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Abstract— Transformable wheel-legged robots can adjust
their configuration according to terrain conditions, enabling
effective operation in harsh environments. While existing con-
trollers based on preset commands have successfully demon-
strated the feasibility of reconfigurable mechanisms, they still
struggle to handle complex autonomous operations. To ad-
dress this, we develop a comprehensive motion model for
such robots, encompassing chassis kinematics, chassis-wheel
kinematics, and stability models, along with a hierarchical path
tracking method. The upper controller uses model predictive
control with an error state-space model to optimize real-time
tracking error under input constraints and generate desired
commands. The lower controller utilizes feedforward control
to convert desired inputs into actual ones, while accommo-
dating physical constraints and geometric coupling associated
with variable-radius wheels. Comparative analyses confirm the
effectiveness of the proposed approach and demonstrate the
robot’s performance under different wheel modes.

I. INTRODUCTION

Wheeled robots have extensive applications across indus-
try, agriculture, logistics, and healthcare, as well as in haz-
ardous environments such as defense operations and outdoor
expeditions due to their simple actuation mechanism, good
terrain adaptability, and high energy efficiency [1]. Tradi-
tional wheeled robots, constrained by fixed wheel sizes, can
only surmount obstacles no bigger than their wheel diameter.
Yet enlarging the wheels leads to increased robot size and
weight, restricting access to confined spaces [2]. To improve
their obstacle-crossing capabilities and navigation in narrow
spaces, extensive research has centered on wheel mechanism
design [3]. For instance, rimless wheels and multi-spoke
rotating-leg wheels are engineered to climb obstacles taller
than their radius [4], though this comes at the cost of reduced
stability and maneuverability. A transformable mechanism
that can switch between wheel mode and leg mode depending
on the terrain has been proposed in [5], [6]. Consequently,
wheel-legged robots equipped with this mechanism can
maneuver more flexibly and maintain more stable motion
compared to non-morphing wheel-legged robots. Since then,
morphings have garnered significant attention due to their
notable advantages in obstacle negotiation, maneuverability,
and stability [7], [8].
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In the field of motion control for transformable wheel-
legged robots, some studies have focused on the modeling
and control of individual wheel-leg modules. For example,
Ryu et al. [7] proposed a centrifugal-force-driven three-
spoke passive wheel mechanism and simplified the entire
robot to a constrained single-wheel system, which operated
entirely under open-loop velocity control. Zheng et al. [2]
designed a gear-leg transformation mechanism that relies on
external sensors and proportional feedback laws to generate
instructions to achieve the transformation of a single wheel.
Other studies have attempted to establish kinematic mod-
els at the whole-body level and proposed various control
frameworks. Chen et al. [8] employed a closed-loop control
approach based on whole-body kinematics for the wheeled
mode, whereas the legged mode adopts an open-loop joint-
space trajectory tracking strategy, which cannot map body-
level motion objectives to leg actions. Moger and Varol [9]
established dynamic equations for the wheel diameter and
designed an open-loop feedforward control method based
on these equations. Although these studies demonstrate the
feasibility of the transformable mechanisms in reconfigurable
robots, they remain subject to notable limitations. Existing
research predominantly focuses on the modeling of individ-
ual wheels, whereas complete models that map whole-body
motion objectives into coordinated wheel-leg control remain
scarce. Besides, most approaches rely on open-loop control
or passive triggering mechanisms, which makes it difficult
to achieve accurate tracking under complex trajectories.

Path tracking, aiming to guide robots to follow a pre-
defined path or trajectory with high precision, is essential
in numerous application scenarios. For conventional rigid
wheeled platforms, researchers have proposed various path-
tracking control algorithms. For example, Xiong et al. [10]
proposed a cascaded NTSM-PID controller that combines
nonsingular terminal sliding mode control at the upper
level with model-based feedforward and robust feedback,
achieving finite-time convergence and disturbance rejection
for skid-steering robots. Chen et al. [11] designed a hier-
archical control architecture that integrates guidance vector
field-based online optimization with model feedforward and
sliding mode control to achieve robust path tracking for
differential-drive mobile robots. Sun et al. [12] proposed a
MIMO nonsingular terminal sliding mode control strategy
for a Mecanum omnidirectional platform, achieving high-
precision pose tracking. Hassan and Saleem [13] integrated
neural network adaptation with MRAC to enhance system
adaptability to uncertainties and disturbances. Prado et al.
[14] designed a centralized robust MPC that addresses tire

