:' frontiers ‘ Frontiers in Energy Research

‘ @ Check for updates

OPEN ACCESS

Lianbo Ma,
Northeastern University, China

Nan Li,

Northeastern University, China
Shanying Zhu,

Shanghai Jiao Tong University, China
Tian Zhang,

Northeastern University, China

Peng Zhang,
sxyczhangpeng@l26.com

This article was submitted to Smart Grids,
a section of the journal Frontiers in Energy
Research

19 June 2022
01 July 2022
27 September 2022

Zhang P, Ma D, Liu P and Li M (2022),
Robust affine maneuver formation control
based of second-order multi-agent grid
inspection systems.

Front. Energy Res. 10:972999.

doi: 10.3389/fenrg.2022.972999

© 2022 Zhang, Ma, Liu and Li. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Energy Research

Methods
27 September 2022
10.3389/fenrg.2022.972999

Robust affine maneuver
formation control based of
second-order multi-agent grid
Inspection systems

Peng Zhang*, Dengjun Ma, Peng Liu and Mengwei Li

School of Instrument and Electronics, North University of China, Taiyuan, China

Grid formation inspection is the future development trend of grid inspection.
Aim to the robust control problem of multi-agent grid inspection system
in complex environment, this paper proposes a formation control algorithm
with prescribed performance. The dynamic model of follower distance
error is given in the leader-follower framework using a symbolic Laplace
matrix. Performance bounds are set on the sliding mode error by prescribed
performance control. Then, the convergence and stability of the proposed
control algorithm are not only proved by the Lyapunov stability theorem, but
also the error state of the system converges to the prescribed performance
bound. Finally, the simulation results show that the follower can follow the
leader despite external interference and the validity of the proposed algorithm.
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1 Introduction

In recent years, with the rapid development of smart grid, the use of mobile inspection
robots instead of manual inspection has become a hot spot for research in the power
industry (Wan et al. 2018). First, for dense grid system, multi-agent can decompose and
simplify the complexity of the task when performing the task together, thus effectively
shortening the execution time and improving the task completion efficiency. Second,
the wide range of applications can be applied to the inspection of roads in harsh
environments and off the beaten path, such as high altitude and alpine regions. Final, if
a single inspection robot fails, it has less impact on the overall inspection. The results
of multi-agent detection can be mutually verified to improve detection accuracy and
avoid false detection. The structure of the multi-agent grid inspection systems is shown in
Figure 1.

In order to realize the multi-agent inspection system, two main problems need to
be solved, the first one is the flexibility, need to formations for different situations to
achieve straight line driving, scaling, rotation and other movements. The second one is
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robustness, in the field environment the agent is easily subject to
external interference.

Over the past 2 decades, multi-agents formation control
has been investigated by various approaches. Depending on the
definition of the target formation, existing formation control
methods can be divided into displacement-based (Babazadeh
Selmic, 2018), (Cao et al. 2019)
orientation-based (Yang et al. 2020) methods, using constant

and distance-based and
inter-agent displacement, distance and orientation constraints
to define the target formation respectively (Oh etal. 2015).
Displacement-based formation control rates can be used to
track target formations with time-varying translations (Zhao and
Zelazo 2015), but it is difficult to control the scale or direction
of the formation. Distance-based control rates can be used
to track target formations with time-varying translations and
directions (Ren 2007; Ren and Beard 2008), but it is difficult
to track formations with time-varying sizes. Orientation-based
control rates can track formations with time-varying translations
and proportions (De Marina et al. 2016; Sun et al. 2017), but it
is difficult to track time-varying orientations. Su et al. (2022)
proposed a velocity-estimation-based control scheme to solve
the time-varying orientations tracking problem (Su et al. 2022).

