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Abstract: To address the limitations of traditional manual highway guardrail inspections, this paper proposes an obstacle-crossing and col-
laborative tracking control method for a rail-mounted robot. Static and dynamic analyses verify the robot’s structural reliability and driving
feasibility. Based on the leader-follower model, a triangular collaborative tracking model is developed, and a linear time-varying model pre-
dictive controll (LTV-MPC) is designed to achieve smooth and precise collaborative control. For obstacle crossing, an acceleration refer-
ence model and a gradient-based adaptive law are proposed, leading to a model reference adaptive controll (MRAC) that effectively sup-
presses vibrations and ensures synchronous control. Simulation results show that the MPC achieves a 0.415% overshoot and a 0.344 m
steady-state accuracy, while also reducing the intensity of speed fluctuations by 35%. The MRAC ensures smooth obstacle-crossing speeds
and adaptive strategy switching, validating the reliability and practicality of the rail-mounted robot under complex working conditions.
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their stability and adaptability in confined", hazardous,
or difficult-to-reach areas. These robots offer autono-

0 Introduction

Highway guardrails are vital for traffic safety, serv- mous navigation, multi-dimensional inspections, and Al-
ing to delineate driving areas, reduce accident damage, dnvefl 1mage’ recognition, significantly enhancing  in-
S . . spection efficiency and accuracy. Key research focuses
and protect drivers’ lives. However, over time, corrosion . . . o
. L ) on improving the stability and reliability of these robots

and mechanical damage may cause deterioration or fail- . . o .
in complex environments, equipping them with autono-

ure. Traditional manual inspection methods face chal- . - .
mous positioning, specialized cameras, and environmen-

lenges such as poor adaptability, low efficiency, and lim-
ited accuracy. To address these issues, this paper pro-
poses a rail-mounted inspection robot. Rail-mounted ro-
bots are gaining attention in inspection robotics due to

tal sensors.

In the research on rail-mounted guardrail inspection
robots, both domestic and international scholars have pri-
marily focused on three aspects: guardrail inspection tech-
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nology, rail-mounted robot design, and control methods.

Guardrail inspection methods can be categorized
into manual and automated approaches, with automated
technologies becoming increasingly widespread due to
their high efficiency. Rail-mounted robots, as autono-
mous inspection devices, offer distinct advantages in
complex environments. For instance, Sheela et al” em-
ployed sensor technology to create a rail-mounted robot
for monitoring industrial environments, such as natural
gas industries. This system mainly focuses on detection
and perception. Rui et al” developed the HanGrawler, a
track-mounted, high-speed ceiling-moving robot capable
of efficient load transportation via a mechanical suspen-
sion system. However, it focuses on high-speed sce-
narios. Li et al™ developed an intelligent inspection sys-
tem for substation rail-mounted robots, utilizing rail-
mounted driving technology and automatic data collec-
tion to conduct inspections in the confined spaces of sub-
station equipment rooms. However, the complexity of
real-world environments, such as guardrail inspection
scenarios, which often involve irregular terrains and di-
verse obstacles, was not fully addressed. Ouyang et al”!
optimized a diamond-shaped suspended basket robot for
bridge cantilever casting operations, enhancing effi-
ciency. Nevertheless, this optimization focused mainly
on specific construction operations.

The performance of the robot in complex environ-
ments is largely determined by its control methods.
Wang!! employed multi-sensor fusion techniques for ob-
stacle avoidance and path planning, while Ji et a/”’ com-
bined adaptive neural networks and robust steering con-
trollers to maintain yaw stability and minimize lateral
path tracking errors. Zhang et al applied fuzzy model-
ing to handle nonlinear path tracking with parameter
variations and proposed a fuzzy observer-based vehicle
dynamics output feedback steering control method.
AlAttar et al” proposed a kinematic-model-free predic-
tive controller (KMF-PC) for robot motion, enabling
end-effector reaching and obstacle avoidance without
prior knowledge of the robot’s kinematics. It may not be
applicable to the relatively well-defined motion models
in the scenarios of guardrail collaborative inspection.
Zhang et al'” utilized an integrated potential field
method for adaptive motion control, enhancing user
comfort and safety. However, these approaches failed to
focus on practical control strategies for collaborative in-
spection and obstacle-crossing operations in guardrail in-
spection.

Reviewing the aforementioned literature, although
current advancements in inspection technologies and
rail-mounted robotic systems have demonstrated notable
progress with reference-worthy technical methodologies
and applications, including exemplary cases in specific
domains!""", a comprehensive review reveals that sev-
eral critical shortcomings persist in current research: (1)
the precision and stability of automated inspection in
complex guardrail environments are insufficient; (2) the
obstacle-crossing and adaptability design of rail-
mounted robots for guardrail inspection is not yet fully
developed; (3) there is a lack of practical research on
control strategies for collaborative inspection and
obstacle-crossing operations.