4691



slip through feedforward compensation and online constraint
tightening. These control methods can achieve path tracking
for most conventional wheeled mobile robots, but they are
not directly applicable to morphing wheeled mobile robots.
This is because the variable wheel radius and increased
degrees of freedom significantly amplify the required control
effort. Consequently, low-level PID struggle to maintain
coordination, and the computational burden of online training
for neural networks or MRAC increases accordingly. Addi-
tionally, changes in structural morphology introduce addi-
tional control inputs and complex nonlinear coupling. Un-
der such circumstances, Jacobian-based mappings, guidance
vector fields, or fixed-structure MPC may fail or experience
performance degradation, potentially resulting in infeasible
optimization problems or abrupt changes in control inputs.

To this end, we propose a control framework composed
of a three-layer model, as well as a two-level controller
consisting of a high-level pose controller and a low-level ra-
dius controller. Specifically, as the robot has both the chassis
structure of the traditional wheeled mobile robot and wheels
with a transformable wheel-leg mechanism, this work first
presents a three-layer model to capture different aspects of its
kinematic behavior: chassis kinematic model, chassis-wheel
coupling model, and stability model. These three layers
respectively characterize the overall chassis motion, the non-
linear coupling between the chassis and the variable-radius
wheels, and the stability characteristics, thereby enabling
a continuous mapping from the global motion objectives
of the robot to coordinated wheel radius adjustments. A
two-level controller is then constructed. The high-level pose
controller adopts the MPC, focusing on tracking the desired
path and generating the desired control law for the lower-
level controller. The lower-level radius controller employs
a feedforward strategy to handle multiple coupled actual
control inputs introduced by the variable-diameter wheels to
track the desired control law. Furthermore, a stability control
strategy is introduced to prevent the robot from tipping
over during morphing. The main contributions of this paper
are as follows. i) Unlike the current work of modeling a
single wheel-leg module, a complete whole-body kinematic
model is established for the transformable wheel-legged
robot, which can systematically capture the relationship
between chassis motion and wheel radius variation, while
incorporating posture stability constraints to enhance the
model’s completeness. ii) A hierarchical control framework
is proposed for the first time in the path-tracking control
of the transformable wheel-legged robot to balance path
tracking precision and adaptability to terrain disturbances.

This paper is organized as follows. Sect.Il details the
three-layer model, including chassis kinematics, chassis-
wheel kinematics, and stability model. Sect.IIl presents the
design of the two-level controller, with the emphasis on
constructing the position and orientation controller as well as
the radius controller. Sect.IV demonstrates the effectiveness
of the proposed method through comparative experiments
based on the customized robot. Finally, Sect.V summarizes
the whole paper and suggests future research direction.

Fig. 1: The wheel-legged robot equipped with variable-radius
wheels and foldable arms. The main components are labeled
with serial numbers as follows: (D) ROS controller, 2 flight
controller (PX4), 3 foldable arm, @ high-voltage servo
motor, ) reduction motor, (6 variable-radius wheel, (7)
low-voltage servo motor. (Photographed at Dalian Maritime
University.)

II. KINEMATIC MODELING AND STABILITY ANALYSIS

In this section, we first provide a brief introduction to the
robot platform and then derive the chassis kinematic model,
the chassis-wheel kinematic model, and a detailed stability
analysis of the robot, all of which support the subsequent
design of the controller.

A. System Description

As shown in Fig. 1, we adopt an enhanced iteration of the
robot platform described in [15] in this study, which features
two key structural highlights: folding arms and variable-
diameter wheels, thus enabling seamless transitions between
flight and ground modes and enhancing adaptability to com-
plex terrain. The foldable arms are symmetrically arranged
and can adjust their folding angles to switch modes or avoid
obstacles. The variable-diameter wheel features a single-
degree-of-freedom structure, characterized by high stiffness
and a large morphing range, which enables the robot to tran-
sition seamlessly from continuous wheeled mode to discrete
legged mode, thereby overcoming obstacles. The control
system is designed to support its morphing capabilities. The
robot’s aerial motion is controlled by a PX4 flight controller,
with the ground motion managed by a ROS controller. The
PX4 controller also centrally manages the servo motors
responsible for folding the arm and adjusting the wheel size.
This integrated hardware and control architecture provides a
solid foundation for the subsequent real-world experiments
on motion control and path tracking.

