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The formation of multiple mobile robots suffers from unsmooth formation trajectory tracking and large
formation control errors. A three closed-loop sliding mode formation control method was proposed to
solve these problems, which achieved stable three closed-loop control systems from both linear and
angular velocity directions. Meanwhile, fuzzy theory was introduced to design a fuzzy sliding mode
control model for multiple mobile robots, which made the gain switching smoother, and the problems
of unsmooth and interference were solved in trajectory tracking. The results showed that the linear
velocity fluctuation of the research designed model was controlled within 5 seconds, and the angular
velocity fluctuation was controlled within 1 second. The overall mean value of position control
indicators was 17.08, which was smaller than the comparison model. The average value of the
comprehensive control index of position and speed was 2.8, which was smaller than the comparison
model. The model designed in this research had higher control accuracy and more stable control
effects, ensuring the efficient and high-quality execution of tasks by robots. This research provides a
technical basis for the formation motion control of multiple mobile robots.

Povzetek: Raziskava izboljsuje formacijsko kontroliranje mobilnih robotov s trojno zaprto zanko in
uvajanjem mehke logike za gladko preklapljanje ojacitve.

1 Introduction

With the development of modern technology, automated
robots begin to occupy an important position in extreme
conditions, large-scale labor, and even military operations
assistance. Due to the complexity of the task content, a
single-robot cannot efficiently complete tasks, so multiple
mobile robot formation and collaborative work becomes a
main method. Multiple mobile collaboration has obvious
advantages over single-robot operations, such as the
ability to complete more complex positioning tasks
through collaborative operations, decompose tasks, and
improve work efficiency. Meanwhile, multiple mobile
collaboration can flexibly process tasks, and improve job
fault tolerance [1-3]. However, in the current robot
collaborative formation operations, it is easy to encounter
problems such as insufficient control accuracy, low
adaptive ability, and inefficient adjustment. How to
efficiently and reasonably coordinate task allocation and
formation marching is a challenging issue, especially
when multiple robots can complete a task with only the
difference of the path length and time. In a positional
environment, the robot's judgment of its task execution
ability is not only based on its own functional judgment,
but also depends on the robot's perception of the external
environment and self-positioning in the environment
[4-6]. In the presence of multiple robots, sensors are
needed to jointly locate robots, thereby laying the
foundation for formation control and collaborative

operations. However, the external real-time environment
is often in a dynamically changing environment. The
formation motion of multiple mobile robots is likely to be
strongly interfered with by the outside world, greatly
increasing the difficulty of robot motion control [7-9].
Therefore, the automation technologies are needed to
help robots achieve accurate trajectory tracking based on
robot motion status, thereby completing high-precision
formation of multiple mobile robots. To this end, a three
closed-loop sliding mode formation control method based
on fuzzy mathematics was proposed in this study, which
smoothed the switching gain by designing fuzzy rules. In
practical environments, this control method can
significantly reduce the jitter problem of sliding mode
control and improve the stability of robot formations.
Therefore, this method can be applied in areas such as
heavy object handling, military operation assistance, post
disaster search and rescue, and automated chemical plants.
The research provides theoretical guidance for the
theoretical research and hardware development of
multiple mobile robot formation control. This paper also
lays a good foundation for the mutual cooperation
between robots to achieve navigation, positioning, and
obstacle avoidance.

