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ABSTRACT. This paper addresses the formation control problem for multi-differential-
drive Automated Guided Vehicles (AGVs) incorporating obstacle avoidance via the Vec-
tor Field Histogram Plus (VFH+) algorithm. Specifically, leveraging the inherent char-
acteristics of embedded control technology, we propose a movel path planning method for
multi-differential-drive AGVs that demonstrates adaptability in dynamic environments,
ensuring both real-time obstacle avoidance and robust formation maintenance. The pro-
posed framework establishes global path planning through an indoor positioning system,
complemented by local path planning combined with VFH+ algorithm and artificial poten-
tial field method. For formation control, we adopt a leader-follower approach combined
with distributed sliding mode control, so that the multi-differential-drive AGV system can
realize formation maintenance, obstacle avoidance, and collision prevention simultane-
ously. Finally, the effectiveness of the proposed algorithm is validated through compre-
hensive case studies involving a three-AGYV formation performing obstacle avoidance.
Keywords: Multi-differential-drive AGVs, Leader-follower formation control, VFH+
algorithm, Obstacle avoidance, Collision avoidance

1. Introduction. Over the past two decades, coordinated control of multi-mobile robot
systems has emerged as a prominent research direction in the field of mobile robotics
[1, 2, 3]. Among various collaborative strategies, formation control, as the most funda-
mental cooperative mechanism, has garnered substantial attention from the researchers
[4]. However, with the increasing complexity of robotic tasks, the control objectives for
multi-mobile robot systems have expanded beyond maintaining basic system stability and
achieving formation adjustments. Contemporary research emphasizes safety aspects, in-
cluding inter-robot collision prevention, obstacle-aware path planning, and comprehensive
safety assurance. Consequently, the investigation of formation reconstruction, path plan-
ning, and obstacle avoidance mechanisms within the framework of multi-agent cooperation
theory has progressively evolved into a burgeoning research domain [5, 6, 7].

The primary objective of formation control is to design effective control mechanisms
that enable agents within a system to transition from initial states to a predefined con-
figuration, while maintaining this formation throughout task execution. The scope of for-
mation control research encompasses three fundamental aspects: formation generation,
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formation maintenance, and formation reconfiguration, each tailored to meet specific op-
erational requirements. Historically, multi-agent formation control predominantly relied
on centralized control architectures [8]; however, contemporary approaches have shifted
toward distributed control methods. These distributed methodologies encompass several
prominent strategies, including behavior-based approaches [9, 10], virtual structure meth-
ods [11], graph theory-based techniques [12, 13, 14], and leader-follower frameworks [15].
Among these, the graph theory-based method has gained prominence, which establishes a
connection between formation stability and graph properties by incorporating rigid graph
theory, resulting in both simplified analysis and increased flexibility. In this study, we em-
ploy a graph theory-based method to achieve triangular formation control. Nevertheless,
practical implementation of formation control in real-world scenarios presents substan-
tial challenges, particularly when multiple mobile robots encounter obstacles that disrupt
their planned formation paths. Consequently, a critical challenge in formation control
strategies lies in achieving coordinated obstacle avoidance while maintaining formation
integrity and ensuring successful navigation to target destinations. This dual requirement
of obstacle navigation and formation preservation has emerged as a significant research
focus in the development of robust formation control strategies.