B. Kinematic Modeling

The kinematics consists of two parts: the chassis model,
mapping from the desired position and orientation to the
desired velocity and angular velocity, and the chassis-wheel
model, describing the transformation from the desired ve-
locity and angular velocity to the radius and wheel speed.
Define O,X,Y, as the global coordinate system (GCS) and
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Fig. 2: Schematic diagram of the robot coordinate systems.

0y XY} as the body coordinate system (BCS), and the origin
of the BCS is located at the center of mass (COM) of the
robot chassis, as shown in Fig.2. The distance from the
wheel to the center of geometry (COG) along the X, axis is
defined as c. ICR indicates the robot’s instantaneous center
of rotation, with the distance from COM to ICR denoted by
d, and (x;cR,yrcr) defines the coordinates in the BCS. The
kinematics for wheeled robots is empirically written as

X cosf) —sinf 0Of [v,
g=|Y| = [sinf cosf 0| |v, (1)
0 0 0 1 w

where X and Y indicate the position of the robot in GCS, 6
is the orientation relative to GCS, w is the angular velocity,
and v denotes the overall speed with v, and v, representing
its components along the X} and Y3, respectively.

The chassis is modeled as a rigid body where every point
has the same angular velocity as the COM when rotating.
Accordingly, the angular velocity of the four wheels around
the ICR is w. Thus, the relationship between the wheel
velocities and the chassis angular velocity is expressed as

V; v; sin ag, Vyi
w = —= —_— = —
di dl S ¢yg,; dm' (2)
[ Vi COS (g, Vei
W= —— = —
d; d; cos aug, dy;

where v; denotes the velocity of the ¢-th wheel, d; is the
distance from the COM of the wheel to ICR, d,; and d,;
denote the components of d; along the X; and Y, axes,
respectively, and «y4, is the angle between d; and Y}, with
1€{1,2,3,4}.

From the first equation in (2), the constraint on v, can be
obtained as v, +wx;cr = 0. Substituting it into (1) yields

Fig. 3: Simplified 3D model for stability analysis. Action
D indicates increasing wheel radius, and action (2) indicates
increasing track width.

(a) CM/ y Lx

Support Polygon

Fig. 4: Support polygon in different views: (a) robot side
view and (b) top view.

the final kinematic model of the robot chassis.

X cosf  xrogrsind "
Y| = |sin@ —z;crcosb Lj] 3)
0 0 1

Similarly, the second equation in (2) can be rewritten as
Vi = wdyi with dyl = Cly4 = dy—c and dyg = dy3 = dy—i—c.
Given the rigid linkage of the wheels to the chassis, and that
velocity of the wheels on left and right sides is determined
by the same drive system, we can obtain vy = Uy = Uyq
and vp = vy2 = V3, Where vy and vy are the velocity of
the robot’s chassis on the left and right sides, respectively.
Therefore, we have vy, = v, — wc and vg = v, + we. The
kinematics of the wheel can be described as v, = wpry and
YR = WRTR. By combining these equations, we can obtain
the kinematic model for the chassis-wheel as

|:’Um:| _ |: (JJL/Q wR/Q :| |:7"L:| (4)
w|  |—wr/(2¢) wgr/(20)| |rr
where r; and rgr denote the radius of the left and right
wheels, respectively, and w; and wpg are their rotational
angular velocities.

C. Stability Analysis

The change in wheel radius during motion may alter the
robot’s posture and increase the risk of rolling or tipping
over. Therefore, a stability analysis of the morphing process
is required to ensure safety. Fig. 3 illustrates the proposed
stability model, which is utilized to assess the robot’s stabil-
ity under various wheel diameters and folding angles, thereby
deriving the relationship between wheel diameter and folding
angle subject to stability constraints. The stability model
evaluates the robot’s stability using the stability margin an-
gle, defined as the minimum angle between the perpendicular
to the COM and the edge of the support polygon, as detailed
in Fig. 4. The corresponding tangent value is a quantitative
indicator of the robot’s stability [16].

