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Abstract: This paper studies the consensus control problem of multiple high-speed trains with
nonlinear running resistance based on a distributed event-triggered control protocol. Firstly, the
multiple high-speed trains are established as a multi-agent model with a leader—follower. For the
system whose leader has an unknown input, the effective state observers are introduced to observe
the state of the train. Then, an observer-based event-triggered strategy is designed to determine the
time when the train state is transmitted to the local controller and adjacent trains. The proposed
control scheme is based on local information, and the solutions of the state observer and the gain
symmetric matrices parameters of the distributed event-triggered control strategy are constructed
in the form of linear matrix inequalities (LMI). Through the Lyapunov stability theory, sufficient
conditions for the stable and safe operation of multiple high-speed trains systems are obtained.
Finally, a simulation example is given to demonstrate the effectiveness of the proposed method.

Keywords: multiple high-speed trains; multi-agent model; event-triggered strategy; linear matrix in-
equalities

1. Introduction

The safe operation of trains is the prerequisite for the continuous development of
high-speed railways. Therefore, it is essential to study the operation control of high-speed
trains and ensure the safe operation of trains. Trains are automatically monitored and
adjusted through the train operation control system, which is the core technology to ensure
the safe and efficient operation of high-speed trains. With the continuous improvement
of the running speed of high-speed trains, it has become increasingly difficult for train
drivers to cope with various complicated situations in the process of train operation. So,
the automatic train control system (ATC) has been developed accordingly [1].

In the past few years, many train operation control methods have been studied, most
of which have focused on single high-speed trains. These have included but are not limited
to fault-tolerant control [2], neural network control [3], sliding mode control [4], fuzzy
control [5], and robust control [6]. In [7], a self-organizing radial basis function neural
network (RBFNN) was adopted to approximate the nonlinear factors of the train, and
the non-singular terminal sliding mode control strategy was designed to control the train.
Based on the high-speed train model, Yao et al. [8] discussed the fault-tolerant control
problem of high-speed train in the case of multiple faults. In this paper, the author adopted
the Markov jump system model method and proposed the active fault-tolerant composite
layered anti-interference strategy, which achieved the purpose of making the system stable
and met the desired performance. Zhai et al. [9], based on the guidance system of the
high-speed maglev train, designed a controller using Hoco robust control theory to achieve
the stable operation of the system under different conditions.

Due to the rapid development of the multi-agent technology in recent years [10],
a large number of related studies based on the multi-agent system (MAS) model have
emerged, and their applications in the control field have become increasingly extensive,
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such as intelligent robot control [11] and traffic control [12]. Multi-agent cooperative control
includes consensus, formation, and flocking [13-16]. As a typical problem in the field of
multi-agent cooperative control, multi-agent consensus control has attracted significant
attention [17-19]. The linear multi-agent consensus control strategy has been the main
research goal of researchers. In [20], an optimal control strategy for linear multi-agent
consensus was proposed, which optimized the global cost function to achieve multi-agent
consensus. Li et al. [21] proposed a distributed consensus control protocol for linear multi-
agent systems with input delay and discontinuous communication. Due to the influence
of the system itself and external factors, most systems have nonlinear characteristics.
Therefore, it is necessary to study the nonlinear system. Liu [22] studied the problem of
adaptive cooperative output regulation based on nonlinear multi-agent systems. In [23],
the double integrator LISIC (DILISIC) was introduced for a nonlinear multi-agent system
with uncertain high-order dynamics and external perturbations.

With the rapid development of the railway wireless communication technology, the
rapid exchange of information between trains can be realized, which makes the cooperative
control of multiple high-speed trains possible [24]. Based on the multi-agent model and
the mature railway communication technology, the research on the consensus control
of multiple high-speed trains is a new hotspot in the research on the safe and efficient
operation of multiple high-speed trains. Wang et al. [25] utilized a disturbance observer to
approximate disturbance in the process of the train operation and adopted LMI to work out
a sufficient condition for the existence of the distributed control strategy and the observer
gain parameter. The goal of tracking different expected speeds of multiple high-speed
trains and maintaining ideal spacing between two adjacent trains was realized. Based on
the railway moving block signal system, Bai et al. [26] discussed the problem of multiple
high-speed trains” cooperative control under the condition of train actuator saturation.
Guo et al. [27] studied the problem of implementing the consensus control of high-speed
trains by adopting the adaptive fuzzy fault-tolerant control method under the condition of
actuator failure, external disturbance, and unknown nonlinear dynamics on the basis of
multiple high-speed trains.

In the past, most control problems were solved by the Riccati equation or its inequal-
ity [28]. However, when solving the Riccati equation or its inequality, a large number of
parameters needed to be adjusted in advance. So, it is difficult to find the solution to the
problem. Therefore, the proposal of LMI and the interior point method for solving convex
optimization problems provides effective tools for the analysis and solution of many control
problems, which have been widely used in the analysis and design of control systems [29].
In [30], a stable controller was designed for a nonlinear fractional system with time-varying
delay, and LMI was used to provide the sufficient stability condition of the delay system
and solve the controller gain matrix. Ali et al. [31] proposed a compensator based on LMI
to ensure the robustness of the control system.