To address these issues, this paper proposes a com-
bined control strategy integrating model predictive con-
trol (LTV-MPC) and model reference adaptive control
(MRAC). First, the feasibility and reliability of the struc-
ture are demonstrated through static structural analysis
and dynamic driving analysis of the rail-mounted robot.
Next, a control model is constructed based on the appli-
cation scenario of collaborative tracking control, and a
cost function for model predictive control is designed us-
ing a quadratic programming method. Finally, an accel-
eration model is developed based on the actual obstacle-
crossing speed requirements, and an adaptive law for the
model reference adaptive control is designed using the
gradient method, resulting in the combined control strat-
egy. These control methods provide essential guidance
for practical inspection operations.

1 Guardrail Structural Features
and Inspection Robot System

1.1 Guardrail Structural Features

Highway traffic safety guardrail facilities!* are pri-
marily divided into three types: W-Beam guardrails, con-
crete guardrails, and cable guardrails. The inspection sys-
tem in this study mainly focuses on W-Beam guardrails
for inspection and analysis. A W-Beam guardrail typi-
cally consists of a waveform beam plate, posts, end
units, fasteners, connecting components, surface coat-
ings, and impact blocks"*, as shown in Fig. 1.

Over time, issues such as corrosion, tilting, and me-
chanical damage can accumulate, affecting the structural
strength and protective capacity of the guardrail plate,
significantly increasing traffic safety risks. Therefore,
precise inspection of key parameters of the guardrail
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Fig. 1 Schematic diagram of W-Beam guardrail section

plate, such as plate thickness, coating thickness, and cen-
ter height, becomes particularly important.

1.2 Composition of Rail-Mounted Inspection
Robot System

The system primarily consists of an upper com-
puter, motion control system (including wheel hub mo-
tors, Field-Oriented Control (FOC) drivers, and motion
control units), and a parameter inspection system (in-
cluding ultrasonic post identification unit, Inertial In-
spection Unit (ISU) tilt inspection unit, distance inspec-
tion unit, coating thickness inspection unit, and laser
thickness inspection unit). The functional block diagram
is shown in Fig. 2.

The upper computer and the remote controller can
send commands to the motion control unit. Based on the
rail-mounted mobile platform studied in this paper, the

motion control system integrates real-time data from the
Ultra Wide Band (UWB) collaborative module, ultra-
sonic post identification module, and IMU tilt inspection
module to control the start/stop and speed regulation of
the wheel hub motors. The upper computer is respon-
sible for sending operational commands and receiving
data on center height, coating thickness, guardrail plate
thickness, tilt, and post identification from the parameter
inspection system. It processes and digitally archives the
acquired structural parameters of the guardrail and dis-
plays the inspection results on the interface in textual or
graphical form.

The parameter inspection system is the core of the
inspection robot system. Among its components, the la-
ser thickness inspection module is a "V" -shaped dual-
channel precision laser displacement sensor, capable of
non-contact high-precision thickness inspection. The
coating thickness module is equipped with a coating
thickness gauge and a lead screw slide stepper motor for
inspection. The center height inspection unit combines
tilt inspection data with laser distance inspection data to
obtain the center height after pose correction. The ultra-
sonic post identification module and IMU tilt inspection
module can identify the arrival of posts and pose status
in real time, providing status information to the motion
control system.

Tracking Remote

vehicle gy Host computer

,_J — t
S S R | ‘ Coating thickness i
i UWB | : i | |Ultrasonic pillar inspection ;
1| Collaboration ‘1 Motion | i 7| identification Laser thickness i
5 control unit|" | | inspection i
;\m’_f i L] MUl [ Centerheight distance | | |
; FOC driver ! | inspection inspection !

Motion control system

Parameter inspection system |
4

Power supply system }7

Fig. 2 Functional block diagram of the rail-mounted inspection robot system

2 Dynamics of Rail-Mounted
Inspection Robot

The inspection robot is designed based on a rail-
mounted operating platform, as shown in Fig. 3. The ro-
bot body consists of a structural frame, outer shell,
wheel hub motor mount, pulleys, rollers, and other com-
ponents. To minimize the size, the robot features a flip-
top structure for the internal space, with a battery stor-

age compartment designed in the middle layer. The me-
chanical analysis of the rail-mounted robot body struc-
ture forms the foundation for ensuring the robot’s stable
and reliable operation on the guardrail.

2.1 Static Analysis

The objective of static analysis is to verify the struc-
tural feasibility of the robot when suspended on guard-
rails. When the robot is stationary and suspended on the
guardrail, it is primarily supported by the guardrail plate
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Fig. 3 Rail-mounted inspection robot body

and various contact points on the mobile platform. The
forces mainly include the weight of the robot’s battery,
structural frame, outer shell, rollers, and other compo-
nents.