To analyze the robot’s stability during the morphing
process, we simplify the motion involving wheel-diameter
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adjustment into three states and two actions, as shown in
Fig.3. In the diagram, the vertical distance from the COM
to the ground is denoted by h, the stability margin angle
is denoted by 7, and « is unfolding angle representing the
angle between the foldable arm and the vertical plane. The
minimum distance from the projected COM to the support
polygon is denoted as b = min{cy,ca,11,l2}, where c¢q,
ca, 11, and [y are the respective distances to each of its
edges. The values of these parameters under three distinct
system states, denoted as Sy, S7, and Sy, are given as fol-
lows: (RO, (M )Y, (4O (1) 42 (0 o) ),
and (0, ™) b(2)). Specifically, Sy signifies the initial state
before the wheel radius adjustment begins, S is the interme-
diate state following action (I), and Sy marks the final state
upon completion of action (2). Here are some assumptions to
construct the stability model: /) The robot’s mass is uniformly
distributed. i7) Throughout the arm’s adjustment process, the
projected COM is always closer to the lateral edge of the
support polygon than to the longitudinal edge, as the robot’s
body length is always greater than its width. The stability
margin angle in state .S; is given by
, (@)

tan 7(1) = % 5)
where b = Lyoay/2 + (Larm + rff))sina(i), R =
(Larm + rf,i))cos o Here, Lyodys Larm, and rg) denote
the body width, foldable arm length, and wheel radius in
state S;, respectively, for i € {0,1,2}.

To maintain the robot’s stability after morphing, the
foldable arm is adjusted to restore its initial configuration,
ensuring that v(2) = 4(0)_ Substituting (5) into this equation
and rearranging these terms, we can derive the stability
model to expresses the relationship between v and « as

ALbody/Z

(Larm + T(EJQ)

which is introduced into the kinematic model (4) as posture
stability constraints, providing a quantitative evolution metric
for stability analysis in the subsequent implementation.

(6)

tana® = tan*y(o) -
) cos a2

III. CONTROLLER DESIGN
A. Overall Control Architecture

The transformable robot faces the following control chal-
lenges in the path-tracking task: the multi-degree-of-freedom
characteristics resulting from variable-diameter wheels and
folding arms, as well as the strong coupling between actual
control inputs. To address these issues, a hierarchical control
architecture comprising a high-level MPC and a low-level
actuator coordination controller (radius controller) has been
proposed, as illustrated in Fig. 5. In detail, the high-level con-
troller is designed for path tracking, generating the required
virtual linear and an%ular velocities (the virtual control law
uies = [vdes wides]7) such that the robot can follow the
desired path x, with u = u?®*. The low-level controller is
designed to compute the actual control inputs. Based on the
desired virtual command u??, it calculates the wheel radii,

Desired path

2
) mmTTTTTTTT
H  Chassis Kinematics | Position/orientation
| b _ I
= -
o] Model Predictive Control
l udes = [pdes wdes]T
Feedforward Control P
oot | - 1 Variable-diameter |
_ 1 Chassis-Wheel LR LR ! wheels )
% | Kinematics ] e ke !
2 777 1 """ Transformable Wheel-Legged
7
Sl o_____di LR __ Robot
| subility | LR e s !
| Sy ! Folding arms 1

Fig. 5: Schematic diagram of the two-level control structure
and system model.

wheel angular velocities, and folding arm angles, ensuring
that the actual linear and angular velocities track #%°* while
maintaining posture stability during motion.

