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Abstract—Mobile self-reconfigurable robots (MSRRs), as a
novel multi-robot system with flexible configurations and task
adaptability, hold promising applications in unstructured task
environments. However, existing autonomous docking strate-
gies are primarily applied in laboratory settings and face
numerous challenges and limitations in actual applications,
including differences in sensor characteristics, safety threats,
and saturation constraints. To address these issues, this paper
proposes a segmented secure docking control framework based
on global localization and local perception to achieve stable
and reliable reconfiguration of MSRRs in practical applications.
Specific contributions include the implementation of a dual-
layer constraint framework for safeness of units in the long-
distance phase against velocity and acceleration nested windups,
and the integration of active line-of-sight (LOS) correction
and adaptive windup driving mobile units to achieve precise
and rapid locking of docked positions within the LOS in the
close-range phase. Finally, the validity of the proposed method
is verified via physical experiments, offering an innovative
approach to deploying MSRRs in complex scenarios.

I. INTRODUCTION

Mobile self-reconfiguring robots (MSRRs), composed of
multiple modules, each capable of autonomous movement
and task execution, can autonomously connect via phys-
ical docking mechanisms to form flexible configurations
suited for various terrains and tasks. Unlike traditional fixed-
configuration robots, MSRRs offer enhanced morphological
flexibility and task adaptability, showing significant promise
in unstructured task environments. Consequently, the design
and motion control of various mobile self-reconfiguring robot
systems, such as SMORES-EP [1], MIRRAX [2], hTetro
[3], STORM [4], R-track [5], and Sambotll [7], have been
the focus of extensive research in recent years. Efficient
and precise autonomous docking of individual modules is
critical to the robots’ ability to adapt to different terrains and
complex tasks.

Current methods of autonomous docking for MSRRs
mainly operate within controlled lab environments, lever-
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aging either local or global sensing mechanisms for unit
localization and reconfiguration. In [6], infrared transceivers
on MSRR units have been used to gather lateral distance
information from adjacent units, facilitating the adjustment
of distance errors and the issuance of speed commands for
reconfiguration purposes. In [7], vision and laser sensors
have been integrated to perceive the immediate surroundings,
leading to the development of a three-phase combination
strategy comprising wandering, pose adjustment, and docking
for seamless multi-robot reconfiguration. In [8], a com-
bination of visual and infrared sensing has been applied
to design a three-phase docking strategy, enabling self-
reconfiguration of robot systems through far, mid, and close
phases. The employment of vision and sonar for perception
has utilized neural networks in designing a docking process,
including search, avoidance, and self-alignment, triggering
the behavioural decisions of robot units in [9]. A three-
phase docking strategy based on local infrared perception
and a two-phase trajectory planning strategy involving long-
distance point assembly and close-range linear guidance,
under the assumption of high-precision global positioning,
have been proposed to enhance the docking of dual units in
[10], [11]. A kinematic error feedback control framework
under the global frame has been used to devise a three-
phase docking strategy of navigation, pose adjustment, and
trajectory replanning for local obstacle avoidance during the
navigation phase in [12]. Segmented behavioural strategies
are commonly adopted in current reconfiguration docking
methods to search for and perceive targets, thereby improving
docking success rates. This segmented approach is similarly
employed in other docking scenarios, such as carrier recovery
[18] and spacecraft rendezvous [14], to enhance task effi-
ciency.

Existing docking methods predominantly cater to simple
laboratory settings and environments, relying on onboard
sensors (such as vision and infrared sensors) for local
perception or external vision for the high-precision global
location to gather information about units and the environ-
ment. These methods achieve efficient system reconfiguration
by refining target search and behaviour control. However,
from the application viewpoint, networked multi-unit docking
significantly benefits from the combination of long-distance
proper-precision global location (e.g., satellite positioning)
and close-range high-precision sensor recognition (e.g., vi-
sion) for environmental perception, aptly suiting real-world
complexities.
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Hence, at the beginning of the task, global location is
used to navigate the unit to the vicinity of the docked unit.
Then, local perception is employed to finish the nearby
docking of multiple units. Moreover, current docking control
methods primarily utilize open-loop or simplistic closed-
loop approaches without deeply addressing factors such as
line-of-sight (LOS) constraints, environmental obstacles, and
input saturation that critically affect mobile self-reconfiguring
robots’ safety, smoothness, and stability.

