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Abstract. For the artificial swarm system, this article proposes a novel formation
control design. First, an accurate dynamic model is established based on dynamic
swarm performances. Further, the collaborative formation can be formed, and safety
zones are guaranteed at the same time. Then, the controller merging properties of
the swarm system is devised. By designing the nominal control item and the adaptive
robust control item, the resulting design can achieve the swarm formation movement
and uncertainty compensation perfectly. The deterministic performances are
guaranteed, such that uniform boundedness and uniform ultimate boundedness. The
superiority of the design proposed is illustrated by the simulations of heterogeneous
mobile robots system.
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1. Introduction

The swarm system, as a focal point, has captured the attention of lots of researchers
nowadays [1, 2]. To pursue the great system performance, the innovative control design
is urgently needed [3]. First, a reasonable model is the basis for controller design. Many
classic modeling methods have been widely applied [4, 5]. From the perspective of
mechanistic modeling, a swarm dynamic model is established by considering the swarm
properties in this article. Furthermore, the control design of the swarm system have been
studied. In [6], a novel guidance control based on trajectory tracking error was introduced
for underactuated USVs system. In [7], Sun proposed an adaptive robust control to form
a compact formation and realize collision avoidance simultaneously.

Furthermore, the uncertainty, as inevitable factors, has a significant impact on the
system control design [8]. Many control methods have been proposed to compensate for
it. Base on output feedback, an adaptive control was proposed for MIMO nonlinear
systems [9]. In [10], an innovative fuzzy swarm control approach was introduced to
effectively solve the chattering issue in OMRs system. In this article, a formation control
design is conducted to render the desired system movement and the issue of uncertainty
is addressed simultaneously.

Three salient contributions are presented in this paper. First, by considering the
swarm dynamic performances, a dynamic model is established to render the collision
avoidance and collaborative formation. Specifically, the diffeomorphism operation is
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applied to render the collision avoidance, which consistently establishes safety zones.
On the other hand, the resulting deterministic swarm performances of the proposed
control can effectively achieve the collaborative formation. Second, the nominal control
item is designed to render the formation movement. Third, the adaptive robust control
item is designed to effectively compensate for uncertainty.

2. Dynamics analysis and control design

2.1. Safety zones: collision avoidance
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Figure 1. Dynamic swarm model.

As shown in Figure 1, a heterogeneous mobile robots swarm system is studied.
Considering the motion equation of the swarm system

M )%+ DX X t) =7 (1)

where eR is the time, M; e R>3is the inertia matrix, p; € R3 represents the gravitational
force, Coriolis force, and the external disturbance. z: € R® represents the control inputs. x;
eR? represents the state, X, =[x,y.6], Where x; and y: are the horizontal and vertical
positions, respectively, ¢; is the steering angles. The speed is X; eR3, X; :[x y‘,,é;]’. The
acceleration is X, e R3, X; :[5&,-, j;‘,-,é,-]’. In the case thati=0, the virtual agent 0 is used to

determine the desired trajectory. The actual agents1to N are designed to follow the
leader.

The safety zones are designed to ensure collision avoidance, the radii can be
obtained

r = (/2 +g2): = (f2+g2) , )
2 2
where f £ and g, |, g; represent the lengths and widths of the respective agents.
Let gxi zln(§xi/§x1) 4 gyi :ln(§yi/§yi) 4 where 5.\7‘ :Axiz _Ri2 > §yi =Ayi2 _Ri2 4
Ax, =X, X, » Ay, =y, ,—y. » R =r +r_ . For desired situation, 5. =Ax’-R?,

gyi :Ayi2 _Riz’ AY, =X =% > Ay =y, —V; -
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Then, we have x, =x,, - (eé?iix,. + R,.2]1/2, Vi =V —(eir"‘iy,- + R,-ZJ
Let y, =[&u,&.&a] , &x = 6;, then, the matrix form can be derived
Xi=Xe +Hi¥, +Zi 3)
Based on (1), the swarm dynamic model can be established
MM i + MiZi + MiM 7 (uin — Dia )+ D; =7 “4)
2.2. Constraint following: collaborative formation
The kinematic aggregation performance, as a constraint, is used to design the controller

[11]. The resulting collaborative formation can be achieved. Further, define the
constraint P

2(2)-- Y vaoulr.z,) (5)

J=lj#i

where 7 = [Zl Zz}{’v]r 0, (-)is the potential function, ®;(): R» xR - R. The dynamic
error measure A can be obtained

Bi =z -P(7) (6)

where g, = [ﬁ”, B,i» B ]T. Further, taking the derivative of (6)

pi=7 - oi(7) 7)
The constraint force of agent i can be solved [12]

i = MiHi®i + MiZi + Di + MiM 74 (i1 = Di1) (8)
Consider the uncertainty in practice, and the matrices M,, D, can be decomposed

B=B+AB )

Where B represents nominal parts, AB represents uncertainty part. B includes
A7[[(;(, ,t) and D (Z 3 ,t), AB includes AM,(;(, ,g,t) and AD,(;(, X, ,cjl,t), ¢
represents the uncertainty.