B. High-Level Controller

Firstly, the robot’s chassis kinematic model (3) can be
represented through ¥ = f(x,u), where x = [X,Y,H}T
denotes the state vector, (X,Y) € R%, 0 € (—m,7), and
u = [vz,w]T denotes control vector, v, € R, w € R,
and f(-) describes the evolution of the system state with
the control inputs. Further, the state-space equation can be
linearized near the reference point and discretized to obtain
the state-space equations applicable to discrete time.

x(k+1) = Ag(k)x. (k) + Ba(k)ue (k) 7

where x.(k) and x.(k + 1) denote the state errors at time k

and k + 1, defined as x. =x —x,., and u.(k) is the control

input error, defined as u. = u — u,.. The reference state and

T T

control vectors are x, = [Xr, Y, QT] and u,. = [vzr,wr] s

respectively. The matrices A4(k) and By(k) denote the
discretized state and input matrices at step k.
The cost function is formulated as follows

N
J (k) :Z{xf(kJrj\k)qxe(k'Jrjlk) ®

+ul (k4 — 1k)ruc(k +7 — 1]k)}

where ¢ and r are the weight matrices, satisfying ¢,r > 0,
N is the length of the prediction horizon, and 7T is the time
step size. The conditional subscript (k + j|k) denotes the
prediction of the state at time step k + j from time step k.

We use (7) to recursively predict the system states over
the next N steps, computing the state sequence within the
prediction horizon using the following recursive.

(k) = A(k)x.(k|k) + B(k)& (k) )

where &, (k) is the stacked vector of input errors over the
prediction horizon, and A(k) and B(k) are the corresponding
block matrices formed by A4(k) and Bgy(k).

Substitute (9) into (8), we can obtain

T() = €7 (1) Q& (R) + €1 (W) R ()
= JETRVHER) + FT&, () + P
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diameter wheel
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Fig. 6: The robot on various terrains implemented in Cop-
peliaSim: (a) flat terrain and (b) uneven terrain. (Simulated
at Dalian Maritime University on an HP Z2 Mini G9 work-
station.)

where H = 2(BTQB + R), F = 2BTQTA&(k), P =
ET(K)AT(K)QA(k)é(k), Q and R are diagonal matrices
with ¢ and r repeated IV times, respectively.

The constrained optimization problem at each step can
be expressed as a standard quadratic programming problem,
& =arg rr;in J(k), subject to upin < ue(k + jlk) < tmaz,

jeO,N —21], and & denotes the optimal control sequence.
After solving the optimization problem, only the control
input at the current time step is retained as the virtual control
law, which is tracked in real time by the low-level controller,
thereby forming a complete hierarchical control loop.

C. Low-Level Controller

The low-level controller needs to convert the virtual
control law u?®® = [UgES,wd“]T from the high-level
controller into actual commands for the actuators, u%t =
[rL,rR,wL,wR]T. To achieve the desired motion while
maintaining posture stability during wheel radius adjust-
ments, the controller adopts a feedforward control based on
the robot’s kinematic model (4) and the stability model (6).

To achieve stable motion and prevent overturning, the
robot needs to adjust the unfolding angles of its two
foldable arms, «; and ap, based on the current wheel
radius. According to (6), oz and apr must satisfy «; =
arctan{tany — Lyody/(2Larm + 21i)}, ¢ € {L, R}, where
v denotes the desired stability margin angle. After adjusting
«ay, and apg, the effective lateral distances from the COM
to the left and right wheels, c;, and cp are updated as
¢ = Lpody/2 + (Larm +7i)siney, i € {L, R}.

Define the intermediate calculated values at the current
time ¢ as 7, and 7R,, with

des des des des
Fr o= Vg, — CLi 1YWy I Vg, T CR,_ Wi
! WLy 7 ! WRy_,

which will then be determined whether they are within the
allowable range [7'min, "maz), SO that the following different

strategies can be used to calculate the control input u¢“* =

T
[FL. TR, wL,,wr,| and update the relevant parameters.
If 71, € [Pimin, "maz] a0d 7R, € [Tmin, Tmaz), We have

Wp, =WLy_yy, WR, =WR,_15 Tiy = T4

Lbody/2 >

«;, = arctan (tan’y I iy
arm T

t

_ Lbody

ci, 5 + (Larm + 74,) sinay,

N 1 4 g —Desired
‘> :\ = -Real-FR
Sy — 05 \ |- “Real-F
y T Ralf
h ! = Desired é 0 Real-NVD

= - -Real-FR >
”I — -Real-F -0.5
1} — -Real-NVD

Y [m]

0 20 40 60 0 10 20 30 40 50

Fig. 7: Comparison of desired and actual paths under three
modes on flat terrain: (a) straight-line path tracking and (b)
curved path tracking.
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Fig. 8: Control inputs during path tracking on flat terrain: (a)
straight-line path and (b) curved path.