Based on analyses of the applicability and restrictions of
existing methods in MSRRs, this paper proposes a segmented
safety docking control framework against the input windup,
LOS safety, and obstacles, achieving smooth and reliable
multi-unit docking. The main contributions are as follows

1) A segmented docking control strategy based on global
positioning and local perception for long-distance safe
assembly and close-range guidance docking is proposed
and validated via experiments for its effectiveness.

2) The novel cascading control with upper-level obstacle
avoidance guidance with lower-level trajectory tracking
is designed in the long-distance phase, introducing dual-
layer safety constraints and an adaptive anti-windup to
ensure the safeness and smoothness of assembly.

3) The new linear and nonlinear composite anti-windup
controller is proposed in the close-range phase, integrat-
ing LOS safety-related expected trajectory correction to
ensure rapid and smooth docking within the LOS range.

II. ROBOT SYSTEM AND DOCKING STRATEGY DESIGN
A. Mobile Self-Reconfiguring Robot System

As illustrated in Fig. 1, the MSRR consists of multiple
differential-drive wheeled mobile units. The motion control
system of each unit is composed of torque motors, WiFi
devices, and an integrated main control board. The docking
mechanism is formed by location holes and embedded cam-
locking devices. When the locking device is inserted into the
location hole, it is tightened by the servo motor, enabling the
reconfiguration and combination of multiple units.

B. Segmented Fault-Tolerant Reconfiguration Docking Strat-
egy Design

Considering the limitations of real-world open scenarios
and other engineering docking scenarios, the segmented
docking process shown in Fig. 2 is adopted. In complex
engineering scenarios, the MSRR system during the long-
distance phase of segmented docking is highly likely to
encounter obstacles during assembly. Considering the pres-
ence of control input windup, controller design must involve
adaptive anti-windup and smooth reactive avoidance to en-
sure assembly safety. In the close-range phase, due to global
location errors such as satellite location or indoor mapping,
units assembled relative to the docked target will inevitably
have a position deviation, easily triggering subsequent control
input saturation and trajectory oscillation in the close-range
phase. Additionally, the convergence speed and accuracy
of the tracking trajectory in the phase significantly restrict
whether the MSRR unit can smoothly move the locking

device into the location hole. Therefore, the close-range con-
troller design needs to integrate rapid convergence, adaptive
anti-windup, and sensor LOS safety maintenance to achieve
smooth docking guidance motion within the perception range.
In case of docking failure, the unit will retreat along the target
line and re-enter the close-range docking guidance control
phase to ensure complete reconfiguration.
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Fig. 1: Mobile Self-Reconfiguring Robot System

C. Robot Motion Model and Control Objective

The nonholonomic kinematic model of each MSRR unit
[15] is written as follows

&, = vecos(f) — lwsin(0),

¥ = vsin(f) 4 lw cos(),

0 = w, ey
x; =z +lcos(0),

y =y +1sin(0),

0 =19, 2

where v and w are the linear and angular velocities of the
MSRR unit, respectively, while z, y, and 6 represent the
unit’s position and orientation in the inertial frame; [ is the
axial offset between the observation point and the center
point. z;, y;, and 6; denote the position and orientation of the
unit’s measurement point. The position and velocity vectors
can be represented as p; = [xl,yl]T and py = [n'chyl]T

The control inputs are linear and angular velocities. Never-
theless, in applications, Considering engineering constraints
such as actuator physical limits and manoeuvre safety, am-
plitude and rate windup constraints should be imposed on
the linear and angular velocities of each MSRR unit. The
composite windup constraint model [16] is as follows

U5 = sat (—a, sat (—7,vq,0) — Vs, a) ,

)
W, = sat (—w, sat (—w, wq, W) — ws, @) , 3)
where v and a represent the linear velocity and linear acceler-

ation windups, respectively, while w and & denote the angular
velocity and angular acceleration windups. ¥, and wg are
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the saturated linear and angular velocities under the nested
windup constraints. When the velocity and acceleration of
the MSRR unit trigger saturation windup, it can induce
severe trajectory oscillations, thereby affecting the control’s
smoothness and stability margin. The paper aims to achieve
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safe and smooth segmented docking control against nested
windups, obstacles, and LOS safety. The critical responses for
the long-distance and close-range phase tasks are as follows

1) The desired trajectory for the long-distance phase as-
sembly can be obtained via various trajectory generation
methods, where the desired trajectories x4 and y4 and
their first and second derivatives are bounded. Mobile
units on the desired trajectory are set to collide with ob-
stacles (z,, y,). The long-distance controller is designed
to achieve position tracking of the assembly trajectory,
safely moving to the final assembly point.