As shown in Fig. 4, the rail-mounted inspection ro-
bot’s structure relies on the contact forces between the
guardrail plate and the wheel hub motors, pulleys, and
rollers to maintain stability. The action lines of all the
forces in the lateral plane form a planar concurrent force
system, reflecting the stability of the rail-mounted struc-
ture between the mobile platform and the guardrail.

Fig. 4 Lateral view of the rail-mounted inspection robot

When stationary and stably supported, the mobile
platform is in a state of equilibrium, and the resultant
force and resultant moment of all forces in the system at
any point are zero.

The vertical component N,, of the support force N,
from the guardrail plate on the wheel hub motor is bal-
anced by the gravitational force G in the horizontal di-
rection, the horizontal component N,, of N, is balanced
by the forces N, and N, from the support of the pulley

and roller, with N, directed to the right and N, directed
to the left. The force balance equation is:
N,=N, +N;=N, xsina+ N,
G=N,=N,xcosa, M

where a is the angle between the support force N, from
the guardrail plate and the vertical direction.

Using the principle of force translation, the point of
action of N, is shifted to the center of mass, resulting in
an overturning moment M, acting on the center of mass.
According to the positions of the battery and main com-
ponents, the center of mass is located below the point of
action of N,,. By the principle of moments, the moments
of N, and N, at the center of mass counteract the over-
turning moment M,

The moment balance equation is:

Noxlg+Nyxl,=M,=N, xI, 2)
where /, [, and [, represent the perpendicular distances
from the action lines of N,, N, and N, to the center of
mass, respectively.

By solving the force and moment balance equa-
tions, we obtain N, and N, as follows:

_ Gx (I-1,xsina)

o (I4+1,) xcosa

3
3 Gx (I+1;xsina) ©)
=

(I4+1,) xcosa

The above analysis shows that the mechanical sta-
bility of the rail-mounted inspection robot on the guard-
rail depends on the force distribution at the contact
points. The center of mass should be positioned as close
as possible to the contact points, which can effectively
improve the robot’s operational stability in complex en-
vironments. The structural frame and outer shell of the
rail-mounted inspection robot weigh approximately
110N, with the battery weighing about 50 N. Therefore,
the total gravitational force of the robot is less than
200 N, denoted as G=200 N. Due to the excellent bend-
ing resistance of the rollers, pulleys, axle rods, guardrail
fastening bolts, and guardrail plate, the robot’s gravita-
tional force has a limited impact on the internal struc-
tural stability. The guardrail plate provides sufficient
support force to ensure the stable suspension of the mo-
bile platform.

2.2 Dynamics Analysis

The objective of dynamic analysis is to investigate
the motion characteristics of rail-mounted robots during
navigation on straight or curved tracks.



CAO Jingming et al: Control Methods Study of Rail-Mounted W-Beam Guardrail Inspection Robot 383

2.2.1 Dynamics of robot straight-line motion

When the rail-mounted inspection robot operates
while suspended on the guardrail, it is driven in the fron-
tal plane by the hub motor, which rotates the wheel
hubs. The motion of the robot is resisted by the dynamic
friction forces generated between the pulleys, rollers,
hub motors, and the surface of the guardrail. The force
analysis of the robot’s straight-line motion is shown in
Fig. 5.

Fig. 5 Force analysis of robot straight-line motion

In analyzing the forces acting on a robot during its
movement along a guardrail track, the case of the robot’s
motion on a slope is considered as an example. The robot’s
structure in the frontal plane can be approximated as
symmetrical about the centerline, with the center of grav-
ity located on the symmetry plane. The robot’s weight G
is supported by the vertical components of the total sup-
port forces N exerted by the guardrail plate. The slope of
the ramp is denoted as . Along the direction of motion
of the rail-mounted platform, the hub motor driving
force F',, counteracts the combined effects of rolling fric-
tion, sliding friction, aecrodynamic drag f,, and slope re-
sistance f;, while also generating the instantaneous accel-
eration a. The force balance equation is expressed as fol-
lows:

N=Gxcospf,
Fy=fu—fe—fi—f.—fi=ma.

At the initial stage of motion, the friction between

“)

the pulleys, rollers, hub motors, and the guardrail plate
can be regarded as a combination of rolling and sliding
friction. Sliding friction generally ranges from 0.03 to
0.25, and because the contact areas are small and wheel-
structured, the hub motor’s driving force, combined with
the robot’s self-weight, can overcome the resistance at
the contact points. The robot platform achieves pure roll-
ing motion after this stage.