Numerous scholars have conducted extensive investigations into the aforementioned
challenges, proposing various solutions. In [16], researchers developed a UAV obstacle
avoidance method based on the fusion of ultrasonic and infrared rangefinder data. How-
ever, the reliance on low-cost sensors presents significant signal processing challenges,
leading to suboptimal obstacle avoidance accuracy. Vargas et al. [17] tackled collision and
obstacle avoidance in multi-agent systems through the implementation of soft and hard
constraints within a distributed model predictive framework. A sampling-based trajecto-
ry planning approach for UAVs was introduced in [18], enabling real-time generation of
obstacle avoidance paths between UAVs and dynamic obstacles, requiring a local path
planning algorithm. Local path planning, commonly referred to as obstacle avoidance
algorithms, currently encompasses several prominent algorithms, including the A* algo-
rithm [19], ant colony optimization [20], artificial potential field methods [21], and Vector
Field Histogram (VFH)-based approaches [22, 23]. In [24], researchers employed an inte-
grated approach combining graph theory-based methods, leader-follower algorithms, and
artificial potential field techniques to address formation control and obstacle avoidance
challenges in complex environments. The study in [25] proposed a solution to inter-agent
collisions through continuous repulsive vector fields, while [26] implemented a forma-
tion strategy for collision and obstacle avoidance utilizing vector histograms. However,
as noted in [27], the implementation of these collaborative control methods in real-world
multi-mobile robot systems faces significant challenges due to constraints imposed by
robot encapsulation and existing controller, making it difficult to modify the controller
directly for task adaptation. Consequently, the practical applicability of these methods
in real-world scenarios remains questionable. Recent advancements in embedded control
technology have emerged as a promising solution to these implementation challenges.
28] introduced a plug-and-play functionality for formation control of agents using this
approach, while [27] built upon this work to address collision avoidance in multi-agent
systems. Meanwhile, the authors mentioned that compared to the research on consensus
problems addressed through embedded control technology [29], the related achievements
in the field of formation control are relatively scarce.

With the ongoing development of intelligent manufacturing, the material handling sec-
tor has rapidly developed, leading to the widespread adoption of Automated Guided
Vehicles (AGVs) in various material-intensive applications, including but not limited to
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component assembly, parcel sorting, and dock operations [30]. Building upon the afore-
mentioned research analysis, this paper investigates the formation collision avoidance
problem in multi-differential-drive AGV systems using embedded control technology. The
main contributions of this paper are summarized as follows.

1) A sliding mode control approach is developed for the kinematic model of AGVs,
enabling effective formation control of multi-differential-drive AGVs through the
integration of graph theory and distance constraint methods.

2) Compared with [27, 28], this paper implements the Vector Field Histogram Plus
(VFH+) algorithm [31] to facilitate obstacle avoidance between AGVs and obstacles
in complex environments. Furthermore, the repulsive field concept from artificial po-
tential field methods is incorporated to prevent inter-AGYV collisions during obstacle
avoidance maneuvers.

3) A comprehensive joint experimental platform is established to validate the stabil-
ity of the proposed control laws and demonstrate the effectiveness and practical
applicability of the developed algorithms through embedded control technology im-
plementation.

The remainder of this paper is structured as follows. Section 2 introduces the fun-
damental concepts of graph theory and establishes the necessary assumptions for AGV
system modeling. Section 3 develops the kinematic model of AGVs and presents the corre-
sponding control design. The theoretical framework and implementation of the formation
collision avoidance algorithm are detailed in Section 4. Section 5 demonstrates the sim-
ulation results and experimental validation. Finally, Section 6 concludes this paper by
summarizing the main contributions.

2. Preliminaries and Problem Statement. Consider a multi-agent system composed
of N agents. The communication topology graph between the agents can be represented
as ( = (P,e, A), where P = {p1,...,pn} denotes the set of nodes in the communication
topology graph (; e = {(,7)]i,j € P,i # j} represents the set of edges in the communi-
cation topology graph (, and A = [a;j|nxn denotes the adjacency matrix. If and only if
(pi,pj) € € holds, then a;; > 0, otherwise a;; = 0. Define N; = {j|(pi,p;) € €} to rep-
resent the neighboring nodes of node i. The degree matrix D = diag{dy,...,dy}, d; =
Z;'V:I, i @ij of the communication topology graph ¢. The Laplacian matrix L = [I;;]

NxN —
D — A of the communication topology graph ¢, where [;; = (;:107&’ E it If
— Wij,

there exists a node that can reach any other node via a directed path, then the directed
graph ( is said to have a spanning tree.

In the leader-follower multi-agent system, the communication topology graph ( =
(p, g, A) describes the communication situation between agents, where P = {pg,p1, ...,
pn } represents the set of all nodes, with py being the identifier of the leader and py, ..., px
being the identifiers of N followers. & C P x P represents the set of edges in the com-
munication topology graph (, and the communication topology among followers can be
represented by (. The communication matrix C' = diag {by, bo, ..., by} € RV*N between
the leader and followers indicates that b; = 1 means follower ¢ can receive messages from
the leader, while b; = 0 indicates that follower ¢ has no direct message exchange with the
leader.