2) For the close-range phase, the docking target installation
position is considered the inertial frame to simplify the
controller design, with the linear guidance trajectory
represented as T, = faocking(t),yr = 0. The first
and second derivatives of fiocking(t) are bounded. In
application, fjocking (t) can be provided by a trajec-
tory generation method. The close-range controller is
designed to rapidly converge within the LOS range to
the guidance trajectory, ensuring the locking device is
smoothly inserted into the location hole.

Lemma 1: There exists a double integrator system, barrier
function, safety acceleration envelope, and control law as
follows

n =1, N2=u, “4)
B(ni,m2) =n2 — F (m) , &)
us (n1,m2) = —aB (m,n2) +H (m) 02,

u = sat (—a, min {u, (n,7) ,us (1,72)} @), (6)

with
v = {3 72
B(z) = {27p1n<cosh<i>>r, <0

—h(=2)f (@) + (1= h(=2)) |7
where design gains v, p, and « to satisfy 0 < v < u, p > 0,
and « > 0. The control law to be designed, u,-(n, 7,-), under
the safety acceleration envelope (5), generates the actual
control law (6), ensuring the system state 7); always remains
within the safety boundaries without disturbances [17].
Lemma 2: Consider the disturbed time-varying system as
follows

F(x) =

£(t) = %K(t)f(t)—&—d(t),tztmto eR, (7)

where K € C(R>y,), d(t) is the disturbance term, and the
initial condition £(tg) belongs to a compact subset of R.
Assuming the linear time-varying system &o(t) = M (t)&o(t)
is uniformly exponentially stable, and |6(¢)| < 0/(¢™), where
§ is a positive constant independent of ¢, and m > 0 is an
integer. Then, for any o > 0 and T' > 0, there exists ¢p > 0
such that for any € € (0,¢¢) and ¢ € [to+T, 00), the solution
of equation (7) satisfies ||£(¢)|| < o™ [18].

III. LONG-DISTANCE SAFE ASSEMBLY CONTROL
AGAINST NESTED WINDUPS

The two-layer safety control framework with an upper-
level obstacle avoidance guidance module based on the
holonomic kinematic model and a lower-level adaptive anti-
windup tracking module based on the nonholonomic model
in Fig. 3.

A. Upper-level Obstacle Avoidance Guidance Module

For the design simplicity and task feasibility, the upper-
level guidance module adopts the virtual holonomic kine-

matics [22] as follows
P1=p2, P2 =u” (®)
T
where o, = [2%,9°]" € R? and ¢, = [vf,0¢] € R?
represent the position and velocity states of the virtual
. . . T .
kinematics, respectively. u¥ = [af, a‘;] € R? is the control
input to be designed, acting as an equivalent to acceleration.
The initial values satisfy ¢; (0) = p; (0). 2%, y¥, vf, vy, af,
and a are the longitudinal and lateral position, velocity, and
acceleration of the virtual kinematics in the inertial frame.
The longitudinal and lateral safety acceleration envelopes
near obstacles during the long-range docking phase are

designed as follows

afy = —aB(zf,&7) +H (7]) &f
age=—aB (gl ) + H @) v, t=ul )
where ¢ = 2% — 2, zf = 2l — 2%, g¥ = y¥ — y¥, and

gl =yl —y?; 2¥, 2, y¥, and y! are the safety walls set
according to the obstacle position, (., yo,)-

The acceleration envelope constraint also triggers satura-
tion oscillations. Introduce the adaptive auxiliary dynamic
system to smooth the virtual trajectory as follows

A2 = cosh® (A2) (—kEAE + AL) /4%,
A2 = cosh® (\9) (—kEAL + AY) /7,

(10)
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Fig. 3: Guidance-Tracking Dual-Layer Safety Control Frame-
work

where A7 and AY are the auxiliary dynamic variables in the
longitudinal and lateral directions; k¥, k:?f, ¥ € Ry are
the designed positive gains; u,, and u,, are the longitudinal
and lateral control laws to be designed; the deviation between
the virtual dynamic acceleration windups and the longitudi-
nal/lateral control inputs are AY = wug,s — Uy and AY =
Uys — Uy, With af = sat (-, sat( afl ugy, aft) ,u) and
af = sat(—i, sat( afl uyr,aft) i) being the control
inputs after the safety acceleration envelope constraints.
According to Lemma 1, the trajectory of the constrained
virtual dynamic system can be ensured to move within the
specified safety region, avoiding collisions.