2 Related works

In recent years, research on robot formation is
continuously enriched. Liu et al. proposed a bilateral
consistent robot formation control protocol for complex
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agent systems. This technology extended the third-order
bilateral protocol to achieve bilateral consistency in
higher-order states. Meanwhile, the asymptotic stability
of this system was achieved by adjusting the gain
parameters of the system. At the same time, the essential
relationship between each state variable and the gauge
transformation in the system was analyzed. Research
results showed that this technology achieve effective
control in multiple robot formation [10]. Khalaji and
Zahedifar proposed a nonlinear dynamic model for
autonomous underwater robots and designed a formation
motion algorithm for underwater robots based on the
model. This algorithm was more robust than traditional
algorithms, which achieved efficient utilization of
resources under limited resource conditions. The research
results showed that the model arranged different
formations and motion paths for underwater robots,
which was effective [11]. Dai et al. proposed a
constrained multiple robot formation system based on
uncertain dynamic models. The formation system
achieved time-varying robot formation tracking from
both relative distance and relative azimuth through visual
technology. A recursive adaptive technique was proposed
to solve the constraint problem, which converged the
formation to a small area near the origin under limited
time constraints. The research results showed that this
model effectively achieved formation control [12]. Kamel
et al. analyzed the formation control and coordination
strategy for unmanned vehicles. First, the formation
control for two different situations of ground unmanned
vehicles, namely, normal and fault conditions, was
defined and analyzed. Then the cooperative control of
fault tolerance for vehicles with faults was analyzed [5].
Hu et al. conducted research on cooperative control and
developed a coordination framework with unified
clustering for robots. The framework was divided into
two main levels, namely, the leadership and the follower.
The model clustered and scheduled robots based on the
spatial location and priority of robot targets. The research
results showed that the model designed in the study was
formed around the target point in accordance with the
requirements [13].

On the other hand, the research on fuzzy sliding
mode control has also increased. Qu et al. applied fuzzy
sliding mode control to wireless sensor networks of the
Internet of Things. Meanwhile, a new congestion control
algorithm was proposed for wireless sensor networks.
The algorithm combined fuzzy control with sliding mode
control, so that the controller adjusted the buffer queue
length adaptively. The research results showed that this
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model converged quickly and had lower packet loss rate
and latency [14]. Fei et al. proposed a micro-gyroscope
control method based on adaptive fractional sliding mode
control, which used a double-recursive network structure
to calculate the disturbance generated by the system. At
the same time, a fractional order term was added to the
sliding mode surface to allocate additional degrees of
freedom. An adaptive law that automatically updated free
parameters was also designed. The research results
showed that the model designed in the study had higher
accuracy and stronger instantaneous response ability [15].
Li et al. analyzed the trajectory tracking control of the
four-wheel legged robot, researched and designed a
horizontal line control technology for the wheel legged
robot. The fuzzy sliding mode control was used to control
the slip angle and yaw angle of robots. Meanwhile, the
simulation analysis was conducted by mobile robot
control experiments. The research structure showed that
the technology had high stability and trajectory tracking
accuracy [16]. Teng et al. designed a control scheme for
the upper limb exoskeleton of the wheelchair, which
combined the proportional differential equation with
sliding mode control. This control scheme solved the
dynamic uncertainty in the human exoskeleton control.
The sliding mode control was divided into equivalent and
switching controls. PD controller was used in the
equivalent part, while fuzzy logic control was used in the
switching control part. The research results showed that
this method was very effective [17]. Cao et al. designed a
sliding mode controller to detect relevant events. The
controller used additional internal control variables to
achieve adaptive adjustment of event trigger conditions
and relax the reachability conditions and stability
conditions of the model. At the same time, the minimum
power was optimized through the internal dynamic
variable coefficient control of high-dimensional grid. The
research results showed that this method performed better
in simulation experiments [18]. From recent research,
robot formation control accuracy is an important concern,
and robot formation requires the high adaptability and
control stability of the system. However, the current robot
formation control accuracy method still cannot improve
the uneven trajectory tracking, which only controls the
linear speed, ignoring the control of angular speed. The
fuzzy sliding mode control meets the adaptability and
stability at the same time, so the research applied the
fuzzy Sliding mode control to the robot formation control
technology, providing a new idea for related fields. The
literature summary of the related works is shown in Table
1.

Table 1: Summary of the literature

Author Method Contribute
. . . Expanded the third-order bilateral
Liu et al. [10] Bilateral consistent robot formation control protocol to achieve bilateral

Khalaji and Zahedifar [11]

protocol for hybrid agent systems

Nonlinear dynamic model

consistency in high-order states
Effectively utilized resources under
limited resource conditions, and




Formation Control Algorithm for Multiple Mobile Robots...