Because of the limitation of these traditional methods,
researchers have proposed several methods for defining target
formations using novel constant constraints, such as local
orientation, center of gravity coordinates (Zelazo etal. 2015),
complex Laplacian (Lin etal. 2014; Han et al. 2015), and stress
matrix (Lin et al. 2015). Among these new methods, Zhao (2018)
proposed a new control method for affine formation maneuvers
that relies on the stress matrix. The proposed control law can
track the target formation of time-varying affine transformations
of any nominal configuration (Zhao 2018). Later, Xu et al. (2018)
changed the undirected graph basis in the above algorithm to
a directed graph to make it easier to implement in practice

FIGURE 1
Multi-agent grid inspection systems application scenario
diagram.
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(Xuetal. 2018). WangJ. etal. (2021) studied the control
problem of an affine formation algorithm for a multi-agents
system with a given convergence time. By using a time-varying
scale function, a distributed continuous control algorithm was
designed (Wang J. etal. 2021). Maetal. (2021b) proposes an
adaptive reference vector reinforcement learning approach
to many-objective optimization problem (Ma etal. 2021b).
Ma et al. (2020) first analyzes the main factors that influence
the performance of brain storm optimization and then proposes
an orthogonal learning framework to improve its learning
mechanism (Ma et al. 2020). Xie et al. (2022) solved the problem
of convergence of the attitude tracking error in finite time by
means of a prescribed performance function as well as an error
compensation mechanism (Xie et al. 2022). However, the above
formation algorithms are not resistant to external disturbances,
so further improvement of the algorithm is needed.

Liuetal (2018) eliminated the negative effects of external
disturbances by using a method based on a radial basis function
neural network combined with an artificial potential field
approach (Liu et al. 2018). Ma et al. (2021¢) proposed a truthful
combinatorial double auction mechanism to guarantee desirable
properties in constrained Mobile edge computing environments
(Ma etal. 2021c). Doukhi and Lee (2019) combined an adaptive
radial basis function neural network with a deterministic
equivalent control technique to address the uncertainty of
external disturbances as well as modeling errors (Doukhi and
Lee 2019). Trindade et al. (2020) proposed a triple integrator-
based consistency protocol for intelligences and incorporated
the integration action into a formation tracking controller
with double-integrating vehicles and gave sufficient necessary
conditions for convergence (Trindade et al. 2020). Although the
above algorithms solve the problem of external disturbances
well, they increase the complexity of the algorithm and
the integration term is difficult to implement in practical
tests.

Bechlioulis and Rovithakis (2008) applied prescribed
performance control to a multi-input, multi-output nonlinear
system and proposed a robust adaptive controller with prescribed
performance (Bechlioulis and Rovithakis 2008). Chen and
Dimarogonas (2020) proposed to set prescribed performance
for the leader’s error to drive followers so that the whole system
can achieve the target formation (Chen and Dimarogonas 2020).
Ma et al. (2017) proposed a specific multi-objective artificial
bee colony optimizer and a adaptive local decision variable
analysis method for large-scale multi-objective and multi-
objective optimization problems, respectively (Ma et al. 2017;
Ma et al. 2021a). Mehdifar et al. (2020) proposed a new distance-
based robust formation control algorithm that also deals
with connectivity maintenance and mutual collision between
neighboring intelligences (Mehdifar et al. 2020). Jiang etal.
solved the formation regulation problem for unmanned surface
vehicle networks with disturbances by means of integral sliding
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mode control Wang Y. et al. (2021) proposed a novel predefined-
time sliding-mode controller, this control scheme can guarantee
that the tracking error converges to zero in a finite time
(Wang Y. et al. 2021).

Although the algorithms in the aforementioned papers are
robust, they are unable to implement the formation maneuver
control. Therefore, it is necessary to consider a new algorithm
that can have both robustness and formation transformation.
Based on the above consideration, this paper proposes an robust
affine maneuver formation control algorithm for multi-agent.
The main contributions are summarized as follows:

(1) Based on the directed graph basis, the followers only need
to obtain the state information of their neighbors and do not
need to obtain the global state information as well as the state
information of the remaining followers.

(2) Converting the maneuver control problem of formation
into a control second-order integrator model follower tracking
target formation problem using the nature of affine localization.
Solve the flexibility problem of grid inspection system.

(3) Sliding mode errors associated with position and velocity
are designed, and then prescribed performance controls are
used to achieve fast convergence of formation control as
well as enhanced robustness of external disturbances to shape
distortions. Solve the robustness problem of the grid inspection
system.

The rest of the paper is organized as follows. Section 2, the
preliminaries of the agents are introduced. The controller disign
and stability analysis are given in Section 3. Section 4 shows the
simulation results. Section 5 draws some conclusions.