Design the longitudinal and lateral control inputs through
backstepping as follows

Upg = —CoZoy + Eq — kEXL — 214 — €1 (220 + C1212)

Ury = —Co22y + Ja — kJA] — 21y — 1 (22 + c1214) (11)

where 21, = ¥ —x4 and 21, = y¥ —yq are position tracking
errors; v¥, = x4 — c121, and Ufr = yq — €121y are virtual
commands; zz; = v¥ —vf, — ¢ tanh (A?) and 22, = v} —
vy, — 7y tanh ()\5) are velocity tracking errors; c; and cy
are positive control gains.

The Lyapunov function is written as follows

1 1 1 1
Taking the derivative of it yields
Vi < —cVa, (13)
where ¢ = 0.5min{c;,co} > 0. The integrals and their

double integrals of ug,. and u,, are &,;, ¥, T, and y,;, and

the signals generated from them serve as the desired signals
for the lower-level trajectory tracking. Therefore, only the
lower-level actual trajectory can precisely track the generated
guidance trajectory, and the upper-level control system will
be stable.

B. Lower-level Adaptive Anti-windup Tracking Module

The generated trajectory tracking control scheme with
adaptive anti-windup and virtual spring obstacle avoidance
strategies is designed to finish the dual-layer constraint
mechanism with upper-level guidance.

Combining the kinematics (1) and the nested windup
model (3), the adaptive anti-windup is designed as follows

Ae = cosh? (\p) (—kzde + A2) /as

Ay = cosh? (\,) (=ky Ay + Ay) /7y, (14)

wherein the deviation between the saturated velocity and
velocity command is allocated in the motion space as follows

Ap = (vs —v)cos(f) — l(ws
Ay = (vs —v)sin(0) + l[(ws — w) cos(h),

— w) sin(#),

Az and A, are auxiliary dynamic variables in the longitudinal
and lateral directions; k, ky, 7z, and -y, are positive adaptive
gains.

The repulsive force exerted by the obstacle, (x,, ¥, ), on the
MSRR unit mimicking the action of a spring is represented
as

k, tanh (tan (g%)) y Pro < PsR 15)
07 Pro > PsR

Fro:

where pro = || [z1, 1] — [0, y0]" || represents the distance
between the robot and the obstacle, py, and psr denote the
upper and lower bounds of the collision avoidance distance,
and k,. is the spring constant. The design and parameter selec-
tion of k, tanh () are related to the boundedness of energy
and the windup of acceleration. The entire repulsive force
function reflects the closed-loop dynamic adjustment mech-
anism of the robot’s distance from the obstacle. Similarly,
embedding an auxiliary dynamic system into the controller
ensures the system’s safety performance. The specific design
is as follows

).\sx = COSh2 ()\s:r) (_ksz)\z + AS:E) /’Yszv

Asy = cosh® (Asy) (=ksyAy + Asy) [y, (16)
where A, and A, are auxiliary dynamic variables for ve-
locity correction, kg, ksy, Vsz» and 7, are positive adaptive
gains; Agy = Frpcos(0r0), Asy = Frosin(6,,), and 60, is
the angle between the repulsion LOS and the unit axis in its
frame.

Combining the control model (1), the adaptive anti-windup
strategy (14), and the lower-level obstacle avoidance (15) and
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(16), the lower-level tracking errors e, €,;, and control laws
Ugd, Uyq are designed as follows

€xl = Ty — Tp — Yz tanh (A;)
eyl = Y1 — Yri — Yy tanh (A,),
—kz1€ar + Tpp — kedz — Voo tanh (Asz)
—kyieyr + Ui — kyAy — vsy tanh (Agy)

a7
Ugd =
Uyd = (18)
where k;; > 0 and k,; > O represent the control gains.
Through the matching mapping relationship in (1) between
linear/angular velocities and longitudinal/lateral velocities,
the linear/angular velocities v and w can be obtained.