Otherwise, we have

Tiy =Ti_qs Q4 = Q4 _yy Gy = Cjy_y
des des des des
Uy, —CL, Wy Uy, + CR,W;
th - TL 9 wa, - TR
t t

where ¢ € {L, R}.

IV. EXPERIMENTAL RESULTS

The robot equipped with four morphing wheels supports
three configuration modes: F'R, F', and NV D. In F'R mode,
both the front and rear wheels of the robot can be changed.
In F' mode, only the front wheels can be changed, while the
rear wheels are fixed, thus requiring fewer actuators than F'R
mode. In NV D mode, four wheels are fixed. We conducted
a series of comparative experiments using CoppeliaSim to
evaluate the robot’s tracking performance across different
terrain conditions and to compare the three configuration
modes in path-tracking tasks, as shown in Fig. 6.

A. Path Tracking Performance on Flat Pavements

We designed two different paths, a straight path and a
curved path, and compared them in terms of path tracking
performance and radius variation.

Path tracking performance: To describe the tracking per-
formance, we define the tracking error as e’ (t) = j'(t) —
ji(t), where i € {FR,F,NVD} and j € {X,Y,0} denote
the configuration mode and the state variable, respectively,
and 7, denotes the reference state. The experimental results
shown in Fig. 7 demonstrate that the proposed controller
achieves accurate and stable path tracking in all three con-
figurations. For both straight and curved paths, ex converges
to [-0.09,—0.05] m, ey to [—0.08,0.13] m, and ey to
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Fig. 9: The stability margin angle (tan ) during path track-
ing on flat terrain: (a) straight-line path and (b) curved path.
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Fig. 10: Wheel radius variations and increments during path
tracking on flat terrain: (a) wheel radius for straight-line path,
(b) radius increment for straight-line path, (c) wheel radius
for curved path, and (d) radius increment for curved path.

[—2.3°,3.4°], which verifies the effectiveness and robustness
of the controller in different task scenarios. Further com-
parison of the tracking performance across the three modes
reveals a convergence trend of eév VD < ef R < ejF . Among
them, the NV D mode exhibits the smallest tracking error, as
the controller does not need to handle multi-dimensional in-
put allocation and dynamic constraints. The tracking error in
the I'R mode is close to that in the NV D mode, indicating
that the proposed complete kinematic model can accurately
capture structural variations during dynamic wheel-radius
adjustment, and that the controller can effectively handle
these changes during path tracking. The F' mode exhibits
slightly larger errors, primarily due to reduced input alloca-
tion flexibility caused by constraints on certain wheel radii.
Nevertheless, the errors remain convergent, indicating that
the controller retains robustness under partially uncontrol-
lable conditions. As shown in Fig. 8, the control inputs v,
and w always maintain within the limits in all modes. In
addition, according to Fig. 9, it can be found that in both F'R
and F’ modes, tan(-y) tends to stabilize after 30 seconds, and
the robot does not experience any tipping or overturning, thus
ensuring the feasibility and safety of the proposed controller
in terms of actuator constraints and posture stability.

Radius variation: As the NV D mode does not support
wheel radius adjustment, the following discussion focuses
solely on F'R and F' modes. To analyze the wheel behavior
under two modes, we introduce the variables of ¢ € {F'R, F'}
and j € {L, R} to denote configuration mode and left/right
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Fig. 11: Straight-line path tracking on uneven terrain: (a)
state errors and (b) control inputs.

2 A e
[
= U —Desired =
E L - -Real-FR = i ol
> ¥ — -Real-F sv
, = “Real-NVD
0 0.6
0 20 40 60 0 20 40 60 80 100
X [m] Time [s]
(@) (b)

Fig. 12: Path tracking comparison and stability analysis: (a)
desired path vs. actual paths under three modes and (b)
variation of tan(y) during tracking in F'R and F' modes.