2 Preliminaries
2.1 Notation and basic graph theory

A directed graph G = (V,£) contains a vertex set V and an
edge set &. If there exists an ordered pair (j,i) € £, the node j
denotes the in-neighbour of i and the converse is called out-
neighbour. The set of neighbors of vertex i is denoted by NV, =
{j:(j,i)} € £. Throughout this paper, it assumes that a directed
graph does not have any self-loop and is a fixed topology.

Consider a set of n agents containing n, leaders and n;
followers in R™, where m € {2,3} and n > m + 2. Thus the leaders’
subset is V, and the subset of followers is V;=V\V,. For all
followers, consider the following nonlinear dynamics

i m
vi=u;+8;, i€V
where p, € R™ denotes the position, v; denotes agent i’s velocity,
u; € R™ represents the control input of agent i, and §,(¢) € R™
is an unknown, bounded and piece-wise continuous external
disturbance vector. For simplicity, all the i in the paper belongs to
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Vy Letp = (pl, pr]T € R™ be the position of agents. The leaders

do not need to access the information from these followers.
Denote the constant configuration r= [rlT,...,rZ ]T = [reT, rfT] €
R™" as a nominaland configuration. Define the nominal
formation as (G,r). Then, the target formation with maneuvers
can be described by p*(t) = [1,, ® X(#)]r + 1,, ® Y(¢), where X(¢) €
R™™, Y(t) e R™ are time-varying. Y(f) controls formation
translation and X(f) controls formation rotational, scaling and
shearing manoeuvres relative to r.

2.2 Signed laplacian matrix

The matrix L* of a directed graph is defined as follows:

~w; ifi+jandjeN,

Ls(i)j): 0 1f1¢](11’ld]¢./\/—1, (2)
Z Wik ifi=j
keN;

where w € R can be positive or negative real weights on edge (j, 1)
and L* is normally a nonsymmetric matrix.

A formation (G,p) is a directed graph G with its vertex i of
mapped to p;. The affine image of the nominal configuration can
be defined as

A ={peR™p=(I,8X)r+1,8Y,VX € R"™" VY e R"}
(3)

where (X, Y) is affine transformation.
Definition 1 (Affine Span). Given a set of points {p;}, | €

R™, the affine span S of these points is

n n
S= {Zaipi:ai € R™ forall i and Zai = 1}

i=1 i=1

4

Definition 2 (Affine Localizability). The nominal formation
(G,p) is affinely localizable by leaders if for any p = [pg, pr]T €
A(r), py can be determined by p, uniquely.

Assumption 1. Assume that 1) The r has an m-dimensional
affine span. 2) The (G,r) has a signed Laplacian matrix L°
satisfying rank(L*) = n—1. 3) The nominal formation (G,r) is
affinely localizable by the leaders.

From Assumption 1, Eq. 2 can be rewritten in the following
form

O(m+])><(m+l) ‘ 0(m+1)><(n7m+1)
LS = o 13

(n—mF D)X (m+1) | 7 (n—mFI)x(n—m+1)
Ly | L (5)

Under Assumption 1, for any p = [pzT, pr]T € A(r) satistying

(L*®1;)p = 0, it can be obtained

Lipy+Lipp=0 (6)

which i}e = L}e ®I,,and ]:jy = Lj}® I,
We know that the control objective is pf(t) - p}(t) when
t — oo. From Eq. 6, it can be obtained p} (t) = —I:}’ll:}epz (®).

frontiersin.org


https://doi.org/10.3389/fenrg.2022.972999
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles

Zhang et al.

The dynamic of the estimation error is as follows

ep(t) = py(t) = p; (6) = py(t) + Ly Liyp, (1),

. e lre ™)
evf(t) = vf(t) - vf(t) = vf(t) +L}'1L}€ve(t).
The derivative of the above equation gives
&) = vy(0) + L7 Ly, (1), ©
ey(t) =u+d+ IZ}’IIZ}EV ().
3 Controller design and stability
analysis
3.1 Sliding mode and prescribed
performance control
Define the sliding mode error of the agent i as
s; = eyt Peys 9)
- 4 O -
2 2
2 =2
=|0 2
0 -2
-2 2
I —
FIGURE 2
Nominal formation of 7 agents.