To demonstrate the stability of the bottom tracking module,
the following Lyapunov function is designed as

1, 1

V= €+ 56517 (19)

and its derivative is deduced as follows

Vi < —cai€l) — cyieg; + As, (20)
Where Ag > 2, tanh? (Asz) + ﬁy tanh? (Asy) >0, ¢y =
kz — 025 > 0, ¢y = kyy —0.25 > 0, and kg > 0.25,
ky1 > 0.25.

Combining these, we have Vl = —¢V; + Ag, where
¢, = 0.5min{cy, ¢y }. According to Lemma 2, Ag is
bounded and rapidly decays after collision avoidance. Hence,
the lower-level tracking control module is stable, and the
range of tracking errors e;; and ey can be adjusted via

control gains.

IV. CLOSE-RANGE FAST DOCKING CONTROL WITHIN THE
LOS CONSTRAINT

The rapid-convergence linear/nonlinear composite con-
troller framework, integrating adaptive anti-windup and ac-
tive trajectory correction based on the LOS cone safety, is in
Fig. 4.
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A. Adaptive Compensation for Guidance Trajectory Based
on LOS Cone

LOS constraints and environmental obstacles are similar in
that they are crucial safety metrics that cannot be overlooked
during the control process. In the kinematic layer, close-
range docking control employs the same kinematic control
framework as the remote assembly stage, designing longi-
tudinal and lateral motion commands. These commands are
converted into linear and angular velocities through velocity
distribution but do not directly involve posture adjustments to
meet the safety requirements of LOS constraints. Therefore,
an adaptive compensation item for the desired trajectory is
designed based on the LOS cone that maintains perceptual
safety. This online adjusts the desired trajectory to ensure
that the docked target always remains within the robot’s
perceptual LOS range.

The concept of adaptive compensatory design for the
desired trajectory is similar to the approach used in [19], who
adjusted the desired trajectory using an Artificial Potential
Field (APF), but considering the APF’s intense reaction as the
robot approaches the LOS cone, it is easy to trigger windup.
Consequently, this can fail to ensure the safety of maintaining
LOS in actual experiments. Therefore, this section adopts the
spring obstacle avoidance strategy described in the previous
section to design the adaptive compensation items A, and
A,,, and the new reference trajectory is written as follows

Tpr = Ty + Axraynr = Ayra (21)

The repulsive force clusters at the measured position of
the MSRR units within and outside the boundary of the LOS
cone can be represented as

FlR _ kcone tanh (tan (% g:;%:gii)) ; elt > 987‘
cone 0, 0, < 0., )
R kcone tanh (tan (% :2 g::)) . 00> 0n
cone 0, 0,, < 0. )
Fcllgne = kcone tanh (tan (g : Z )) ) elt > HSL 7
0 O < 0sr,
pri_ [Feonetanh (san (56:4552)) 602 00
07 07’t < 05R
(22)

where k.one > 0 is the elastic coefficient, 0, 0,5, 0,., and
Osr are the inner and outer safety boundaries of the left and
right sides of the LOS cone; 6;; and 6,, are the angles of
the line of sight on the left and right sides of the target,
relative to the robot’s frame. When 6;; or 0,; starts to enter
the range [0, 0s1.] or [0sr, Osr] the repulsive force begins to
act, forcing the robot’s line of sight angles on both sides to
re-enter the safe range [0, 05

Introducing torque to stimulate adjustments in the refer-
ence trajectory through the force distribution method, the re-
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pulsive forces for longitudinal and lateral actions are designed
as

Acgz: :(FlR +FlL

cone cone

Acy — (FlR +FlL

cone cone

cosOp+(FrE 4+ Frl
) (

cone cone

) sin O+ (FLR, + Fuk

cone cone

) cos 0,4,
) sin 6,.4,(23)

where A, is the longitudinal repulsive force, and A, is the
lateral repulsive force.