Informatica 48 (2024) 51-64 53

Dai et al. [12]

Kamel et al. [5]

Hu et al. [13]

Quetal. [14]

Fei etal. [15]

Lietal. [16]

Teng etal. [17]

Caoetal. [18]

Constrained multiple robot formation
system based on uncertain dynamic model

Formation control and coordination strategy
of unmanned aerial vehicles

A coordinated framework for unified
clustering of robots

Congestion control algorithm for wireless
sensor networks based on fuzzy sliding
mode control

Control method of micro-gyroscope based
on adaptive fractional sliding mode control

Horizontal line control technology of
wheeled foot robot based on fuzzy sliding
mode control
A control scheme for upper limb
exoskeleton combining proportional
differential equation and sliding mode
control

Sliding mode controller

arranged different formations and
motion paths for underwater robots
Implemented time-varying robot
formation tracking in terms of
relative distance and relative azimuth
Defined and analyzed formation
control of ground unmanned aerial
vehicles under two different
scenarios: normal and faulty
Capable of clustering and scheduling
robots based on their spatial location
and priority
Combined the fuzzy control and
sliding mode control, enabling the
controller to adaptively adjust the
buffer queue length
Enhanced the accuracy and
instantaneous response capability of
the gyroscope

Improved control stability and
trajectory tracking accuracy

Solved the dynamic uncertainty
problem in human exoskeleton
control

Adaptive adjustment of event
triggering conditions using additional
internal control variables

3 Multiple mobile robots formation
control based on fuzzy

mathematics

3.1 Multiple mobile robots formation and
three closed-loop sliding mode formation

control

The multiple robot formations are a prerequisite for

accurately and quickly moves to its own target point to
complete the formation of the formation, can the robot
complete the established tasks based on the initial

formation. This paper proposes a target point allocation
algorithm using auction mechanism regarding to the

issues faced by cu
such as complex

rrent target point allocation algorithms
computation, large path consumption,

and low efficiency. The target point allocation algorithm

flow is shown in F
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The number of robots participating in the formation
is set as 1, and the target number of points is |,
1<j=12,---,n, ne N*. The initial position point
coordinates of the robot is recorded as (Xio, Yio)- The
target point position coordinates is recorded as

Xim+ Yjm ) - The distance | is calculated from the
initial position to each target point. Equation (1) means
that the connection between the points does not pass
through an obstacle.

Iij :\/(ij _Xi0)2 +(yjm - yio)2 @

When the connecting line between the initial
position point and each target point passes through an
obstacle, the turning path of robot is set as a semicircular
arc, and the impact radius of the obstacle is I'. The
calculation of the path length is as shown in Equation (2).

1, :\/(xjm —xio)2 +(yjrn - yio)2 —2r+7r(2)

The path length set of each robot to the target point
is L :{Ilil,liz,'--,lij?. A path element is randomly
selected from each path set Lij without repetition to
form multiple assignment matrices C, Kk = {1, 2,---,n} :
The corresponding target point positions of the selected
path elements do not coincide. The F norm ||Ak||F of
each allocation matrix A, is solved and arranged from
smallest to largest. The matrix corresponding to the
minimum F norm is the shortest matrix of the total
path to the target point. This matrix is selected as the
optimal target point assignment matrix for the current
prediction, and the collision between robots in the current
optimal prediction matrix is judged. According to the
selected shortest path matrix, the real-time coordinate
equations of the motion trajectory during the formation
initialization process of each robot are listed as shown in

YA
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Equation (3).
Xy, = Vt|cos 6|+ X,
Yy =Vt[sin G|+ v,
: 3)
X, = Vt|cos G|+ X,
Yy =Vt[sin 6|+ y;

In Equation (3), the position coordinate of robot i
at moment t is (Xit’yitS' 6. represents the included
angle between the line from the initial coordinate point of
| to its corresponding target point and the positive
direction of the coordinate system X axis. V
represents the constant running speed of the robot. Two of
the equation sets are selected in Equation (3) in the order
of arrangement and combination to form a new equation
set. t is then calculated. It is determined whether the
two machines corresponding to the new set of equations
will collide in the path based on the obtained result. If
there is no time t in all new equations that can make the
equations hold, then there will be no collisions between
all the robots. At this time, the selected matrix is the final
target point allocation matrix, and the target point
allocation for robot formation initialization is completed.
If there isa 1 that holds the equation set, collisions will
occur between robots. It is necessary to discard the
previously selected matrix and select the formation
matrix corresponding to the next norm according to the
order of data size as the new optimal prediction matrix.
Then the corresponding equation set is listed to determine
whether there is a collision between robots and humans
until the robot target point allocation is completed.