’ I 6 I I I ® Leader

e @ Follower

2+

FIGURE 3
Trajectory of the agents when the leader speed is 0.
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where #>0. A set of inequalities is usually applied to limit
the upper and lower bounds on the system tracking error, the
prescribed performance constraint function

~1p,(6) <5;(0) <Tp, (1), i €V, ¥E20 (10)

where p,(t) = (p, — p..)e " + p... po> o and a; are the parameters
to be set. The values of 7, and # are as follows
—i

7= ey +Pe ife, >0,
"~ Jos if e, <0,
_ o5 if e > 0,
=i eyt Pe,; ifeP,- <0,

To deal with the time-varying constraints in Eq. 10, the
system Eq. 10 with constraints is transformed into a new
equivalent unconstrained system using an error transformation
technique. The modulation error is defined as

Si(t)

(1) =22 12

i) p; (£ (12)
where p;(t) # 0.

Then we introduce the error conversion function.

1 nm; +ﬂﬁi
0= T,0) = Lt [ 2 13
2 I,

where o0; is the conversion error corresponding to 7,
T;(.):(=n ,17;) = (=00, +00) is a smooth strictly increasing bijective
mappin;gl satisfying T;(0) = 0. It can be seen that 6; — 0 when and
only when 7, — 0.

Next, taking the time derivative of o;, yields d;=
(dTifdn;)1i; = 0501/ s+ 1 ) =1/ (n, = )] < [Gp) - (sp/P]
0.5,(5 - p,n7;), where

1 1 1
=1 - (19)
Pi| Mt ;=

Then p, is given in compact form as:

o= %E(s—pn) (15)

3.2 Control algorithm design for the
followers

Theorem 1. Consider » agents with dynamics Eq. 1 in the
mdimensional space (m € 2,3) with nominal formation (G, 7). Let
the initial conditions be such that —# p,(0) < 5;(0) <7,p,(0), i €
Vf, and also ﬁi, Z‘ are selected acco_rlding to Eq. 11, then the
control law is as follows:

u; = —kifiai, i€ Vf (16)
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FIGURE 4
Sliding mode error of the agents when the leader speed is 0.
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FIGURE 5
Velocity and acceleration of the agents when the leader speed is 0.
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where k; is control gain. The expressions for §; and g; are shown
in Eqs 13, 14, respectively, ensures prescribed performance in the

sense of Eq. 10
Equation 16 can be abbreviated to the following form
u=-tKo (17)

where & = diag(§) ®1,,,, K = diag(k;) ®1,,,, 0 = col (a;).
Proof. Differentiating # as well as employing Eq. 12, yields:

=h, () =[3=pOn)/p(t)
= [ey+ Bey—p (O] Ip (1)
= [y + Ly L+ B(=EKo+ 6+ L L) - p (011 o (0)
(18)

Define the open set

2= iel_\lif(_}li’ﬁi> (19)

Phase I. Since the initial error ePf(O) and evf(O) is chosen to be
within the performance bound, i.e., the proof set 2, is nonempty
and open. Moreover, Eq. 19 ensures that 77(0) € Q.

From Eq. 18 we obtain that h, is continuous on # and locally
Lipschitz on #; over the set (). Therefore, the hypotheses of
Theorem 54 in Sontag (2013) (p.476) hold and the existence
and uniqueness of a maximal solution #(t) of Eq. 18 for a time
interval [0,7,,,,) such that (t) € Q,,Vt € [0,7,,,,,) is guaranteed.

Phase 1I. the potential function: V;=
0.5k;07,i € V; and define the overall candidate Lyapunov
V=0.50"Ke. Employing Eq.15 and Eq.17,
we arrive at: V=0.50"K& - 0.50" Képy = —0.580" KEEKo +
O.SJTKE(vf+ 8+ L5 L8 (v, + Bv,) — pr). Assume that the leader’s

L
. * . o .
velocity v, and acceleration ¥, are continuous and bounded,

Consider

function:

we have [lv;+ 6+I:}jfll~4}€(v;+[3i/:,)|| < ¢, where € be an positive
constant.