When the robot reaches steady motion, the friction
at the contact points transitions to pure rolling friction.
At this stage, the hub motor driving force is balanced by

static friction. The rolling friction coefficient is denoted
as u. Based on the calculations of N, and N, from the
static analysis, the total friction force f,,+f; acting on the
robot during straight-line motion can be determined. Ad-
ditionally, the friction force between the hub motor and

the guardrail plate can be calculated as follows:
Gx2l
futfom e,
(1H+IG) X COS O
G

Ccos a

©)

fi=

Given that the robot’s operating speed is less than 5

X [

km/h, the velocity is relatively low, and the overall size
of the robot is small. Therefore, the aecrodynamic drag f,
and slope resistance f, can be calculated using classical
formulas for aerodynamic drag and slope resistance:
w = %pzslv,zcﬁ
f.=Gxsinp,

where p represents air density, S, v, and C; denote the

(6)

wind-facing area, relative velocity between the robot
and air, and the air drag coefficient, respectively.

Based on the linear motion dynamics equation de-
rived in this section, relevant values from the actual sys-
tem are substituted for calculation.

The driving force of the motor is expressed by the
relationship between motor output torque and force, as
shown in equation (7):

_Tux2

F, p

(7

The selected hub motor is a FOC-driven brushless
DC motor with a tire diameter of 105 mm, a rated torque
of 3N-m, and an instantaneous maximum torque of
7N -m. The maximum and rated driving forces of the
hub motor are calculated as follows:

T, ..xX2 2x7N-m
F — M max — zz .
Mmax r 0.0525m 66.67N, )
Fp= Jwx2 _2SN-mM o0y,

¥ 0.0525m

In the calculations of aerodynamic drag"® and slope
resistance, the air resistance coefficient C, is taken as the
extreme value of 0.6, and the total wind-facing area is
approximately 0.15 m’. Given a wind speed of 70 km/h
for a level 8 wind, the relative air velocity is approxi-
mately 20 m/s. At 20 °C, the air density is 1.205 kg/m”’.
On highways, the slope S is generally below 5%. Consid-
ering the slope resistance caused by uphill motion, the
parameters are substituted into the calculations as shown
below:
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fonn=23.52N,

9
rmae =G XSIN5°~17.43 N <20 N. ©)

Since the rolling friction coefficient!”is relatively
small, typically no more than 0.1 in standard engineer-
ing environments, the total friction force can be calcu-
lated as follows:

meax +meax +ﬂ max < 60 N (10)

By comparing the hub motor’s rated driving force
F,, with the maximum values of aerodynamic drag,
slope resistance, and total friction force, the following re-
lationship is obtained:

Ey>futfotfitfitf an

Therefore, under normal driving conditions, the
driving force provided by the hub motor is sufficient to
overcome all resistances in the direction of motion, en-
suring that the robot maintains steady motion.
2.2.2 Robot dynamics in curve navigation and obstacle-
crossing

When the rail-mounted robot moves along highway
guardrails on curved roads, centripetal acceleration is
generated. A comparison of the robot’s dynamics during
straight-line motion and curve navigation is shown in
Fig. 6.

NG +NLx

Fig. 6 Comparison of robot’s straight-line and turning
conditions

When the rail-mounted robot moves along highway
guardrails on curved roads, centripetal acceleration is
generated. This generation of centripetal acceleration
leads to a net force in the direction of the guardrail’s sup-
port on the robot’s pulleys, rollers, and hub motors, as
expressed in equation (12).

VZ

AF=m-,
o (12)

N+ N, =N, +AF.

According to the Highway Engineering Technical
Standards™®, the general and minimum values of the

minimum radius of a circular curve depend on the de-
sign speed. For a highway with a design speed of
80 km/h, the general minimum radius of a circular curve
is 400 m. This value is determined based on ensuring
safe and smooth driving through the curve.

Taking »,=400m, the robot’s low speed ensures
that changes in the support forces and corresponding nor-
mal pressures at the contact surfaces are minimal. Al-
though the friction force in the instantaneous motion di-
rection varies, the change is minor and does not signifi-
cantly affect the system’s motion.

The rail-mounted robot, during its suspension op-
eration on the guardrail, needs to overcome the guardrail
connection and record the pillar number. Due to the bolt-
based splicing at the connection, a complete tight fit can-
not be achieved, resulting in a certain height difference,
as shown in Fig. 7(a). The force analysis of the obstacle-
crossing is also shown in Fig. 7(b) and (c).