The kinematics model is established with the

laboratory wheeled robot as a reference, as shown in
Figure 2.

Figure 2: Kinematic model



Formation Control Algorithm for Multiple Mobile Robots...

In Figure 2, C represents the geometric center of
the axis connecting the two wheels of the robot. 2b
represents the wheels distance. I' represents the wheels

radius. M is the mass center of robot. 6. is the

heading angle of the robot. W, is the wheels angular

velocity. V; is the wheels linear velocity. d is the

distance between the center of mass and the geometric
center. According to the kinematics model, the kinematics
equation of the robot under the condition of external
interference is calculated as Equation (4).
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X cosd dsing, y
y, |=|sing —dcos@ {V\i/}rDi@)
0 0 1 i

In Equation (4), D, is the unknown disturbance,

T
and Di=[DXDyDg] . Aiming at the excessive

dependence on navigators of following robots, the virtual
navigator method is used to optimize the formation of
multiple wheeled mobile robots. It is assumed that all the
| robots participating in the formation are followers,

i=12,---,n. N is the total number of robots in the

formation. A point is taken on the geometry that will form
a fixed formation as a reference point, which is the virtual
navigator of each robot, as shown in Figure 3.

YA
Vy4 3
<—>
Yd Vlrlual
i xwd leader
Ay
"l /
Follower
0 Xi Xg ;
Figure 3: Virtual leader model

Assuming that the reference positions of a given

virtual navigator are qy = [Xid Yy, ]T ’

u, = [vidv\/id ]T . The position of the following robot can

be obtained from the virtual navigator model as
T T . .

q :[xiyigi] .U, :[viwi] . The relative position

between the following robot and the virtual navigator is
as shown in Equation (5).

.
Re = [ Pyia Pyid Poia Puig Puia :I ®)

T - -
Hig = [/uxid/uyid /ueid:uvid/uwid:' is defined as the

reference ideal value of the relative position, and the
relative error variance is shown in Equation (6).

€4 =By — #4y (6)

The design goal is a control rate that
Py — 44 — 0, enabling the tracking robot to quickly
and accurately track the navigator. The three closed-loop
control is realized for the wheeled robot’s position
subsystem and linear and angular speed subsystem by
designing the linear speed control rate, position control
rate, and attitude control rate. Meanwhile, this control is
realized by constructing the corresponding position
subsystem controller, linear speed subsystem controller,
and angular speed subsystem controller. The control
principle is shown in Figure 4.
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Figure 4: Three closed-loop control principle

Linear and angular velocities are controlled
variables. The position (X, y,¢9) and velocities V and
W  of the robot are output. According to the two
components of the linear velocity and the relative
position, the linear velocity is given, thus the heading
angle and the actual linear velocity are obtained. At the
same time, the actual position of the robot is deduced
according to the kinematics equation. In this system, the
angle and angular speed control is set as the inner loop,
the linear speed control is set as the middle loop, and the
position coordinate adjustment is set as the outer loop.
The convergence speed is set to be greater in the inner
loop than in the middle loop and greater in the middle
loop than in the outer loop to ensure the stability of the
three closed-loop control.

3.2 Fuzzy sliding mode formation control
optimization for multiple mobile robots

The classical sliding mode controller is robust to model
uncertainty and external disturbances, and the switching
function can ensure the asymptotic stability of the system.
But this function also causes the system jitter, resulting in
an unsmooth tracking curve. One way to solve the system

y A

jitter is to insert a saturation function in the boundary
layer near the sliding surface. However, this method will
affect the stability of the closed-loop system. The
combination of fuzzy system and sliding mode controller
can solve this problem. Fuzzy rules can make the fuzzy
system approach any continuous function. The fuzzy
system needs a large number of fuzzy rules to approach
the time-varying nonlinear system, which leads to an
increase in the amount of computation and slows down
the response speed of the system. The fuzzy adaptive law
is added to the sliding mode controller. The parameters of
the fuzzy rule are adjusted online to ensure proper
calculation, which can slow down the system jitter and
accelerate its response. The laboratory wheeled robot
used in the study mainly consists of two rear wheels and a
front wheel, with the rear wheel responsible for driving
and the front wheel responsible for balancing the system
and controlling steering. The input control signals of the
control system act on the left and right wheels,
respectively. Assuming that the range of motion of the
robot is within an ideal plane, its dynamic model is
shown in Figure 5.