wheel index, respectively. The radius of the ;7 wheel in mode
i at time ¢ is denoted by r%(t), and the radius difference
is defined as 1% (t) = |r}(t) — 5 (¢)| with the increment
given by Ari(t) = |ri(t) — ri(t — 1)|. Since the front
and rear wheels exhibit identical morphing behavior in the
FR mode, we only present the radius variation of each
morphing wheel on the left and right sides for comparison
with the corresponding wheels in the /' mode. As shown in
Fig. 10(a), in straight-line tracking task, rf (t) > ’I"jF R(t).
This is because the F'R mode distributes the wheel-radius
adjustment tasks to the four wheels, whereas the /' mode
can only rely on the front wheels, thus requiring a larger
radius adjustment for single wheel. Similarly, when tracking
a curved path, steering depends on the radius difference
between the left and right wheels, and the F' mode still
requires a larger adjustment, as reflected by r¥ ,(t) > rEE(t)
in Fig. 10(b). We further collected the cumulative changes
of all morphing wheels in wheel radius to evaluate energy
consumption, and the results are shown in Fig. 10(c) and
Fig. 10(d). In general, the energy consumption caused by
the variable radius in F'R mode is higher than that in F'
mode, satisfying Arf (1) + ArEE(t) > Ark () + Ark(t),
which is significantly higher in curve tracking and slightly
higher in straight-line tracking. This is because, although the
radius variation of each morphing wheel on the left and right
sides in the F'R mode is smaller than in the F' mode, both
the front and rear wheels will participate in adjusting the
radius, resulting in a larger overall cumulative variation.
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Fig. 13: Wheel radius variations and increments during path
tracking on uneven terrain: (a) wheel radius and (b) radius
increment.

B. Path Tracking Performance on Rough Pavements

To test the robustness of the controller, we designed a
scenario that consists of a standard road surface with gravel
spread evenly to simulate a real-world uneven road. The
gravel size was set to 0.048 mx0.024 mx0.012 m with the
gravel spacing of 0.1 m.

Path tracking performance: During testing, it was found
that the robot could converge in both F' and F'R modes,
with convergence errors of ex € [—0.12,—0.08] m, ey €
[-0.01,0.07] m, and ey € [—0.09°,0.06°], as shown in
Fig. 11(a) and Fig. 12(a). However, it failed to converge in
NV D mode. This demonstrates that the controller exhibits
robust and adaptive path tracking under terrain disturbances
in both F'R and F' modes. The failure to converge in NV D
mode stems from the lack of wheel radius adjustment, which
prevents the controller from fully compensating for terrain
disturbances, leading to wheel slippage and a complete loss
of tracking capability. This further highlights the importance
of dynamic wheel radius adjustment for path tracking per-
formance. Furthermore, the stability curves in Fig. 12(b) and
Fig. 11(b) demonstrate that the controller design is able to
maintain pose stability under more challenging conditions
while satisfying the control constraints.

Radius variation: The radius variation during this process
are plotted in Fig. 13(a) and Fig. 13(b). Similar to the results
in flat pavements, the radius change and energy consumption
caused by the variable radius of uneven roads also follow
the same rules: rf(t) > BB, rEFpo(t) > rFE(t), and
ArER@) + ArEE(t) > ArE(t) + ArE(t).

The experimental results above validate the effectiveness
of the proposed controller in all three modes and also
characterize the balance between terrain adaptability and
actuation complexity for each mode. Specifically, the NV D
mode performs best on flat surfaces, but is prone to slip-
ping on rough pavement. The F'R mode demonstrates the
best adaptability to terrain disturbances, though it requires
higher actuation complexity. The ' mode, while slightly less
adaptable than the F'R mode, achieves robustness to terrain
disturbances with fewer actuators and demonstrates better
cost-effectiveness.

V. CONCLUSION

The robot in this study is a novel robot equipped
with variable-diameter wheels and foldable arms, exhibiting
strong terrain adaptability. To address these characteristics,
we proposed a three-layer model and a two-level controller

framework that effectively balances path-tracking accuracy
and adaptability to terrain disturbances. Different scenarios
were designed to verify the path-tracking performance and
robustness of the controller under three mode configurations
(FR, F,and NV D). Additionally, each configuration has its
own advantages under different environmental conditions. In
particular, 'R and F’' exhibit excellent steering performance
even in complex terrain conditions, demonstrating superior
terrain adaptability. Future research will involve physical
experiments to test the controller’s performance.