©

Fig. 7 Obstacle-crossing force conditions (a) and analysis
(b) and (c¢)

The figure illustrates the scenario where the hub
motor drives the robot to overcome the obstacle starting
from the next section of the guardrail, which is tightly
fitted after the connection. This reflects the hub motor’s
obstacle-crossing capability without relying on inertial
forces. The forward friction force f,, generated by the
rolling hub motor must overcome the gravity G, acting
on the hub on that side until the supporting force N, of
the guardrail on the hub motor is zero, as expressed in
equation (13):

fu=G,—N,. (13)

The analysis indicates that when the hub motor

does not rely on inertia, the forward friction force gener-
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ated by the motor’s maximum driving force is not signifi-
cantly greater than the resistance caused by gravity and
rolling friction. This is insufficient to generate transla-
tional motion. Solely relying on the forward friction
force generated by rolling to drive the robot is unreli-
able. If f,, is insufficient to overcome gravity and rolling
friction, the hub motor will slip in place, preventing the
robot from successfully traversing the guardrail joint. In
severe cases, this could result in circuit burnout due to
overcurrent. Thus, inertia-based speed control is essen-
tial for obstacle crossing.

3 Control Methods for Inspection
Robot Based on Mode Switching

Analysis and modeling of the inspection robot indi-
cate that the rail-mounted structure ensures stable sup-
port and motion reliability, enabling collaborative track-
ing and obstacle-crossing control. For collaborative
tracking, we apply the Linear Time-Varying Model Pre-

dictive Control (LTV-MPC) method—a well-established
approach in the field of dynamic system control, particu-
larly for handling time-varying process characteristics—
to address the dynamic requirements of the collaborative
tracking task. LTV-MPC effectively accommodates time-
varying system dynamics while maintaining the predic-
tive and real-time performance of traditional Linear
Model Predictive Control (LMPC), thereby making it
suitable for segmented rail-mounted guardrail inspec-
tions.

For obstacle-crossing control, the Model Reference
Adaptive Control (MRAC) method is used. MRAC en-
sures that the system’s actual output follows the refer-
ence model’s output through an adaptive law, accommo-
dating jolts when crossing guardrail joints. The figure
below illustrates the motion control process of the rail-
mounted inspection robot, where collaborative tracking
and obstacle-crossing control switch based on pillar rec-
ognition and obstacle-crossing completion, as detailed in
Fig. 8.

C Rail-mounted guardrail inspection robot motion control )

__________________________________________________

Collaborative tracking control

E Feedback Rolling | = Brake Distance

! calibration optimization | Pillar recognition preparation compensation wait

! |

1 I

| - VAD ey e e e
' + Prediction ; i | Reference Adjustable |, m(k) Y :
| 4 model | | model system i
i ! | SO Crossing :
! i | N completed !
: l ! !
i Relative distance in Real-time relative i i Acceleration .| Adaptive i
! target tracking distance tracking E | sudden change | mechanism i
i ! i :
1 i 1 !

Obstacle-crossing control

Fig. 8 Flowchart of the motion control method for rail-mounted guardrail inspection robot

3.1 LTV-MPC Collaborative Tracking

The collaborative tracking control method studied
in this paper is based on a leader-follower approach. The
leader is a guardrail inspection tracking vehicle operat-
ing in the highway emergency lane, characterized by
constant-speed movement and periodic stops at inspec-
tion points. The follower is the rail-mounted robot,
which must meet the synchronous inspection require-
ments on both sides of the lane. The rail-mounted robot
needs to integrate system dynamics and relative position
to track the tracking vehicle and maintain real-time col-
laborative operation.

3.1.1 Follower collaborative motion modeling

To ensure stable tracking of the leader by the fol-
lower, the collaborative motion process must be appro-
priately modeled based on the specific working scenario.
As shown in Fig. 9, the rail-mounted robot and the track-
ing vehicle form a triangular tracking model on the side
of the central greenbelt and emergency lane. In this
model, the fixed lateral distance AB between the rail-
mounted robot 4 and the tracking vehicle B forms one
leg of the right triangle. The sum of the driving distance
difference and curve compensation B,B’ forms the other
leg. Together, they define the relative tracking distance
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A'B'. The curve compensation is determined by the ra-

Emergency lane ¢ B Bgr—=p B \

: : /' Guardrail
Three-lanes :D D! ,-r

1 A 4 i ,

Central 7
greenbelt /

-

Fig. 9 Schematic diagram of the triangular tracking model

dius of the circular curve on the highway.

Considering the strong trajectory constraints of the
rail-mounted robot, the follower’s motion can be de-
scribed using a simplified linear time-varying first-order
system. Assume the velocity of the rail-mounted robot is
a function of time and control input, i.e., the velocity
v/(t) is the system’s control input, the relative distance is
denoted as y(¢), and the reference distance is denoted as
x(t). Since the motion of the rail-mounted robot is influ-
enced by external factors (e.g., the leader’s position and
velocity), its kinematic model can be described by the
following linear time-varying system equation, as shown
in equation (14):

x(t) =—alt)x(t) +p(t
y(1)= J2(0) + D

where a(t) and B(¢) are time-varying parameters related

v (1) +d (1),
(14)

to the motion of the tracking vehicle. d (¢) is a distur-
bance term, primarily caused by curve errors and the pe-
riodic stops of the tracking vehicle, which introduces er-
rors to the rail-mounted robot. D is the fixed lateral dis-
tance determined by lane conditions.

