. In this study, parameter sensitivity is not considered, as
various parameter combinations can yield comparable tracking
performance. For methods to optimize these values, readers
may refer to [51]. In the experiments, the parameters were
chosen such that the trajectory tracking errors remained mini-
mal while ensuring the stable operation of the robotic system.

B. Experiment on Joint Trajectory Tracking

In this experiment, the VDC-based approach in tracking
joint-space trajectories is verified. To validate the advantages
of the VDC method, we conducted experimental comparisons
against a PID controller, an adaptive sliding mode controller
(ASMC) [52], and a neural network-based SMC (NNSMC)
[53], where the nonlinearities of the robot dynamics were
approximated using a NN. These approaches were selected due
to their relevance in handling uncertainties and disturbances
in dynamic systems. While both baseline methods were im-
plemented with carefully tuned parameters to ensure optimal



Table I: Computational complexities of the proposed method.

Control steps

Multiplication flops Addition flops

1. Dynamic equations denoted by (8), (10), and (17). 24+64+3 24+643
2. Required velocity vectors denoted by (22), (23), (24), and (35). 6r + 2 4+ 216 + ar? 0+ 2r+ 180 + ar(r — 1)
3. Update adaptive laws denoted by (33), (40), and (48). 4704+ 1145 64+0+0
4. Adaptive controllers denoted by (31), (38), and (46). 1050 + 14 4+ 10 972 4+ 16 + 10
5. External forces denoted by (25), and (45). 6r + 36 6r + 18
Total (A+1)r2+12r+1893  7Ar2 + (8 —a)r + 1283
Table II: Control parameters adopted in the experiment.
Parameter Value Parameter Value Parameter  Value  Parameter Value Parameter Value
Kgg 3I6x6 Kp, 3Isxe kvqs 45 kypa 40 Kw,, 5I4x4
Kg, 3T6x6 Kg, 3T6x6 Evas 45 Eyes 40 Kw,,  5lixa
Kg, 20166 Evql 45 Evqr 45 Eye6 40 Eag 8
Kg, 3T6x6 Fyq2 18 Kyl 40 Eyer 40 kag, 8
Kg, 366 kva3 45 Ky g2 200 Kw,  5Iixa  ka,, 8
Kg, 3I6x6 Kvaqd 45 kye3 40 Kvw,  5lixa  ka,, 8
Kym 12I6x6 Kp, 616x6
performance, the detailed parameter configurations are omitted 2 — 0.6 ;

. . . —_ - Desired J4 — —Desired
here for brevity. It should be noted that the baselines used in g | e E ]
this study were adapted to the specific structure of WMMs, g 1 P s B X
differing slightly from their standard forms as described in 3§ ‘\ T i1
the literature. Instead, we focus on the experimental results, E 0 et T g 0.2
which demonstrate that the proposed method achieves superior 5 [----1" b
trajectory tracking accuracy. Experiments were carried out -1 + B S0 0 + = 50

using the z-axis motion of the MP and the 274, 40 and 6"
joints of the manipulator as examples. The desired trajectories
for each joint were defined as:

t 1 2t
() = a4 — L N
qai(t) = gt [T QWSIH( T )] +q (87)
where ¢ € {1,5,7,9} denotes the joint number, ¢ = 1

represents the z-axis of the MP, and the others correspond
to the joints of the manipulator; qo; and gr; denotes the initial
and final positions of the i*" joint, respectively; and T" denotes
the joint motion period.

In the joint trajectory tracking experiments, the motion
period was set to T" = 20 s. The initial position for the z-
axis of the MP and the manipulator joints were 0 m, 7 /6 rad,
/2 rad, and —7/6 rad, respectively. And the corresponding
final position were 0.5 m, 0 rad, =/6 rad, and /3 rad,
respectively. The desired trajectories for the manipulator joints
and the MP are illustrated in Fig. 5. Specifically, Fig. 5a shows
the desired trajectories for Joint 2, Joint 4, and Joint 6, while
Fig. 5b depicts the desired trajectory for the MP’s motion
along the x-axis.

The joint trajectory tracking performance is illustrated in
Fig. 6. For the manipulator, the results are depicted in Figs.
6a—6¢, while Fig. 6d presents the results for the MP. Further-
more, Table III provides the root mean square (RMS) errors
obtained using the PID, ASMC, NNSMC, and the proposed
VDC methods.

From the figures and Table III, it can be easily seen that
the system converges to the desired trajectories and achieves
good steady-state tracking performances by using the proposed
VDC scheme. Using the PID method, the maximum tracking
errors for Joint 2, Joint 4, Joint 6, and z-axis motion were

10
t(s)
(b) MP trajectory

10
t(s)
(a) Manipulator trajectory

Figure 5: The desired trajectory of the tested manipulator joints
and the MP.
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Figure 6: Experimental results of WMM’s joint trajectory
tracking.