To ensure the feasibility of subsequent modeling and the convenience of calculations,
while also improving control accuracy, the following assumption is necessary before de-
scribing the model [32].
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Assumption 2.1. Considering the model of the AGV used in this paper,

1) the hardware of the AGV is rigid, with special planar relationships that are strictly
symmetric, parallel, or perpendicular;

2) the surface on which the AGV operates is flat, allowing the vehicle to move only in
two-dimensional directions;

3) the wheels of the AGV maintain a tangent contact with the ground, rolling purely
without slipping;

4) the effects of various resistances in the operating environment on the motion of the
AGYV are ignored.

3. Kinematic Modeling and Control of AGVs.

3.1. Kinematic modeling of AGVs. When describing the pose of the i-th two-wheeled
driven AGV, it is necessary to establish two coordinate systems: one is the global coor-
dinate system (XOY), and the other is the local coordinate system (X,0,Y,), as shown
in Figure 1.

YA

F1GURE 1. Diagram of the motion of a multi-differential-drive AGV

During motion, the velocity of the AGV’s body at a certain moment of its centroid O,
can be expressed as V; = [v;,w;]T. In the control process, the mapping unit of the AGV
system can map the body velocities v; and angular velocity w; to the linear velocities v’ and
v} of the drive motors to control the movement of the vehicle. The mapping relationship
can be expressed as

;. Vitw; x2R
V= —
" 2
1
;. Ui—wp X 2R (1)
V= ——
! 2

In the two-dimensional global coordinate system, let P; = [z;,y;, 6;]7 be the pose vector
of the AGV. The kinematic model of the AGV can be expressed as

P = |U| = |sinf 0

T cost; 0 [
0, 0 1

} @)

i

Next, we establish the model for the pose error of the AGV, as shown in Figure 2.
The point O, represents the actual position of the centroid of the AGV, with its coordi-
nates in the global coordinate system as O,.(z;,y;) and the actual orientation as ;. Point
C' represents the corresponding desired position, with desired coordinates C'(z,,y,) and
desired orientation 6. The pose error is obtained by calculating the differences in coordi-
nates and angles between the two. By transforming the pose error coordinates to the local
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R 4
F1GURE 2. The model of the i-th AGV’s pose error

coordinate system X,0,Y,, the pose error of the AGV, including the error along the X,
axis €', the error along the Y, axis eiy, and the orientation error €}, can be expressed as

ei = (3;';: — {ﬂl) cos 6 + (y; - yl) sin 91
ey =0.—0,

Then, define ¢f, = [ef, el eg]T as the pose error vector of the AGV. The pose error of

the AGV can be expressed as follows:

e’ cosf; sin6;, O Tl —
ep=|e| = |—sind; cosb; 0| |yi—uw (4)
@é 0 0 1 g;; — 0,

At the same time, based on the kinematic differential equations, the pose error model
of the AGV can be derived as follows:

[ V). COS €y — V; + €,W;

TR Y i win of ol .

ép= |&,| = | wvisine; — ejw (5)
é wr — w;

3.2. Kinematic sliding mode controller design of AGVs. Sliding mode control is a
distinct nonlinear control method characterized by its control law, which switches based
on a real-time varying state feedback. This switching of output results is referred to as
a “variable structure” process, with the ultimate goal of driving the system to follow
predetermined requirements and dynamically approach the control target. The greatest
advantage of sliding mode control is its robustness against both uncertainties within
nonlinear systems and disturbances from the external environment [33]. Compared to
other nonlinear control algorithms, the design process is also easier to implement. The
formation path tracking system discussed in this paper is a typical nonlinear system; thus,
we employ the sliding mode control algorithm to design the control law, using the pose
error e during operation as the real-time feedback state, to output the AGV’s forward
velocity v; and angular velocity w;.

The switching function design for the i-th AGV path tracking sliding mode controller

is as follows:
st el
S5 ey + arctan (vﬁe;)
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Introduce a constant speed reaching law for the above equation:

gt —kysgn (s
I (7)
8 —kasgn (s3)
where k; and ks serve as two sliding mode switching functions, each corresponding to the
two control laws of the controller.

Based on Equations (2), (4)-(7), the control law for the AGV path tracking sliding
mode controller can be obtained as follows:

o e,w + vy cos e + kisgn (s)
1 v; . . o :
uf = = [WZ:| = w;+§:§ oL+ 38% (v;’ sin e},)JerSgn(szg) (8)
u [
2 Ja
1+6;’; el

Whereao‘-:L Do T
Ovl 14(vied)?? e}, T4+ (vied)?”