In LTV-MPC, the controller design is typically
based on a discrete-time model. Assuming the system
sampling period is At, the discretized state equation can
be obtained using the Euler method, as shown in equa-
tion (15):

x[k+1]=1 - alk]ADx[k]+ plk]AL - v, [k]+ d[k]At

(1)

ylk+1]= /X’ [k+1]+D".
3.1.2 LTV-MPC tracking controller design

To meet the speed and stability requirements of the
guardrail inspection task, this paper designs an LTV-
MPC controller and its cost function to minimize the
relative distance error between the rail-mounted robot
and the tracking vehicle over a finite time horizon.

The relative distance error between the rail-
mounted robot and the tracking vehicle can be expressed

as e(k)

distance determined by the synchronized inspection sce-

=x(k) —x,(k), where x,(k) is the target relative

nario of the tracking vehicle and the rail-mounted robot.

The cost function of the LTV-MPC tracking control-
ler integrates the collaborative kinematic modeling, dis-
turbance terms, and the motion characteristics of the
tracking vehicle. Let the prediction horizon and control
horizon be N—1 steps. At time step &, the cost function
is designed as shown in equation (16):

J=J,+J,,

J= 2[ (k+ilk)Q+Ad*(k+ilk)R]. 6

N-1

= z[vf k+ilk)T].

where O, R, T are weighting coefficients used to weigh
the relative distance error, velocity change, and control
input, respectively. Ad (k+i|k) represents the change in

the disturbance term. e(k+i|k) is the predicted relative

distance error at k+i based on the prediction at time k.
v_,(k+i\k) is the predicted control input increment at

k+i. The cost function consists of two main compo-
nents: The error term J, and the control input term J,,
which aims to minimize the relative distance and veloc-
ity errors between the rail-mounted robot and the track-
ing vehicle and to minimize the changes in control in-
puts.

The input constraint is v,;, <v/(k) <v,,. In LTV-
MPC collaborative tracking, the controller design in-
volves solving the optimization problem defined by the
cost function at each time step, as shown in equa-
tion (17):

mm J=J,+J

o (17)
St Vi < [V SV
Starting from ¢=0, the LTV-MPC controller solves
the optimization problem at each time step to obtain a se-
ries of future control inputs. Then, only the control input
for the current time step k is implemented, and the pro-
cess iteratively updates the control strategy.

3.2 Adaptive Control for Guardrail Obstacle-
Crossing

The rail-mounted robot switches from tracking the
guiding vehicle to obstacle-crossing mode upon detect-
ing a guardrail post signal, which serves as the
controller-switching trigger. The operation duration of
the LTV-MPC controller on each guardrail segment is

shorter than the interval between controller switches for
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the rail-mounted inspection robot.

When the rail-mounted inspection robot detects the
post signal, it switches to obstacle-crossing mode. At
this point, a model reference adaptive control (MRAC)
method is adopted to perform adaptive control in re-
sponse to environmental disturbances caused by abrupt
changes in acceleration. The MRAC controller com-
prises a reference model and an adjustable system,
whose outputs are updated at discrete time steps. The
output update equations for the reference model and ad-
justable system in discrete time are given in equa-
tion (18):

Y (k+ D=4, Y, (K)+ Byoaa - 7(K), (18)

Volk+D)=A, -y, (k)+4, - mk),
where y, (k+ 1) and y, (k) denote the outputs of the refer-
ence model at time step £+ 1 and £, respectively. A4
and B, are parameters of the reference model. r(k) is
the external input at the discrete time step. 4, and A4, are
parameters of the adjustable system, and m(k) represents
the control velocity.

The controller aims to reduce the error e(k) through
adaptive adjustment, and the control objective is to mini-
mize the error to zero. To achieve this, an adaptive law
based on the gradient method"” is designed, introducing
a loss function J,. Since the system output y, (k) is
driven by m(k), the control velocity change rate m is de-
rived using the gradient descent method. The adaptive
law update equation for discrete time is given in equa-
tion (19), (20):

o,
T gl (19)
e
=7 o
e(k)=y, (k)-y, (k),
(20)

m (k+ )=m(k)+T,, -e(k)- g—;.