Let E;(;g,gi,z): Mi(){i,t)Mfl()(/,gi,l)—li, AG[(;(,»,Q,t)=A7;1(Z,. ,t)&(x[,é’;,t) Assumptions
are proposed as following

(1) Let W,-(x,-,g,-,z): PfH;‘()(i,t)[\?,-’]()(,-,t)Ei(}(,,Ci,l‘)ﬁ[l()(‘-,t)ﬂi()(,- ,t)P-1, where the constant
matrix B eR3>3 ,P > 0.
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(2) For all (;5,.,;) %minlm(m(xi,(;i,t)+VViT(li,Cj,t))ZpWi, where pw >-1 1S a constant
scalar.

(3) For all (XH,XH,)(, A, ,t) , (1+p, ) max [N < 11 (e X X Lz .7 1),
where a e (0,00)" is an unknown constant vector
% = AH(AGi (v — MHP- B — i)~ M AD — AGiuis — D)+ MAAD:- )

1 (1):(0,0)" xR xR xR' xR" x R is a known function.

(4) For all (XH,XH,Z’ 7 ,t), the function H(~, X X .17 ,t) exhibits the
. . ' oIl
following properties: 1) €', 2) I (a,,-)-11 (e, ,-) < —(a,,")(a, ~a, ), 3)as for
oa

parameter ¢, it is non-decreasing.

The adaptive law is as follow to emulate the parameter a,.

i

: T
G =G B -, (10)
oai
2
where o =9, —%*_ is the leakage part. 4,5 <R*.
ai +0i

Based on (8) and (11), a novel adaptive robust control input can be proposed

t,=MH® +Di+MZ +MM(r_-D_)+MHP "B (1+117). (D

T,
T 2i

Theorem 2 Let Aa; =& — o, 6; :[ﬁ;T(A(X[)T]T and 5:[&,5{,...,5{]? For the artificial
swarm system with uncertainty (4), the asymptotic stability can be achieved by utilizing
the control input (12) [13].

3. Illustrative example and results

Based on the odel5i integrator in the MATLAB environment, the simulations application
of'a heterogeneous mobile robots artificial swarm system with four agents is studied. The
controller in simulation is designed as: 7, =, +1,,, corresponding to the control input

(12). Specifically, the simulation parameters are set as: fj =3, g, =4, f, =3,
g =35, f,=35, g =4, f;, =3, g,=3, m;=1000, m =950, m, =900,
my; =850, d, =10, d,=10, ¢, =c,=c, =0.1. Based on the equation (1), the

related items D :[DmD Dgl.]T » D, =c,

x yi?

xl.||)'c,. > Dy=c, » |nln >
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D, =c, "Q ”9,- and Cys €y » Cp ATE the resistance coefficients in generalized

coordinates, respectively. Consider the uncertainty during the actual moving, the mass
of agents and resistance coefficients can be decomposed: m, =m,+Am, (t) ,

c,=Cy+Ac,(t) , ¢, =C,+Ac, (1) . cu=Cp+Ac, , Am =02m, sint ,
Ac,=0.2¢;sint , Ac,=02c,sint , Ac, =0.2¢, sin7 . Initial conditions are:
X,=0, x,=10, x, ==15, X, =10.5, x,=-30, X, =1L,x; =-45, x, =115,
Vo=0,y,=-10,y, ==-15,y, =-10.5, y, =-30, y, =11, y, =45, y,=-11.5,
9,=0.1, 6, =02,60,=03,6,=04,60,=0,=0,=0, =1.

Figure. 2 displays the trajectories of heterogeneous mobile robots swarm system.

Obviously, the leader can achieve desired constraint following despite incompatible
initial conditions, and the collaborative formation between the leader and followers is

50 .40 .30 L2200 -0 0 10 50 40 30y 200 10 0 10 S0 40 30 20 -0 0 10 20

(a) t=4s (b) t=Ts (c) t=60s

Figure 2. The trajectories of swarm system.

—— Leader-Mobile robot | —— Mobile robot 1-Mobile robot 2 Mabile robot 2-Mobile robot 3

Figure 3. The spatial distances between adjacent mobile robots.

commendably formed. At the same time, collision avoidance performance is ensured,
with mobile robots in the swarm system always maintaining a safety distance.