1.35 x 1072 rad, 5.9 x 1073 rad, 6.1 x 103 rad, and 1.95
mm, respectively. In contrast, with the proposed VDC method,
the maximum tracking errors were reduced to 1.5 x 1073 rad,
1.8 x 1072 rad, 2.1 x 1072 rad, and 1.22 mm, accounting
for only 11.1%, 30.5%, 34.4%, and 62.6% of the errors
observed with PID control. Additionally, the RMS error results



Table III: Comparison of RMS errors in joint trajectory

tracking.
Methods  Joint 2 (rad)  Joint 4 (rad)  Joint 6 (rad)  x-axis (mm)
PID 42x107% 18x1073 32x103 1.13
ASMC  1.7x1073 13x103 14x10°3 0.88
NNSMC 1.6 x 103 8 x 104 1.0 x 1073 0.79
VvDC 1.2 x 1073 7x 1074 9x 104 0.71

in Table III further demonstrate that the proposed VDC method
outperformed the other three comparison methods in terms
of tracking performance. These experimental findings clearly
highlight that the proposed adaptive control method based
on VDC offers significantly superior joint trajectory tracking
performance compared to the PID and ASMC methods. This
improvement stems from the incorporation of the system’s
nominal model into the VDC scheme, which enables online
parameter adjustments based on the tracking error output.

C. Experiment on End-Effector Trajectory Tracking

The performance of the proposed approach in tracking an
EE trajectory is verified in this section. Here, we selected
the NNSMC method, which demonstrated strong performance
in Section V-B, as a baseline for comparison to validate
the advantages of the VDC method in tracking the EE
trajectory of the WMM. Define the required EE trajectory
as Teer(t) = Teeo + [0, Ree sin(m/15t), Ree/2sin(27/15¢)]T
with Ree = 0.2 m, where x..o denotes the initial position
of the EE. In the subsequent task-space trajectory tracking
experiments, the initial generalized coordinate vector of the
WMM is denoted as g, = [0,0,0,0,7/6,0,7/2,0, —7/6,0]T,
where the first three parameters correspond to the MP. Us-
ing the WMM forward kinematics, the initial positions of
both the EE and the MP are derived and represented as
Teeo = [0.8435,—0.0246,0.4921]T m and @ypo = [0,0]T m.
The experimental results are shown in Figs. 7 and 8. Here,
Figs. 7b and 7c respectively show the configurations of the
WMM at the positive y-axis limit and the negative y-axis limit.

(c) Left limit (d) Final configuration

(b) Right limit

(a) Initial configuration

Figure 7: Sequence diagram of EE’s motion process.

Fig. 8a illustrates the trajectory of the EE. As the desired
trajectory lay in the y — 2z plane of the world frame, the z-
axis trajectory was not provided. From Fig. 8b, the maximum
tracking errors in the y and z directions based on the NNSMC
method were 2.01 mm and 4.82 mm, respectively, while
the corresponding errors using the proposed VDC method
were reduced to 1.51 mm and 3.02 mm, representing de-
creases of 24.9% and 37.3%, respectively. This result strongly
demonstrates the effectiveness of the VDC-based adaptive
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Figure 8: Trajectory tracking results of the EE.

method in tracking an task-space trajectory. This conclusion
is expected because the desired end-effector trajectory was
calculated through inverse kinematics to obtain the desired
joint trajectories, which were then sent to the WMM.

D. Experiment on Dual Trajectory Tracking

As demonstrated in (86), a key strength of the proposed
approach is its ability to guarantee trajectory tracking stability
in both joint space and task space. This capability is of
great importance in controlling multi-DoF robots, including
redundant robotic systems.

In this study, we designed a dual-trajectory tracking frame-
work for redundant WMM systems using a task-priority-
based redundancy resolution approach. Unlike the method
in (35), this framework simultaneously tracks two task-space
trajectories by utilizing the redundancy of the robotic system:
one for the EE and the other for the MP, with priority assigned
to the EE. It is noteworthy that this method merely employs
a different approach to generate the required joint velocity
vector for the WMM, and thus does not affect the system’s
stability.

Here, the dual-trajectory tracking approach is designed as
v, = JEeer + N1(JoN D (@mpr — JoJ Tdee,), Where
Tee,r Tepresents the required EE’s velocity, &, denotes the
required MP’s velocity. The matrix N'; = I —.J g represents
the orthogonal projector in the J’s null space, Js is the
extended Jacobian of the MP for the following controller
design. For additional details, please refer to our previous
research [10].