During adaptive obstacle-crossing, the adjustable
system dynamically adjusts the real-time velocity based
on the reference model’s first-order inertia acceleration
process, ensuring the required velocity for obstacle-
crossing. In the early acceleration phase, the system
maintains higher acceleration and lower adaptive rate
than the reference model to counteract speed loss from
impacts. When a sudden acceleration change signals the
obstacle-crossing state, the system maintains constant
velocity briefly to reduce vibrations, then adjusts the
adaptive rate to follow the acceleration model. After
completing the acceleration, the robot compensates the

velocity to align with the ideal travel distance in collab-
orative tracking control.

4 Simulation Analysis of Control
Methods and Physical Model Setup

Based on the reliable structure of the rail-mounted
inspection robot, it is necessary to validate the effective-
ness of the corresponding control strategies for the con-
trol models. The validation includes collaborative track-
ing control methods and adaptive obstacle-crossing con-
trol methods. For the collaborative tracking control
method, this study simulates a highway scenario where
dual-side guardrail inspection operations are conducted.
In this scenario, the leader—an autonomous inspection
vehicle—operates on the emergency lane side of the
highway guardrail, while the follower—a rail-mounted
robot—operates on the median barrier side. For the adap-
tive obstacle-crossing control method, simulation verifi-
cation is performed using a first-order model based on
the reference obstacle-crossing speed.

4.1 Collaborative Tracking Simulation

According to the relevant specifications in the
Highway Engineering Technical Standards, the standard
lane width for a design speed of 80 km/h is 3.75 m. In
this study, a straight six-lane highway (three lanes per di-
rection) is selected as the simulation example. The cen-
tral median barrier and emergency lane are separated by
three lanes. Considering the portions occupied by the
shoulder and the emergency lane, the minimum relative
distance for dual-side guardrail inspection operations is
set to 15 m. Therefore, the initial tracking distance be-
tween the rail-mounted robot and the inspection vehicle
is set to 15 m, meaning the rail-mounted robot and the
inspection vehicle are placed at a relative distance of 15 m
on the same visual horizontal plane on opposite guard-
rails.

Given that the tracking model follows a triangular
configuration, the target tracking distance is set to 30 m
to ensure an appropriate distance, allow for curve errors,
and maintain a safe line of sight. With the initial distance
being 15 m, and according to the triangular collaborative
tracking model, the initial control distance is 0 m, and
the target control distance is set to 25 m, resulting in a
target adjustment distance of 20 m.

The prediction horizon N, is set to 300 steps, and
the control horizon N, is also set to 300 steps, with a
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time step of 200 ms. This configuration ensures a predic-
tion and control 60 s, and the equivalence of the predic-
tion and control horizons ensures real-time responsive-
ness in model prediction. The reference speed for the ro-
bot is set to 0.7 m/s, with a speed range limit of +1 m/s.
The weighting coefficients for the error term and control
input are set to 1 and 1 000, respectively, while the
weighting coefficient for the disturbance is set to 10.

The experimental results are shown in the follow-
ing figures. Figure 10(a) presents the closed-loop re-
sponse curve of the control distance (i.e., the driving dis-
tance difference between guardrails on both sides). It
can be observed that the tracking error for the control
distance is minimal, with an overshoot of 0.415% and a
steady-state error of 0.344 m. Figure 10(b) illustrates the
closed-loop curve of the control input (i.e., the speed of
the inspection robot), showing that the robot’s speed in-
creases smoothly to a stable value, with a standard devia-
tion of 0.053 3 for the control input. Figure 10(c) shows
the reference motion speed of the leader—the inspection
vehicle—characterized by periodic motion and pauses.
Considering the minimum relative distance for dual-side
guardrail operations, the closed-loop response curve for
the relative distance is shown in Fig. 10(d), where the
rate of change of the curve initially rises and then falls.

Before using the LTV-MPC method for the collab-
orative tracking control of the inspection robot, this
study compensates for the nonlinear components of the
original system by introducing nonlinear compensation
in the prediction value calculation. This approach also
addresses the limitation where small disturbance values
have a negligible effect on the cost function computa-
tion.

Figure 11 demonstrates the effect of nonlinear com-
pensation on the control distance and control input of the
inspection robot. With compensation, the final value of
the control distance converges to an accurate value, and
the cumulative control input is reduced, thereby lower-
ing energy consumption to some extent.

Traditional proportional-integral-derivative (PID)
control primarily focuses on immediate error correction
and does not directly consider the future system states or
handle system constraints. This paper uses the same ref-
erence motion speed for the inspection vehicle to simu-
late PID control, as shown in Fig. 12. In contrast, PID
control exhibits poor disturbance resistance in control in-
put variations, with a standard deviation of 0.083 for the
control input and noticeable oscillations in the later
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smoother control input curve, significantly reducing fre-

stages. control, however, produces a
quent speed fluctuations, and is effective in handling
model uncertainties and external disturbances. In the col-

laborative tracking control of the rail-mounted inspec-
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tion robot, the system has a relatively defined model and
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Fig. 12 PID control response curve

needs to address certain uncertainties and disturbances,
where LTV-MPC control demonstrates clear advantages.