Through the auxiliary dynamic system, adaptive compen-
sation items are generated to correct the reference trajectory,
thereby creating new safe guidance trajectories, as follows

).\1cz = *klcz)\lcz + /\ZCJ:a /.\20ac = *kZC:c/\Qcm + Acl‘a
/\1cy = _klcac)\lcy + /\2cy7 /\2cx = _kZCy/\Zy + Acyv (24)

where kicz, koce, Kicy, and ko, are positive adaptive gains,
and Aicz, Azczs ey, and gy, are adaptive auxiliary signals.
Alez and Aiqy serve as pose correction signals, boundedness
and convergence similar to the previous section can be
derived from Lemma 2, thus the adaptive compensation terms
are designed as A, = Aicp and Ay = Aiey.

B. Linear and Nonlinear Composite Tracking Controller

The rapid tracking of the guidance trajectory by the track-
ing controller designed in the close-range docking phase is a
prerequisite for reliable docking. Inspired by the linear and
nonlinear composite control methods in [20] and predefined-
time convergence in [21] based segmented nonlinear feed-
back to improve the convergence speed of the system during
transient processes, a composite linear/nonlinear control term
for rapid transient convergence is introduced in the close-
range phase. This approach achieves fast convergence to the
straight-line guidance trajectory, ensuring that the locking
device smoothly enters the location hole over short distances.
Additionally, for the convenience of controller design, a coor-
dinate transformation is employed, considering the stationary
position of the docked target as the new inertial frame to
represent the position and orientation of the moving unit.

The adaptive anti-windup design for the close-range stage
is similar to that for the long-distance assembly stage, and it
is written as follows

éa: = cosh® (&) (koo + AL) /e,

&y = cosh? (&) (=ky&y + Dy) /7y,

where &, and §, are auxiliary dynamic variables, k., ky, ¥z,
and <y, are positive tuning gains.

The tracking errors and linear/nonlinear composite control
terms are designed as follows

(25)

€ne = Tp — Tpr — Y tanh (&),
eny = Yn — Ynr — Yy tanh (&), (26)
e'enwliar Slg (enx)l_o%
Ugr = _knmenz - + x.nr - k;vgz;
agTy
|eny|_ay : 1—ay
e sig (e, .
Uyr - *knyeny - a 1_(, y) + Ynr — ky§y7
Yty
(27)

where z,, and y,, represent the position of the mobile unit
in the docked target frame, k., > 0 and k,, > 0 are
linear control gains, and 0 < a, < 1, 0 < oy < 1,
T, > 0, and T, > 0 are nonlinear gains associated with
rapid convergence.

According to the transient and steady-state segmented
convergence in [21], it is seen that the ﬁe"‘_ag sig (+)'
nonlinear term plays a central role in achieving rapid con-
vergence within a predefined time. In contrast, the linear
term ensures steady-state accuracy and accelerates transient
convergence.

The stability of the control in the close-range docking
phase is ensured by designing the following Lyapunov func-
tion

Vi = |enm| + |eny|a (28)
and its derivative can meet as follows
’ 1 na| T l1—a,
Vn S *mele ‘ |enr| *
L plenyl™Y |eny |t~ (29)

Qayly

It can be inferred from (28) and (29) that the control system

in the close-range phase satisfies the stability conditions for
rapid convergence in [21].

camera ||

The MSSR experimental
platform

Fig. 5: Experimental Platform

V. EXPERIMENTAL VERIFICATION
A. Experimental Setup

The MSRR experimental platform is shown in Fig. 5.
Each MSRR unit utilizes differential drive wheels for forward
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Fig. 6: The comparative results of the MSRR docking control. (a)—(c): the planar trajectory, trajectory tracking, and tracking
errors in the long-distance phase. (d)—(f): the planar trajectory, trajectory tracking, and tracking errors in the close-range

phase.

movement and steering actions. The position and orientation
of each unit are acquired and identified through an overhead
camera capturing Apriltags. Utilizing WiFi modules and
router, a local communication network is established between
the upper computer and each unit, enabling information
sharing among units and real-time status monitoring and
motion control by the host computer. In this section, the
proposed control method and the obstacle avoidance and
control method proposed in [22] are deployed in the long-
distance and close-range control of the MSRR, respectively,
denoted as Cl and C2, to compare and validate the ap-
plication advantages of the proposed method in complex
scenarios.