Two scenarios with trajectories of different scales for the
EE and the MP are considered. The first scenario is both
two trajectories can be tracked. The second scenario is to
track the EE trajectory at the expense of the MP trajectory
tracking accuracy. To further analyze the performance of the
controller, we defined three performance indexes to verify the
quality of the proposed control. (1) eyy = maxo<i<r |e(t)]:
The maximum absolute tracking error for the WMM, which
can be viewed as a measure of the worst tracking accuracy.
(2) L1[e] = (1/T) fOT le|dt: The integral mean of the tracking

1/2
error for the WMM. (3) Lyle] = ((1/T) fOT |e|2dt) / : The
RMS of the tracking error for the WMM. In the above indexes,
e denotes the tracking error and 7" represents the entire running
time.

The desired trajectories are defined as follows: for the
EE, Tee 1 (t) = Teeo+ [Ree sin(m/10t), — Ree /2 sin(r /5t), 0],
and for the MP, Zpp(t) = @mpo + [—FRmp cos(m/10t) +



Table IV: The performance indexes of the WMM.

‘ x-direction (mm) y-direction (mm)

eMm Lile] Lole] emMm Lile] Lo[e]

Scenario 1 EE 2.56 0.65 0.77 1.08 0.42 0.48
MP 1.89 1.06 1.13 1.57 0.75 0.83

Scenario 2 EE 4.74 0.64 0.99 0.95 0.32 0.39
MP | 257.05 8279 128.83 4149 9.05 16.08

Runp, —Rmp sin(7/10t)]T. The trajectory parameters for the
two scenarios are as follows: Scemario 1: R.. = 0.2m,
Rnp = 0.2m; Scenario 2: Ree = 0.2m, Ry, = —0.2m.
Table IV shows the control performance of the proposed
approach in the two scenarios.

The experimental results of Scenario 1 are shown in Table
IV and Figs. 9-12. It is obvious that in this scenario, both
of the EE and MP trajectories could be tracked. Notably, the
desired trajectory for the EE is confined to the x — y plane,
and thus, tracking results for the z direction are not provided.
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(a) Trajectory on x — y plane

Figure 9: Trajectory of the EE in Scenario 1.
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Figure 12: Joint position of the WMM in Scenario 1.

values of the tracking errors in the z-axis and y-axis were
0.77 mm and 0.48 mm, respectively. These values accounted
for only 0.19% and 0.21% of their respective displacements.

The trajectory tracking results of the MP are shown in
Figs. 10 and 11b. In contrast to the EE, the desired trajectory
for the MP was a circle with a radius of 0.2 m. The x-axis
exhibited the maximum tracking error, which was 1.89 mm,
, accounting for no more than 0.47% of the displacement in
the corresponding direction. The L4 [e] values of the tracking
errors reached their maximum in the x-direction, but this was
only about 0.27% of the total displacement.

The joint position of the manipulator in the experiment is
presented in Fig. 12. It is evident that during the dual trajectory
tracking process of the EE and the MP, the movement of the
manipulator’s joints was smooth, with no abrupt changes in
position.

Based on the experimental results, it can be concluded that
when the trajectories of the EE and the MP did not interfere
with each other, the proposed dynamic control method based
on VDC effectively tracked both trajectories without compro-
mising the stability at the joint level of the entire system.

The experimental results of Scenario 2 are shown in Table
IV and Figs. 13-16. Under this scenario, due to the workspace
limitations of the WMM, the desired trajectories of the EE and
MP could not be simultaneously satisfied. Here, the designed
dual-trajectory tracking approach was employed, prioritizing

(a) Trajectory on x — y plane (b) Trajectory w.r.t. time

Figure 10: Trajectory of the MP in Scenario 1.
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Figure 11: Tracking error of the WMM in Scenario 1.

The trajectory tracking results of the EE in this scenario
are shown in Figs. 9 and 11a. An “8”-shaped trajectory was
provided for the EE. The maximum tracking error occurred
at 0.39 s in the z-direction, measuring 2.56 mm, which
corresponded to 0.64% of its total motion range. The Lo[e]

the EE trajectory tracking.
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Figure 13: Trajectory of the EE in Scenario 2.

Figs. 13 and 15a present the tracking error of the EE. An
“8”-shaped trajectory, identical to that in Scenario 1, was set
for the EE. The maximum tracking error, which was 4.74 mm
and corresponded to 1.19% of the total motion range, occurred
in the z-direction, while the Lo[e] values in both axes remained
below 1 mm.