Figure. 3 shows the spatial distances between adjacent heterogeneous mobile robots.
Maintaining a steady state, the safety zones are effectively established. In addition, the
value of spatial distance meets the requirements between the set size of the agents and
the safety distance. A stable safety zones are effectively ensured.

Figure. 4 represents the constraint following errors, which measures the deviation
between the actual state and desired state. It can be seen that the errors decrease to zero
in just 0.1 seconds, indicating that the control design in this paper exhibits superior
overall performance.
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Figure 4. The constraint following errors.

The simulation result of the control forces are shown in Figure. 5. Obviously, the
control forces exhibit regular variations, reflecting the stability of the control method.
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(a) Horizontal constraint force (b) Vertical constraint force (c) Steering constraint force
Figure 5. The constraint forces.
Figure. 6 illustrates the adaptive parameter variation curve related to adaptive

constraint forces. It monotonically decreases to zero within 5 seconds, indicating that the
designed controller can address uncertainty issues timely and efficiently.

(a) Adaptive parameter ), (b) Adaptive parameter a,; (c) Adaptive parameter a;;

Figure 6. The adaptive parameters.

4. Conclusion

A new control design is proposed to achieve the stable collaborative formation of the
artificial swarm system. Three significant contributions are presented. First, an accurate
dynamic model with stronger adaptability is established. The swarm performances
including collision avoidance and collaborative formation, are taken into consideration
simultaneously. Thus, the safety zones are guaranteed through the diffeomorphism
transformation and the size of the safety zones can be adjusted with the relationship
between the set safety distance and the size of the agents. On the other hand, the
collaborative formation can be formed by rendering the desired dynamic swarm
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performance. Second, the nominal control item T, 1s devised to achieve the collaborative

formation. Third, the adaptive robust control item T, is devised to solve the issue of

uncertainty and the constraint forces can be adjusted in real-time. Furthermore, the
superior performance of the proposed control design has been well demonstrated by
application of a heterogeneous mobile robots swarm system.

References

(1]
(2]
(3]
(4]
(5]

(6]

(7]
(8]

[9]
[10]

(1]
[12]

[13]

M. Schranz, G. A. Di Caro, T. Schmickl,et al, Swarm intelligence and cyber-physical systems: concepts,
challenges and future trends, Swarm and Evolutionary Computation 60 (2021).

M. Schranz, M. Umlauft, and M. Sende,et al, Swarm robotic behaviors and current applications, Frontiers
in Robotics and Ai 7 (2021).

F.Dong, Y. H. Chen, X. Zhao,et al, Optimal Design of Adaptive Robust Control for Fuzzy Swarm Robot
Systems, International Journal of Fuzzy Systems 21 (2019).

J. Wang, Y. Liu, S. Niu,et al, Bio-inspired routing for heterogeneous unmanned aircraft systems swarm
networking, Computers and Electrical Engineering 95 (2021).

C.Li, Y. H. Chen, H. Zhao,et al, Stackelberg game theory-based optimization of high-order robust control
for fuzzy dynamical systems, /EEE Transactionson Systems, Man, and Cybernetics: Systems 52 (2022),
1254-1265.

G. Wu, Y. Ding, T. Tahsin,et al, Adaptive neural network and extended state observer-based non-singular
terminal sliding modetracking control for an underactuated usv with unknown uncertainties, Applied
Ocean Research 135 (2023).

Q. Sun, X. Wang, G. Yang,et al, Adaptive robust formation control of connected and autonomous vehicle
swarm system based on constraint following, /EEE Transactions on Cybernetics (2022).

B. Xiong, R. Jiang, and X. Li, Managing merging from a cav lane to a human-driven vehicle lane
considering the uncertainty of human driving, Transportation Research Part C: Emerging Technologies
142 (2022).

H. Xu, D. Yu, S. Sui,et al, Nonsingular practical fixed-time adaptive output feedback control of mimo
nonlinear systems, /EEE Transactions on Neural Networks and Learning Systems (2023).

D. Yu, C. L. P. Chen, and H. Xu, Fuzzy swarm control based on sliding-mode strategy with self-organized
omnidirectional mobile robots system, /EEE Transactions on Systems, Man, and Cybernetics: Systems
52 (2022),2262-2274.

R. Zhao, M. Li, Q. Niu,et al, Udwadia-kalaba constraint-based tracking control for artificial swarm
mechanical systems: dynamic approach, Nonlinear Dynamics 100 (2020), 2381-2399.

R. E. Kalaba and F. E. Udwadia, A new perspective on constrained motion, Proceedings of the Royal
Society A: Mathematical, Physical and Engineering Sciences 439 (1992), 407-410.

R.Yu, Y. H. Chen, H. Zhao,et al, Self-adjusting leakage type adaptive robust control design for uncertain
systems with unknown bound, Mechanical Systems and Signal Processing (2019), 173-193.