1) Long-distance phase: A circular trajectory is designed
based on the global poses of the mobile unit and the docked
unit, guiding the mobile unit to move to the position directly
in front of the docked unit. Simultaneously, an obstacle
Do = [;vo,yo]T is placed on the desired trajectory as shown
in Fig. 5 to verify the safety and smoothness of the proposed
assembly trajectory tracking method. The positions of the
obstacles can be obtained in real-time through the host
computer by recognizing and calculating the Tags placed
on top using a camera. The safe avoidance distance and
the trigger distance, p, and p,g, are 0.2 m and 0.65 m,
respectively. The obstacle avoidance method proposed in
[22] is compared with the proposed method to evaluate the
effectiveness of safeness and smoothness. To ensure a fair

comparison between the two methods, and through multiple
practical parameter adjustments to obtain the optimal state
for both methods.

2) Close-range phase: A straight-line guiding trajectory is
designed based on the target for the docked unit. The mobile
unit precisely moves to the docked target position by tracking
the guiding trajectory using feedback from local perception.
In this section, simulated local perception feedback of pose
and LOS is constructed based on the global poses and
coordinate transformations of the mobile and docked units.
Guided trajectory tracking controllers are designed based on
the proposed method and tracking method in [22]. In the
comparison controllers, line-of-sight safety constraints are
introduced in C1 and C2, but adaptive anti-windup is not
included in C2. Similarly, both controllers utilize the same
linear control gains.

B. Experimental Control Results

1) Long-distance phase: The proposed method is based
on the dominant role of the upper-level avoidance guidance
trajectory from nested windups and safety acceleration en-
velopes. It ensures complete safety near obstacles through
the bottom-level virtual spring mechanism. Compared to the
avoidance method in C2, the proposed safety mechanism
exhibits obvious advantages in smoothness against nested
windups. Figs. 6(b)—(c) reflect the transient response and
steady-state accuracy of the two methods in assembling tra-
jectories. In terms of tracking accuracy, the proposed method
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(C1: 0.029 m) is basically consistent with the comparative
method (C2: 0.031 m). However, its oscillation amplitude
and recovery time for avoiding obstacles are 0.3 m and 3 s,
respectively, showing smoother characteristics compared to
C2’s oscillation amplitude and recovery time (0.5 m and 6 s).
Fig. 6(a) depicts the plane of the docking and assembling pro-
cess at the long-distance phase. The actual tracking trajectory
of C1 is shorter and smoother than C2’s avoidance journey,
making it more suitable for complex docking scenarios with
multiple obstacle distributions.

2) Close-range phase: Fig. 6(e) illustrates the trajectory
tracking performance during the docking guidance process.
At the initial stage, position errors trigger sudden changes in
attitude, activating the LOS safety mechanism to adjust the
reference trajectory to ensure that the mobile unit remains
within the safe LOS. The combined linear and nonlinear
control strategy facilitates precise and rapid convergence of
the docking trajectory to the guidance trajectory, ensuring
the insertion of the locking device into the location hole, as
demonstrated by Fig. 6(d) for C1, which exhibits smoothness
and safety during the docking process. However, C2, without
the induction of adaptive windup, is prone to oscillate when
the LOS safety mechanism is triggered. In Figs. 6(d)—(e),
the trajectory of the mobile unit becomes uncontrolled. It
exhibits severe oscillations, leading to frequent corrections
of the guidance trajectory and ultimately preventing the suc-
cessful completion of close-range docking. Fig. 6(f) depicts
the tracking errors of the docking guidance trajectory in
the close-range stage. With a docking accuracy requirement
of 0.015 m, CI1 reaches the range of docking accuracy in
4 seconds, with a final control accuracy of 0.007 m. In
contrast, C2 is uncontrollable, with a final control accuracy
of 0.044 m.

VI. CONCLUSIONS

For the practical requirements and limitations of existing
methods for mobile self-reconfigurable robot systems in
engineering applications, the paper proposes a segmented
secure docking control framework based on global localiza-
tion and local perception. The framework aims to address
challenges such as differences in sensor perception charac-
teristics, obstacles’ safety threats, and motion performance
constraints. Firstly, in the remote distance phase, a dual-
layer constraint control framework of upper-level obstacle
avoidance guidance and lower-level trajectory tracking is
proposed to achieve the safe assembly of reconfigurable
units. Secondly, in the close distance phase, active line-of-
sight correction and adaptive windup control are integrated
to achieve rapid tracking of straight-line guidance trajectories
and precise docking within the LOS range. Finally, the
effectiveness of the proposed method is verified through
comparative physical experiments.
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