/Ul

—_ T

4. Formation Control Strategy with Collision and Obstacle Avoidance.

4.1. Formation control strategy. This paper utilizes a distance constraint mechanism
to ensure that the two AGV followers maintain fixed relative positions with respect to
the AGV leader, thereby achieving the formation goal. Then, the formation controller is
designed as

N
ul = ai;* (p; —pi — 1) (9)

j=1

where N = 2, p; represents the coordinates of the AGV leader as [z;,v;,0]", and p;
denotes the position coordinates of the AGV leader as [z;,y;,0]", log = [—72d, —7,d, 0]"
and l3; = [—7.d,y,d,0]".

To ensure that the multi-differential-drive AGVs can accomplish formation control
tasks, our experimental AGVs must possess accurate tracking of position, velocity, and
orientation. They should be able to follow predetermined trajectories and targets accu-
rately and stably in dynamic environments through control algorithms. Additionally, we
have designed a guidance module to calculate the desired position and expected yaw
angle for the AGV based on its current position and target position. In this way, the
robots gradually achieve the predetermined formation control tasks in real-world multi-
differential-drive AGVs, ultimately completing the desired formation shape accurately.
Throughout the process, the robots adjust their positions and orientations progressively
using effective control algorithms, ensuring that they maintain the required formation and
meet, the task requirements.

4.2. Collision avoidance strategy. To achieve collision avoidance between agents and
ensure the smooth completion of formation obstacle avoidance tasks, we need to incor-
porate appropriate collision avoidance algorithms into the control of individual AGVs.
Specifically, we utilize the artificial potential field method to establish a suitable potential
function, driving the AGVs to move along the negative gradient of the potential func-
tion until the control objectives are met. Each AGV is treated as a high potential field,
generating repulsive forces when the distance between two AGVs is either too small or
too large, thereby causing the AGVs to move apart or come closer, ultimately ensuring
collision avoidance.

As shown in Figure 3, a collision avoidance region is defined for each AGV based on the
artificial potential field method. When other AGVs enter this collision avoidance region,
a repulsive force function is triggered, causing AGVs at risk of collision to repel each
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FIGURE 3. Collision avoidance area of the AGV

other, achieving collision avoidance. Considering the rigid area and physical inertia of
the AGVs, let r;, represent the radius of the AGV’s rigid body and r,,; represent the
range of the repulsive force field. When the distance between AGV agents i and j satisfies
dij|| = lldi — d;]| < rowr and d; = \/2? + y2, agent j is defined as a collision avoidance
neighbor of agent ¢, denoted as j € N;. This can be defined as N/ = {j : ||di—d;|| < rout}-

Based on the artificial potential field method, we design a repulsive force function
A(]|di;|]) to ensure that when agent i enters the collision avoidance region of agent j,
it experiences a repulsive force, causing agent ¢ to move away from agent 7 and thereby
achieve collision avoidance between agents. The construction of the repulsive force function
is as follows:

e "

U, = a, * normalize(p; — p;)

@7 2rin S ||dzj|| S Tout

M) ={ ¢

where exp(k * ||d;;||) represents the exponential function with base e, k is the decay coef-
ficient and a, denotes the magnitude of the repulsive force. normalize(p; — p;) represents
the unit vector pointing from agent i to agent j, and ¢, indicates the repulsive force vector
acting on agent 1.

Then, the collision avoidance controller is designed as

(11)

others

i=1,j=1
uf = > agx A(|dy) (12)

N
In summary, the multi-differential-drive AGV system now has formation and collision
avoidance capabilities, so the input for the i-th AGV is
{ u; = uy + ug, 1 = leader

S - (13)
u; = uf +uf +u;, 1= otherwise

Remark 4.1. In (13), task commands are transmitted from the host computer to the
leader, who then conveys its information to the following AGVs with which it communi-
cates. Thus, the formation input u{ enables followers to acquire the leader’s information
to establish the formation, while u) ensures the kinematic stability of each AGV.