FIGURE 6
Trajectory using control law Eq. 17.
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Invoking Young’s inequality, and exploiting the diagonality
K, &, p matrices it can be obtained:

V< —%ﬁO'TKEEKO' + %O’TKEE
< —l/J’GTKE«fKa— lﬁIl(ITKEII2 + loTKEe
4 4 2
1

2
< __/';Amahx (Kz)/lmax (52) ”U| |2 + Z_’t € [0>Tmax)

1 3 (20)

For V < 0 to hold, only

2
=P ()b (B0l + £ <0

ie.,

€

ﬁ’lmux (K) Amax (6)

lloll >

Based on this result it is clear that Eq. 17 is also bounded for
all t € [0,7,,,,). Now using ¢ and taking the inverse logarithmic
function in Eq. 13, leads to:
;- Tiexp (~20) 1exp(20) -1,
U v N _

4 1 exp (=20) +ﬁiﬂi

i <M

=P

Qism(t)s ;

B 1 exp (20) + 7, g
(21)

forallt € [0,7,,,,) and i€V,

Phase III. The following is proved by the method of
counter eVidence.AThe nonempty compact set of 2, is defined
as Q’”:H(ﬁi(t),ﬁi(t)). Hence, assuming 7,,,, < and since
Q'W C Qq, Proposition C.3.6 in Sontag (2013) (p.381) dictates
the existence of a time instant ¢ € [0,7,,,,) such that n(¢') ¢
Q' » which is a clear contradiction. Therefore (10) hold when

T,

= 0o
max °

4 Simulation

In this section, the proposed distributed control law
is verified by simulation. As shown in Figure 2, given the
nominal structure of seven agents (G,r), its corresponding
formation matrix is P(r). The arrow direction is the direction
of directed graph interaction. The first three nodes denote
leaders, and the remaining four nodes are followers. It is
known that the number of leaders satisfies 3 = m+1, and
the directed graph G can be judged as 3 reachable. The
following symbolic Laplacian matrix L° is obtained and
satisfies its rank 4, while the corresponding stability matrix
D =diag(1,1,1,-1,-1,-1,-1). Assume that the initial position:
p=14,0,2,2,2,-2,-0.6,1.8,0.5,-2.6,-1.6,2.6, -2.3,-2.6]7 and
the control gain k; = 0.3. p, = 1.1,p,, = 0.05 and a; = 1. Assume
the 8, =[0,0],6, =[0.3sin(0.67t),

external disturbance is

frontiersin.org
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FIGURE 7
Sliding mode error of control law Eq. 17
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Velocity and acceleration of control law Eq. 17.
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0.6sin(0.37t)], §; = [0.6sin(0.37t),0.3sin(0.671)], 8, = [0,0].

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
L'=]-1 1.5 05 -1 0 0 0 (22)
-1 05 15 0 -1 0 0
-1 0 05 2 0 -15 0
L0 -1 0 0 2 1 -2 ]
The next two simulation examples are presented

in this paper. Consider first a simple case when the
leader’s speed is 0. When the external disturbance is d,
the trajectory of the follower is shown in Figure 3, the
sliding mode error of the follower is shown in Figure 4,
and the velocity and acceleration changes are shown in
Figure 5.

In order to adapt to the complex grid environment, agent
need to change their formations according to the environment.
With reasonable planning of the leader’s speed, the formation
can be panned, rotated, scaled, etc. When the leader’s velocity
is varied (As shown by the red line on Figure 8) and the
other initial conditions are the same as above, the trajectory
variation is shown in Figure 6, where the green part is assumed
to be a grid tower. Some sliding mode error variation is
shown in Figure 7, which shows that the error converges
exactly within the prescribed performance bound, where the
red line indicates the prescribed performance boundary. The
velocity and acceleration changes are shown in Figure 8. It
can be shown that the multi-agent is able to resist the
effect of disturbance on shape distortion under the effect of
Eq.17.

5 Conclusion

In this paper, we solve the problem of flexibility and
robustness of multi-agent system in complex grid environments
by using symbolic Laplace matrices and prescribed performance
control. Then through Lyapunov stability analysis, it is verified
that the proposed method is capable of ensuring asymptotic
stability for tracking errors. Finally, it is verified by simulation
that the designed algorithm can guarantee that all tracking
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