The experimental results of the MP are shown in Figs. 14
and 15b. Here, the maximum tracking errors were 257.05 mm
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Figure 14: Trajectory of the MP in Scenario 2.
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in the z-axis and 41.49 mm in the y-axis, which correspond
to 64.26% and 20.75% of their respective motion ranges.
These values significantly exceed the acceptable error limits
for trajectory tracking. It should be noted, however, that these
errors arose from the inability of the EE and MP to track
both trajectories simultaneously and were due to the task
prioritization setup. They were unavoidable errors and not a
result of the adaptive controller proposed in this study.

The joint position curves of the manipulator under this
scenario are shown in Fig. 16. As with Scenario 1, the joint
position variations of the manipulator remained smooth, which
demonstrated that the proposed trajectory tracking method
maintained joint movement stability even when the EE and
MP trajectories could not be tracked simultaneously.

In addition, during the experiment, we measured the time re-
quired for a single control loop. On the experimental hardware
used, the average duration of a single loop was approximately
0.78 ms, meeting the real-time requirements of the experiment.

Although the experimental results demonstrate the effective-
ness of the proposed method, certain aspects require further
refinement for real-time applications. The VDC-based algo-
rithm, which incorporates the full nonlinear dynamics of the
WMM, can impose a substantial computational burden on
systems with limited onboard processing power, highlighting
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Figure 16: Joint position of the WMM in Scenario 2.

the need for optimization techniques such as real-time effi-
cient solvers. Mechanical constraints, including joint elasticity,
friction, and wheel-ground interactions, also affect system
behavior. While these factors are considered in the control
framework to enhance robustness, extreme conditions like se-
vere terrain unevenness or high joint compliance may demand
additional parameter tuning. Electrical challenges, such as
actuator saturation and sensor noise, are common in real-world
systems. Although the control approach adaptively addresses
external disturbances, sudden power interruptions or excessive
noise may still impact performance, requiring hardware-level
solutions. Environmental factors, such as uneven terrain, dust,
and moisture, pose further challenges by affecting stability,
wheel-ground interactions, and sensor reliability. While the
framework is robust against moderate disturbances, extreme
conditions may necessitate measures like sensor sealing and
dynamic terrain adaptation strategies to ensure reliable opera-
tion.

VI. CONCLUSIONS

In this paper, we present a novel trajectory tracking control
method in Cartesian space for wheeled mobile manipula-
tors (WMMs). To achieve high-bandwidth closed-loop per-
formance, the internal control of the WMM was designed
using the subsystem-dynamics-based virtual decomposition
control (VDC) approach. This design explicitly accounts for
the manipulator’s joint flexibility and external disturbances,
significantly enhancing trajectory tracking accuracy. The Lo
and L., stability of the proposed VDC-based controller is
rigorously proven for both the subsystems and the overall
WMM. Additionally, the asymptotic convergence of the joints’
and end-effector’s trajectory tracking has been proved.

The effectiveness of the proposed approach was experi-
mentally proven on a custom-built WMM, and comparative
experiments were conducted with three different methods.
The proposed method demonstrated high accuracy for joint
trajectory tracking, with a maximum tracking error not ex-
ceeding 2.1 x 1073 rad. The maximum tracking error of
the proposed method for end-effector trajectory tracking was
approximately 3.02 mm. In the case of dual-trajectory tracking
for both the end-effector and the mobile platform, when the
given trajectories were compatible with the redundancy of the
WMM, the RMS tracking errors were limited to 0.77 mm for
the end-effector and 1.13 mm for the mobile platform.

While this study focuses on WMMSs, the developed VDC-
based control approach is extendable to systems involving
other robotic configurations. Its ability to rigorously address
nonlinear dynamic behavior makes it applicable to dynami-
cally complex tasks, such as bipedal locomotion and manipu-
lation under constrained conditions.

Despite the promising results, certain limitations exist in
the current study. (1) Theoretical Limitations: The analysis
assumes ideal sensor feedback, which may not hold under
uncertainties and noise. Additionally, the model does not
address the identification of external disturbances, such as
dynamic loads, which are frequently encountered in real-world
applications. (2) Practical Limitations: Experiments were con-
ducted in structured, static environments on a custom-built



WMM. Performance in dynamic, unstructured terrains and
under payload variations remains untested.

Our future work will focus on enhancing the control
framework’s robustness to uncertainties, unmodeled dynamics,
and external disturbances. We will explore its scalability to
systems with reduced redundancy or increased complexity.
Practical validation will be extended to dynamic and unstruc-
tured environments, with the integration of advanced state
estimation and sensor fusion techniques. By addressing these
limitations, the proposed approach has the potential to evolve
into a robust control framework applicable to a wide range of
robotic systems, including aerospace, industrial automation,
and bipedal locomotion.
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