4.3. Obstacle avoidance strategy. Given that multi-differential-drive AGV systems

frequently encounter obstacles in dynamic environments, this paper adopts the VFH+
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algorithm as the local path planning algorithm. Compared with VFH, the VFH+ algo-
rithm incorporates the robot’s size and minimum safe distance into its model during the
iterative process, resulting in paths that are more stable and smoother. Consequently, the
trajectory obtained is superior to that of the original VFH algorithm [31]. The VFH+
algorithm uses a grid map to represent the Certainty Value (CV) of the presence of ob-
stacles. A high CV value indicates a greater likelihood of obstacles being present. The
size of the CV value ¢;; for each grid can be determined using empirical equations. The
specific implementation steps of the VFH+ obstacle avoidance algorithm are as follows.

Step 1: To program the AGV with a laser radar system for scanning information
about dynamic obstacles around it, the scanning area of 360 degrees will be divided
into n small sectors according to the radar resolution f (for example, n = 360/ f).
Each sector will be numbered from 0 degrees to 360 degrees (e.g., @); where [ < n
and [ € NT, with [ representing the sector number). For the obstacle information
detected by the laser radar, we will calculate the Euclidean distance d* from the
AGYV to the obstacle as follows:

d* = \/(xobs —2Aav)% + (Yobs — Yaav)?

and the angle a as

a = arctan (M) . a€l0,27]
Tobs — TAGV

Then, based on the angular orientation between the obstacle and the laser radar,
we can assign the obstacle to the corresponding small sector (e.g., [ = round(«/f),
where “round” indicates rounding to the nearest integer). This way, all obstacles can
be classified into their corresponding sectors. In dense environments where multiple
obstacles may exist in the same sector, the minimum distance d;;, to the closest
obstacle will be taken as the obstacle distance for that sector. Thus, the obstacle
distance for each sector can be represented as D; (where [ < n and [ € NT), that is,
Dy =djy,y, (I <n, l€NT).

Step 2: According to the vectorization formula of the VFH+ algorithm, the obstacle
intensity value m; for each sector can be calculated as follows:

m = c (a — bDlQ)

where m; represents the obstacle intensity value for the [-th sector. A larger my
indicates a greater danger from obstacles in that sector to the unmanned vehicle,
meaning the obstacles are closer to the vehicle. The constants ¢2, a, and b are defined
such that a = bD?

max*

Step 3: Feasibility sector analysis involves setting a threshold M to evaluate the
safety credibility of each sector. The credibility for passage through each sector can

be expressed as follows:
H - 0 %f m;y < M
1 ifm>M

where H; represents the passability of the [-th sector, with 0 indicating that it is safe
to pass and 1 indicating danger, meaning it is not safe to pass.

Step 4: After performing passability analysis on all sectors, it is necessary to op-
timize the feasible sectors to find the optimal obstacle avoidance direction ¢. This
requires a suitable cost function to evaluate these candidate directions 1J; and select
the avoidance direction ¢, expressed as follows:

0(19) = :u1|19 - ﬁg0a1| + :u2|19 - ﬁcurrent| + ,u?,|19 - ﬁ(t — 1)|
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where | —Ug0q1| represents the angle between the candidate direction and the AGV’s
goal direction; | — Jcurent| represents the angle between the candidate direction and
the AGV’s current motion direction; and | — ¥(t — 1)| represents the angle between
the candidate direction and the AGV’s previous motion direction. The coefficients
i1, p2 and p3 correspond to the respective weights. The direction with the minimum
cost value from C(¢) will be chosen as the obstacle avoidance direction.

5. Simulation Results. The effectiveness of the method is validated by adopting the
communication topology shown in Figure 4. Using graph theory to represent the commu-
nication between AGVs, the adjacency matrix A is given by

000
A=11 0 0
1 00
UDP { Follower AGV 2 )
£ UDP
A 4
Formation Upper Computer MAVROS Leader AGV 1 )
t UDP J UDP
Y
UDP [ Follower AGV 3 )

FIGURE 4. Communication status of the AGV

In the communication topology shown in Figure 4, the formation upper computer com-
municates with the leader using the MAVROS protocol. It publishes the formation task
to the leader and subscribes to the leader’s status for formation task management and sta-
tus monitoring. The leader continuously sends its position to the followers in real time as
the desired input for the formation control of master-slave multi-differential-drive AGVs.
The AGVs publish their position data to the followers, and the followers update their own
positions according to Equation (9), completing the real-time formation. Throughout the
entire formation process, the status of each AGV is sent via UDP to the ground station
for monitoring, ensuring the reliability of the formation algorithm results presented in
this paper.