Turning
direction

>
X

Figure 5: Dynamic model of mobile robot
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A dynamic analysis on Figure 5 is performed to
obtain Equation (7).

JIB =M ro M| )
Ma=F —F
In Equation (7), J is the rotational inertia of the
robot rotating around the central axis. M represents the
mass of the robot. S and @ represent angular
acceleration and linear acceleration. F and F
represent the forces exerted on the left and right wheels.
M, and M, represent the torque. A balance analysis
is performed on the torque of the two wheels of the robot
to obtain a dynamic characteristic formula as shown in
Equation (8).

ku, —rF, +d, = 34 + w6,
ku, —rF. +d =36 + w0,

In Equation (8), 6, and 6. are the rotation
angles of the left and right wheels. J represents the
rotational inertia of the robot wheel. @ represents the
viscous damping coefficient. k and I are the
amplification factor and wheel radius. U, and U,
represent the input torque of the left and right wheels.
d, and d, represent the disturbance torque of the left
and right wheels of the robot, respectively. The simplified
kinematics equation of the mobile robot system can be
obtained by combining Equations (7) and (8) as shown in
Equation (9).

®)

X cosd 0 y
y|=|sing O{i} )
; W,
0 0o 1|-"

Each robot maintains a certain distance and angle
with the virtual navigator to achieve formation by using
virtual navigation robots as reference points. According
to the relative motion model of the virtual navigation
robot and the following robot, it is assumed that the

positions of _the virtual naviggtion robot are
o} :Lxd Y,0] and u, =[v,w,] . The positions of
the following robot ~are @ = [bxi y6] and
u; :Jviwi] , and the relative position between the two
is =L Pyia Pyia pﬂid} From this, the relative
position formula betweén the two is shown in Equation
(10).

Pyi AXc0s @ +Aysin@
Ps =| Pyia |=| AyCOSE, +Axsin | (10)
Poia 0y =0
The input and output quantities and control
objectives are determined to more intuitively characterize

the control system, and the control system dynamics state
equation is obtained as shown in Equation (11).

Informatica 48 (2024) 51-64 57

p="f(p.p)+B(p)u+C(p)d(t)+D (1)
In Equation (11), P represents the output of the
relative position. U represents control input. d (t)

represents unknown disturbance. If

T - - -
o, = [indayidagid] is defined as the ideal value of

the relative position, the tracking error is €= P,; —0;4 ,

and the second derivative is calculated to obtain Equation
(12).

e= f’id _OA-id (12)

The formation task of the robot is completed by
designing a control rate to maintain a certain distance and
angle between the following robot and the virtual
navigation robot. It is ensured that the robot does not
shake during the movement process, and the stable
operation of the formation is maintained with a certain
control accuracy. The switching function is set for the
fuzzy sliding mode controller design in Equation (13).

s=Ce+¢, C
:dg[cllcz,...,cn]

Equation (13) is derived to obtain Equation (14).

(13)

§=Ce+€=Ce+p,—Gy (19

According to Equations (13) and (14), the sliding

mode control rate can be obtained as shown in Equation
(15).

1n=35,4—Cé— Py +B(p)u+esgn(s)+s(15)

In Equation (15), the sliding mode control rate is
n= B( pP)u and & represent switching gain. For the
control system jitter caused by switching gain, it is
necessary to set the switching gain to a variable amount
and be able to offset the impact of various uncertain
factors such as external interference. The value (t) of
switching gain & that varies with time t is achieved
through fuzzy rules, and the control rate is obtained by
replacing € with q(t) as shown in Equation (16).
1n=364,—-Cé—f(p,p)-C(p)d(t)-D+a(t)sgn(s)+s(16)

After proving the stability, the structure of the uzzy
sliding mode control system can be obtained as shown in

Figure 6.
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Figure 6: Fuzzy sliding mode control system structure

4 Multiple mobile robots formation

control effect
Experimental analysis was conducted on the performance
of the fuzzy sliding mode formation control algorithm to
verify the effectiveness of this control algorithm.
Assuming that the number of robots participating in the
formation was 3, the system control parameters M was

taken as 20 kg, ] as0.162 kg-m? and J as 0.1 kg-m2.