REFERENCES

[1] J. Liao, Z. Chen, and B. Yao, “Model-based coordinated control
of four-wheel independently driven skid steer mobile robot with
wheel-ground interaction and wheel dynamics,” IEEE Transactions
on Industrial Informatics, vol. 15, no. 3, pp. 1742-1752, 2019.

[2] C. Zheng, S. Sane, K. Lee, V. Kalyanram, and K. Lee, “c-waltr:
Adaptive wheel-and-leg transformable robot for versatile multiterrain
locomotion,” IEEE Transactions on Robotics, vol. 39, no. 2, pp. 941-
958, 2023.

[3] irem Mertyiiz, A. K. Tanyildiz1, B. Tasar, A. B. Tatar, and O. Yakut,
“Fuhar: A transformable wheel-legged hybrid mobile robot,” Robotics
and Autonomous Systems, vol. 133, p. 103627, 2020.

[4] J. B. Jeans and D. Hong, “Impass: Intelligent mobility platform with
active spoke system,” in 2009 IEEE International Conference on
Robotics and Automation, pp. 1605-1606, 2009.

[5] Y.-S. Kim, G.-P. Jung, H. Kim, K.-J. Cho, and C.-N. Chu, “Wheel
transformer: A wheel-leg hybrid robot with passive transformable
wheels,” IEEE Transactions on Robotics, vol. 30, no. 6, pp. 1487—
1498, 2014.

[6] T. Sun, X. Xiang, W. Su, W. Hang, and Y. Song, “A trans-
formable wheel-legged mobile robot: Design, analysis and experi-
ment,” Robotics and Autonomous Systems, vol. 98, pp. 3041, 2017.

[71 S. Ryu, Y. Lee, and T. Seo, “Shape-morphing wheel design and
analysis for step climbing in high speed locomotion,” IEEE Robotics
and Automation Letters, vol. 5, no. 2, pp. 1977-1982, 2020.

[8] S.-C. Chen, K.-J. Huang, W.-H. Chen, S.-Y. Shen, C.-H. Li, and P.-
C. Lin, “Quattroped: A leg—wheel transformable robot,” IEEE/ASME
Transactions on Mechatronics, vol. 19, no. 2, pp. 730-742, 2014.

[9]1 G. Moger and H. A. Varol, “Design and implementation of a mobile
robot with variable-diameter wheels,” IEEE/ASME Transactions on
Mechatronics, pp. 1-10, 2024.

[10] R. Xiong, L. Li, C. Zhang, K. Ma, X. Yi, and H. Zeng, “Path track-
ing of a four-wheel independently driven skid steer robotic vehicle
through a cascaded ntsm-pid control method,” IEEE Transactions on
Instrumentation and Measurement, vol. 71, pp. 1-11, 2022.

[11] J. Chen, C. Wu, G. Yu, D. Narang, and Y. Wang, “Path following
of wheeled mobile robots using online-optimization-based guidance
vector field,” IEEE/ASME Transactions on Mechatronics, vol. 26,
no. 4, pp. 1737-1744, 2021.

[12] Z. Sun, H. Xie, J. Zheng, Z. Man, and D. He, “Path-following control
of mecanum-wheels omnidirectional mobile robots using nonsingular
terminal sliding mode,” Mechanical Systems and Signal Processing,
vol. 147, p. 107128, 2021.

[13] N. Hassan and A. Saleem, “Neural network-based adaptive controller
for trajectory tracking of wheeled mobile robots,” IEEE Access,
vol. 10, pp. 13582-13597, 2022.

[14] Alvaro Javier Prado, M. Torres-Torriti, J. Yuz, and F. Auat Cheein,
“Tube-based nonlinear model predictive control for autonomous skid-
steer mobile robots with tire—terrain interactions,” Control Engineering
Practice, vol. 101, p. 104451, 2020.

[15] Z. He, N. Zhao, Y. Luo, S. Long, X. Luo, and H. Deng, “A multi-
modal hybrid robot with enhanced traversal performance*,” in 2024
IEEE International Conference on Robotics and Automation (ICRA),
pp. 6193-6198, 2024.

[16] L. Sun, W. Wang, and Z. Du, Modeling and Control of Field Robots.
Harbin Institute of Technology Press, 2022.

4697