5.1. Numerical example. To validate the effectiveness of the distance constraint mech-
anism and the VFH+ algorithm (as shown in Table 1) in formation-based obstacle avoid-
ance, the initial position vectors P; of the unmanned vehicles in Equation (2) are set as
Py =10,0,0T, P, = [-5,5,07, and Ps = [5,—5,0]7, where P, represents the leader and
the others are the followers. Table 2 shows the values of the parameters used in the VFH+
algorithm for obstacle avoidance strategy in Section 4.3, the wheel radius is 0.033 m, the
wheel track is 0.287 m, and the sliding mode control parameters are set as ky = ko = 2.
Numeral simulations have been conducted under the above initial conditions, as shown
in Figures 5-9. When an obstacle occurs, the AGVs can react promptly to avoid the obsta-
cle and restore the formation, as shown in Figure 5, showing that the formation obstacle
avoidance algorithm proposed in this paper is feasible. Figures 6 and 7 demonstrate the
distance changes between AGV1, AGV2, and AGV3 along the pre-planned path, espe-
cially when a single AGV encounters an obstacle. Eventually, these distances converge,
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TABLE 1. VFH+ control

Algorithm 1: Angles update algorithm of the AGVs formation control by integrating
artificial potential fields and VFH+ techniques
Step 1. Parameter presetting:

Laser radar resolution: f; b; c,; M.

Step 2. Initialization:
Initialize the positions of each AGV, z. =0, y. =0, 6. = 0.

Step 3. Implement formation control and obstacle avoidance functionality:
st.1 By scanning surrounding obstacles with a lidar, the following information

3 * _ 2 _ 2 — Yobs “YAGV
can be obtained d* = \/(fEObS Tagv)? + (Yobs — Yagv)?, @ = arctan (mobs—zAGv>’

a € [0, 27].
st.2  The obstacle intensity value m; for each sector can be calculated as m; =
c(a —bD?).

st.3  Conduct feasibility sector analysis H;.
st.4  Calculate the optimal avoidance angle using the cost function C'(9).
st.b  Convert « to the corresponding two-dimensional coordinates and calculate
the corresponding angular velocity, w; = 2 * sin(az), where ay = o — g, a3 =
atan2(sin(¥) — y., cos(¥) — z.).
Step 4. Iteration:
for i=2:w
st.1 Laser radar scanning,
st.2 if Hi(t) > M
end
else if
st.3 Repeat Step 3,
st.d w(t+1) =wi(t) +w(t).
end

TABLE 2. Relevant parameters of the VFH+ algorithm in numerical simulations

Parameters Values Description
f 1° Angular resolution
L 4m LIDAR measurement distance
dsafe 0.01 m AGYV safety distance
! 7 Target direction weight
Lo 2 Current direction weight
I3 2 Previous direction weight

indicating that the distance constraint mechanism effectively ensures the formation of the
formation and successfully coordinates the relative positions of the AGVs. This shows that
the proposed algorithm not only effectively handles obstacle avoidance but also maintains
formation stability in complex environments. Further validation is provided by Figures 8
and 9, which show the changes in the motion angle and speed of the AGVs, confirming
the system’s stability and responsiveness in dynamic environments.
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These experimental results fully validate the feasibility and effectiveness of the proposed
formation-based obstacle avoidance algorithm, demonstrating that it can achieve stable
operation of the formation control problem of AGVs in practical applications.
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FIGURE 9. The variation of motion speeds output by the VFH+ algorithm