In addition, | was takenas 0.27 m, I as0.1m, Kk =1,
and C€=0.01. It was assumed that the linear velocity of
the robot was 1 m/s, the angular velocity was 0.6 rad/s,

and the input disturbances were
20 T T T T T T T T L
fl

18}

_ AN
16 ‘a
14 ¢
12t f1

107 AN
gt 3
6 P il
2

AT f3
2t f2 3
0 1 1 1

10 12 14 16 18 20
x/m
(a) Rectilinear trajectory of triangular formation

d, =sin(t)+cos(t N/m,
d, =sin(t)—cos(t) N/m, and C=[10,10,10] .
The radius of influence of obstacles was 0.04 m, and the
length of the allocation path corresponding to each target
point allocation matrix was 28.2035 m. The longest path
between the robot and the target point was 10.6301 m,
and the initialization time was 5.3150 s. In addition, due
to the order of magnitude of the control error was small,
t-test was used to verify whether the control error of
different algorithms is significantly different. The
simulation control effect of the research model is shown
in Figure 7.

30 T T T T T T T T T

251

20

151
S

=

210}

i ©

10 15 20 25 30 35 40 45 50
xim
(b) Triangular formation curve trajectory

0 5

Figure 7: Movement trajectory of triangular formation

Figure 7(a) shows the formation movement in a
linear trajectory, while Figure 7(b) shows the same in a
curved trajectory. The f1, f2, and f3 in the figure
represent three different detection points. The formation
motion of robots was effectively detected by detecting the
three endpoints. From the formation and movement of
multiple mobile robots under linear trajectory, the
research model-controlled robots to form a smooth
movement trajectory. At the same time, no robots fell
behind during the movement process, and the formation
was maintained in good condition. From the formation
and movement of multiple mobile robots under curved
trajectories, the model designed in the study-controlled

robots to form a smooth curvilinear motion trajectory.
Even when the motion trajectory intersected with each
other, the mobile robots still completed the formation and
maintained the formation intact during movement without
the phenomenon of robots falling behind. In this study,
Fast Adaptive Gain Nonsingular Terminal Sliding Mode
Control (FAGNTSMC) was selected as the main
comparison algorithm, which was recorded as F
algorithm. These algorithms were compared from two
aspects of speed tracking error and position tracking error.
The speed tracking error curve of the model designed in
the study is shown in Figure 8.
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Figure 8: The speed tracking error curve study of the design model

Figure 8(a) shows the average linear velocity
tracking error, and Figure 8(b) shows the average angular
velocity tracking error. From the average error curve of
linear velocity tracking, the linear velocity tracking curve
of the formation of multiple mobile robots quickly
entered a smooth state after a brief fluctuation under the
control of the research model over time. The fluctuation
range was between 0 s and 5 s, and after 5 s, it was a
smooth range. At the same time, within the fluctuation
range of 0 s to 5 s, the longitudinal fluctuation amplitude
of the speed tracking curve was also very small, showing
a small and dense fluctuation state. The model designed
in the study overcame the jitter problem, achieved smooth

operation in a very short time, and maintained high
accuracy and stability in operation. From the average
error curve, the angular velocity tracking curve of a
multiple mobile robot formation quickly entered a smooth
state after a sudden descent over time under the control of
the designed model with a sudden decent interval of 0 s to
1 s, and a smooth interval after 1 s. Among them, 1 s was
the time to start adjusting the angular velocity. The
designed model achieved high accuracy and stable
operation in angular velocity control, which quickly
reached a stable operation state. The speed tracking error
curve of the F algorithm is shown in Figure 9.
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Figure 9: Speed tracking error curve of F-algorithm

Figure 9(a) shows the average linear velocity
tracking error, and Figure 9(b) shows the average angular
velocity tracking error. There was a magnitude difference
in the control effect between the F algorithm and the
research model. The research model controlled the offline
speed fluctuation between 0 m/s and 1 m/s, and the
angular speed fluctuation between 0 rad/s and 2 rad/s.