4.2 Adaptive Obstacle-Crossing Simulation

Based on the analysis of the obstacle-crossing prob-
lem, the rail-mounted inspection robot requires a suit-
able acceleration curve for obstacle-crossing. Since the
guardrail surface may be relatively smooth, a smooth
start for the robot is necessary to avoid sudden accelera-
tion. Additionally, before the front wheels approach the
guardrail joint, the robot should reach an adequate
obstacle-crossing speed, which is simulated with a value
of 300 mm/s. After crossing the obstacle, the robot
should maintain a steady pace to avoid impacts. The con-
trol cycle is set to 1 000 steps. Once the obstacle-
crossing speed is reached and acceleration mutation is
detected, the robot maintains a constant speed for 50
steps to mitigate shock and gradually accelerates to a
unified end speed of 500 mm/s, preventing failure of the
rear wheels to cross the obstacle. After the control is fin-
ished, the robot brakes for inspection and prepares to
switch to collaborative tracking control. The conversion
relationship between the set speed and actual speed is de-
termined by practical operational requirements. In this
paper, the obstacle-crossing is considered successful if
the end speed reaches 60% of the set speed. If this speed
is not reached, the robot will brake and revert to
obstacle-crossing.

Figure 13 shows the speed curve for obstacle-
crossing control, reflecting the output of the adjustable
system compared to the ideal model output, which dis-
plays the acceleration curves of the robot at different
speeds before the obstacle-crossing. After reaching the
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Fig. 13 Obstacle-crossing control speed curve in different
scenarios

allowable obstacle-crossing speed, adaptive control is
used to modify the adaptive rate to manage the control at
different speeds before the obstacle-crossing, compensat-
ing for total displacement. By following the reference
model through adaptive control, the robot returns to the
end speed after the obstacle-crossing, ensuring that dur-
ing the obstacle-crossing control process, distance errors
only occur within a limited time step after detecting ac-
celeration mutation, thereby reducing interference for
collaborative tracking control.

4.3 Physical Model Setup

The inspection and control of the inspection robot
system are inseparable, with system control needing to
integrate with specific inspection operation plans. Based
on the relevant structural analysis, this paper proposes
the application of model predictive control and adaptive
control methods for the motion control of the rail-
mounted guardrail inspection robot. The development of
the rail-mounted guardrail inspection system guides the
collaborative tracking and obstacle-crossing of the rail-
mounted inspection robot.

Using the rail-mounted guardrail parameter inspec-
tion robot prototype as the experimental platform, field
remote control tests and collaborative communication
hardware-in-the-loop experiments were conducted at the
Chang’an University guardrail testing site, validating the
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feasibility of the mechanical analysis and related control
methods for the rail-mounted inspection robot. Figure 14
shows the physical setup of the rail-mounted guardrail
parameter inspection robot system and the accompany-
ing leader-follower vehicle.

Fig. 14 Physical setup of inspection robot (a) and the
accompanying vehicle (b)

5 Conclusion

This study proposes an MPC-based and MRAC-
based motion control method for a rail-mounted guard-
rail inspection robot. Through simulation, we validated
the effectiveness of the collaborative tracking and adap-
tive obstacle-crossing control strategies. Experimental
results demonstrate that the proposed LTV-MPC strategy
achieves effective control input smoothing, exhibiting
superior velocity regulation performance with only
0.415% overshoot and a steady-state error of 0.344 m.
Comparative analysis indicates a 35% reduction in ve-
locity oscillations compared with conventional methods,
a result attributed to the optimized sum of squared con-
trol inputs, accompanied by enhanced system robustness
and 20.4% improvement in energy efficiency. The devel-
oped motion platform establishes a reliable foundation
for detection modules, while rigorous verification of de-
tection accuracy through sensor calibration and system
integration is planned for subsequent research phases.
The adaptive obstacle-crossing control adjusts speed in
real-time to cope with acceleration variations, ensuring a
smooth post-obstacle transition and preventing rear-
wheel slipping or failure. The system prototype and ex-
perimental validation confirm the potential applicability

of the proposed control method in practical scenarios.

The contribution of this study lies in the proposed
dual control strategy combining MPC and MRAC,
which addresses environmental dynamics and distur-
bances, improving system accuracy and robustness. This
approach is particularly suitable for complex environ-
ments, such as highways. Future work could further opti-
mize the algorithm to enhance real-time performance
and handling of more complex situations, while integrat-
ing intelligent and autonomous decision-making and col-
laborative operation technologies to improve the intelli-
gence and adaptability.
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