5.2. Physical experiment. To further validate the effectiveness of the method proposed
in this paper, we have established the hardware platform for formation control of a multi-
differential-drive AGV, which mainly includes the XING.YING visual positioning system
from NOKOV, a ground station monitoring system, a data transmission system, and the
unmanned vehicle system (see PS laboratory images). The unmanned vehicle system em-
ploys a model-based system design approach and automatic code generation to deploy
the system model onto the hardware. The system model includes sensor data acquisition
modules, task management modules, navigation controller modules, motor control mod-
ules, ground station data monitoring modules, and distributed communication modules.
Reflective balls are installed on the unmanned vehicles, and the XING.YING software
reads the position information of the AGV unmanned vehicles during each iteration for
corresponding information exchange and target tasking. We still utilize the communica-
tion scenario from numerical simulations, conducting experiments on formation obstacle
avoidance and collision avoidance with three unmanned vehicles and a randomly posi-
tioned obstacle. The experimental parameters for the VFH+ algorithm are consistent
with those from the numerical simulation, and Table 3 shows the parameter values of the
collision avoidance algorithm in Section 4.2, while Table 4 provides the parameter settings
of the kinematic model (2) for the experimental autonomous vehicle, where the angular
velocity in (2) can be calculated using the minimum turning radius.
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TABLE 3. Collision avoidance algorithm parameter settings

Parameters Setting values

Tin 0.15 m
T out 1m
k —2

TABLE 4. AGV operating parameter settings

AGYV operating parameters Setting values
Operating speed 1 m/s
Minimum turning radius 0.1m

Figure 10 shows snapshots of the obstacle avoidance and collision avoidance experiment
with three-differential-drive AGVs. At the beginning of the formation, the AGVs are
positioned randomly. After the experiment starts, the AGVs begin to move and form
a formation, then follow a pre-defined trajectory (indicated by the red arrows in the
figure). During the process, real-time data regarding detected obstacles is continuous-
ly acquired, enabling the obstacle avoidance algorithm to dynamically recalculate and
optimize a local trajectory for the AGV, thereby ensuring effective navigation around
the obstruction. During the return trajectory to the starting point, the dynamically
optimized local path maintains the inter-vehicle distance within the predefined safe-
ty threshold r,,, thereby triggering the collision avoidance mechanism. This strategic
path planning ensures safe navigation and prevents potential collisions between the au-
tonomous vehicles, ultimately guiding them back to their initial positions while suc-
cessfully accomplishing the designated mission. To validate the proposed algorithm’s
efficacy, we conducted a comparative study consisting of two experimental scenarios:
obstacle-present and obstacle-free environments. The experimental results are available for

[ Original position O Formation based on position

F1GURE 10. Experimental procedure
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reference: obstacle scenario (https://youtu.be/V1_sEf27Wms) and obstacle-free scenario
(https:/ /youtu.be/CJ-AF _OjzdA).

Figure 11 presents the repulsive force profiles of the three AGVs during operation. No-
tably, AGV2 consistently maintained a repulsive force of 0 throughout the entire process,
demonstrating its ability to maintain safe distances from other vehicles. The positional
dynamics of the AGV system are illustrated in Figures 12 and 13, which respectively
depict the trajectory variations along the X and Y axes during the experimental period.
Furthermore, Figure 14 demonstrates the angular outputs generated by the VFH+ algo-
rithm, representing the necessary directional adjustments for successful obstacle avoidance
by the unmanned vehicles. The system exhibits remarkable performance in three critical
aspects: obstacle avoidance precision, path planning, and real-time operational respon-
siveness. These capabilities are particularly evident in complex environmental scenarios,
where the algorithm successfully addresses multiple navigational challenges.

AGV repulsion
o =1
(=2 (-

4
'

02

Time(s)

Ficure 11. Change of repulsive force
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F1GURE 12. Position changes of each AGV in the X direction

Based on these findings, it can be concluded that the proposed algorithm demonstrates
significant application potential and substantial practical value for autonomous vehicle
navigation systems.

6. Conclusions. This paper presents a novel distributed sliding mode control strate-
gy for multi-differential-drive AGVs, specifically designed to address formation control
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F1cURE 13. Position changes of each AGV in the Y direction
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FiGUurE 14. Output of the VFH+ algorithm

challenges in complex environments through integrated obstacle avoidance and collision
prevention mechanisms. The proposed methodology encompasses three key components:
1) development of a sliding mode controller tailored for the kinematic model of AGVs,
2) implementation of formation shape control via distance-based constraints, and 3) in-
tegration of the VFH+ and artificial potential field algorithm for obstacle avoidance and
collision prevention. Numerical simulations validate the algorithm’s logic and stability,
while experimental results on a multi-agent platform demonstrate the system’s capabili-
ty of maintaining leader-follower formations and executing obstacle avoidance with three
AGVs. Future work will focus on developing more practical formation obstacle avoidance
algorithms for enhanced robustness in complex environments.
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