The F algorithm controlled the offline speed fluctuation
between 0 m/s and 10 m/s, and the angular speed
fluctuation between 0 rad/s and 10 rad/s. The research
model had significant performance advantages in the
smooth operation control of multiple mobile robot
formation. The position tracking errors are shown in
Table 2.

Table 2: Position tracking error

. Detection the Algorithm of This Comparison Algorithm (F
Target Unit . .
Point Research algorithm)

fl 4.5* 46.0*

f2 4.4* 37.0*
Avex 10%m

f3 4.8* 47.0*

f 4.6* 43.3*

fl 3.4 3.7

f2 3.1 25
Avey 10%m

f3 1.8 3.4

f 2.8 3.2

fl 1.4* 302.0*

f2 2.1* 243.0*

Avetheta 10 rad

f3 1.5* 322.0*

f 1.7* 289.0*
Avec 10 m/rad f 17.08* 98.58*

Note: * indicates that P<0.05.
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In Table 2, Avex is the absolute average position
deviation of x, Avey is the absolute average position
deviation of y, Avetheta is the absolute average position
deviation of the heading angle, and Avec represents the
cheap average value. On Avex, the indicator values of the
research model at detection points f1, f2, and f3 and the
average detection value f were 4.5, 4.4, 4.8, and 4.6. The
index values of the F algorithm were 46.0, 37.0, 47.0, and
43.3. There was an order of magnitude difference in the
offset value. On Avey, the indicator values of the
research design model at the detection points f1, f2, and
f3 and the average detection value f were 3.4, 3.1, 1.8,
and 2.8. The index values for the F algorithm were 3.7,
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2.5, 3.4, and 3.2. Although the gap was not significant,
the research model had more advantages. On Avetheta,
the index values of the research model at the detection
points f1, f2, and f3 and the average detection value f
were 1.4, 2.1, 1.5, and 1.7. The index values of the F
algorithm were 302.0, 243.0, 322.0, and 289.0. There was
an order of magnitude difference in the offset value. On
Avec, the index value of the research model was 17.08,
and the index value of the F algorithm was 98.58. Overall,
the research model had better performance in position
shift control. From a comprehensive perspective, the
speed error comparison of the two methods is shown in
Figure 10.
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Figure 10: Velocity error of two algorithms

In Figure 10, on Avev, the index values of the
research design model at f1, 2, f3, and f were 4.7, 4.6,
5.0, and 4.76. The F1 algorithms were 5.1, 3.6, 2.8, and
3.83. On Avew, the index values of the research model at
f1, f2, f3, and f were 3.4, 3.2, 1.8, and 2.8. The index
values of the F1 algorithm were 53, 92, 81, and 75.4. On

Avec, the indicator value for the research model was 25.2.

The F1 algorithm was 56.8. Overall, the model designed

50 - 46.70 47.60
O Avex(10-4m) — Fota]
O Avey(10-4m)
40 - @ Avev(10-4m)
0O Avew(10-4m)
30
3
S
20
10 -
3.87 3.67 3.10 3.26 2.83 2.80
o L EIFEmER e SHS)
i Ours
Algorithm

(a) Comparison of speed control effects

in the study was slightly inferior in online speed control,
mainly appearing at the f2 point. The angular speed
control effect had an order of magnitude advantage, and
the overall control effect was significantly superior to the
F algorithm. The control effect of the research mode was
better. The comprehensive control effect of speed and
position is shown in Figure 11.
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Figure 11: Comprehensive control effect of speed and position

In Figure 11, the number of Avey indicators in the
research model was 2.83, the number of Aveheta
indicators was 1.73, and the number of Avew indicators

was 2.8, which were significantly higher than those of the
F algorithm. At the same time, the number of Avec
indicators was 2.8, and the F algorithm was 3.26. Based
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on the comprehensive evaluation, the performance of the
research model was better, which made multiple robot
formation control more accurate and stable. The

B. Fan

performance of the proposed algorithm in the real
environment is shown in Table 3.

Table 3: Control results in the actual environment

Control accuracy

Target Unit Detection The algorithm of Comparison algorithm The Comparison
arge ni ; i
J point this research (F algorithm) algorithm  algorithm
of this (F
research algorithm)
fl 4.7* 47.2* 6.8 5.2
f2 4.1* 36.0* 0.5 13
Avex 103 m
f3 4.3* 48.1* 0.1 0.1
f 4.4% 42.9* 0.2 0.8
fl 2.9 3.8 9.5* 14.4*
f2 2.8 2.2 8.9* 13.3*
Avey 10%*m
3 1.5 3.3 7.4 11.6
f 2.6 2.9 8.8 10.7
fl 1.3* 302.6* 10.3* 15.6*
f2 1.9* 242.3* 9.7* 13.8*
Avetheta 10*rad
3 1.5* 321.2* 11.2 131
f 1.5* 289.5* 10.1* 14.2*
Avec 10 m/rad f 16.52* 99.01* 19.5* 24.3*

Note: * indicates that P<0.05.

According to Table 3, on Avex, the indicator values
and the average detection value f of the research model at
detection points f1, f2, and f3 were 4.7, 4.1, 4.3, and 4.4,
respectively. The indicator values of the F algorithm were
47.2, 36.0, 48.1, and 42.9, respectively. There was an
order of magnitude difference in the offset value. On
Avey, the indicator values and the average detection
value f of the research model at detection points f1, f2,
and f3 were 2.9, 2.9, 1.5, and 2.6, respectively. The
indicator values of the F algorithm were 3.8, 2.2, 3.3, and
2.9, respectively. Although the gap was not significant,
the research model had more advantages. On Avetheta,
there was an order of magnitude difference in the offset
values between the research model and the F algorithm.
On Avec, the indicator value for the research model was
16.52, while the indicator value for the F algorithm was
99.01. In terms of the control accuracy, the research
algorithm improved by more than 10% compared to the
comparative algorithm. Overall, the research model had
better performance in position offset control.

5 Discussion

With the development of robotics technology, the
formation control of multiple mobile robots has received
much attention in recent years. At the same time, scholars
have conducted much research on the poor accuracy of
traditional control methods. This article also studied the
problem and proposed a three closed-loop sliding mode

formation control method. The proposed method had
better control stability and accuracy compared to the
control methods in references [10] and [11]. This is
because fuzzy theory are introduced and a fuzzy sliding
mode control model is designed for multiple mobile
robots, which makes the gain switching smoother and
solves the unevenness and interference in track tracking.
The proposed control method had better control
performance compared to the control methods in
references [12] and [13]. This is because the three
closed-loop sliding mode formation control method can
achieve stable three closed-loop control systems from
both linear and angular velocities. As a result, the three
closed-loop sliding mode control method has better
control effect, control accuracy, and control stability.

6 Conclusion

A three closed-loop sliding mode formation control
strategy was studied and designed to address the
unsmooth formation trajectory tracking and large
formation control errors in multiple mobile robot
formations, achieving stable three closed-loop speed
control. Thus, a fuzzy sliding mode control model was
designed for unsmooth position control. The results
showed that this model controlled the formation of
multiple mobile robots to form a smooth motion
trajectory. The linear speed control of the model entered a
stable state after 5 seconds, and the angular speed control
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entered a stable state after 1 second. The model achieved
rapid and highly stable speed control. In terms of location
control, the average value of the model on the Avex index
was 4.6, the average value on the Avey index was 2.8, the
average value on the Avetheta index was 1.7, and the
average value on the overall index was 17.08. The values
of all error indicators were lower than the comparison
model, which showed that the research model had more
advantages in position control. By integrating speed
control and position control effects, the Avey index
number value of the research design model was 2.83,
Avetheta index number value was 1.73, Avew index
number value was 2.8, and the overall index average
value was 2.8, both lower than the comparison model.
The model designed in the research achieved more stable,
accurate, and smooth control over the speed position
integrated formation control, making the formation
movement of multiple robots more controllable and the
task execution efficiency higher. However, the study does
not consider the speed response problem for the design of
the fuzzy controller. Meanwhile, the final controller is
designed by the combination of fuzzy and sliding mode
under the constraint of the preset function. Therefore, the
fuzzy logic reasoning process may cause a delay in the
response time.
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