The traditional time-triggered method is still the first choice of many researchers, but
the sampling period is designed based on the worst-case scenario in the time-trigger method.
Taking the minimum time interval to meet the control requirements, this method occupies
a large number of limited network resources. Under the background of limited railway
communication network and advocating energy conservation and emission reduction, the
event-triggered mechanism [32] has been applied increasingly widely. Event-triggered
mechanism is based on the current system status and certain rules (trigger conditions)
to determine whether trigger conditions are met. When the current state information
of the system meets certain rules, the train information exchange and controller update
can be carried out. Therefore, this method can fundamentally reduce the transmission
times of information and energy consumption. Event-triggered sampling was initially
proposed for a single agent [33,34]. Then, it was extended to the multi-agent system in [35].
In recent years, a large number of scholars have studied the event-triggered control of
multi-agents [36-38]. Postoyan et al. [39] proposed a framework for the event-triggered
stabilization of nonlinear systems using hybrid systems tools. Wang et al. [40] studied the
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second-order consensus problem of a single high-speed train with time-varying actuator
faults under an event-triggered mechanism. Shi et al. [41] studied the wireless sensor
routing protocol based on event-triggered mechanism in high-speed railways and verified
that the system can reduce the data number of nodes and the energy consumption of nodes
under this mechanism.

On the basis of the continuous development of the event-triggered mechanism, the
event-triggered consensus control was widely applied in different systems. In order to
reduce the communication load of the multi-agent network and the update frequency
of the controller, the event-triggered mechanism has been applied in the consensus con-
trol protocol [42,43]. Guo et al. [44] proposed a sampled data consensus control protocol
based on the event-triggered mechanism, which transformed the consensus problem of dis-
tributed multi-agent systems into the stability problem of distributed multi-agent systems.
Liu et al. [45] studied the event-triggered consensus control problem of multi-agents with
general linear dynamics. Li et al. [46] studied the consensus control and fault estimation of
a class of time-delay multi-agent systems with Markov switching topology based on the
event-triggered mechanism, which alleviated the network load of the system to a certain
extent. In [47], the output consensus problem of the linear heterogeneous multi-agent was
studied, and a new adaptive dynamic event-triggered mechanism was proposed, which
reduced the resources consumed by the communication between agents to a certain extent
and the update frequency of the controller.

Based on event-triggered consensus control strategy and nonlinear multi-agent model,
this paper studies the consensus control of multiple high-speed trains. The main contribu-
tions of this paper are as follows:

(1) Based on the communication system of multiple high-speed trains, the consensus
control problem of multiple high-speed trains is transformed into the cooperative
problem of the multi-agent system with leader—follower.

(2) The event-driven cooperative control of the multi-agent system with unknown input
is studied, an event-triggered strategy is proposed, and a distributed event-driven
controller based on an observer is designed to realize the consensus control of multiple
high-speed trains system with nonlinear dynamics.

(3) The event-triggered control strategy adopted reduces the information transmission
between trains and the update times of controllers, saving the bandwidth of the
railway communication network to a certain extent.

This paper adopts standard notation: R"*" denotes the set of n x m dimensional
matrices. X € R™", X > 0 means that X is a positive definite (positive semidefinite)
symmetric matrix. Iy denotes the n-dimensional unit vector. diag{-} denotes diagonal
matrix or diagonal block matrix. A, (X) represents the smallest eigenvalue of matrix X.
XT means the transpose matrices of X, and X! means the inverse matrices of X. The
Kronecker product of a matrix X and Y is denoted by X ® Y.

2. Preliminaries and Problem Description
2.1. Preliminaries

Based on the theory of graph theory and multi-agent model, this paper establishes a
train communication model.

The information exchange of a multi-agent system is represented by a weighted di-
rected graph. A weighted directed graph can be expressed as G = (V,W,A).
V € {V;,V,,---,Vn} denotes a set of N nodes. W € V x V represents an edge set,
which can be regarded as the connection channel of nodes in set V. Edges can be repre-
sented by (i, j), which means that the information transmission direction is from node i
tonode j. A = [a;4] N« denotes the adjacency matrix, whose constituent elements rep-
resent the weights between any pair of nodes. For any V;, a;; = 0. If (i,j) € W, which
means that node i can obtain its relative state information from its neighboring node j,
then a;; > 0; otherwise, a;; = 0. The set of neighboring nodes of node i can be denoted by
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Ni={jeV: (j, i) € W}. The Laplace matrix of the graph G can be defined as £, where
L=D—-A. D =diag{dy, &3, ---, dN,} isanin-degree matrix of G and «; = 2j7éi ajj.

For the motion of N high-speed trains, each train can be regarded as a node in the
graph, and its topology can be represented by a simple graph. Suppose A = [alﬂ NxN 18
the adjacency matrix of the communication relation between trains. When (i, j) € £, a;; = 1;
otherwise, a;; = 0. Considering the communication between train i and neighboring
trains, the first train only communicates with the second train, and the last train only
communicates with the penultimate train. Assume that the leader train of a multiple high-
speed trains system is labeled 1, and the follower train is labeled 2, - - - , N, respectively. In
this paper, it is considered that the leader train can only transmit information and does not
accept information from other tracking trains. So, the Laplace matrix can be represented as

_ |0 Oien-ny
L4 Lo

where £; € RV-D*1and £, € RN-1Dx(N-1) are symmetric matrices.
Related definitions and lemmas:

Definition 1 ([48], one-sided Lipschitz condition). Suppose there exists a constant value y € R,
avector z € R™, y € R™, and a nonlinear functionf(-) € R™satisfies:

plle =yl > (f(z) - f(g), 2 —u) 1)

Definition 2 ([48], quadratic inner-boundedness constraint). Assumes constant wvalue
7 € R, 0 € R, existing vector z € R™, and y € R™, nonlinear function f(-) € R™ satisfies:

mllz —yl +ole —u, f(z) - f()) = (f(2) - f(¥) (f() - f(x)) )

Lemma 1. (Young’s inequality) for any vector a, B € R", the following inequality holds:

P
o8| |< L 11al1? + 118117 ©)

For the convenience of the following content description, the following hypotheses
are proposed:

Assumption 1. The nonlinear function f(-) in the system satisfies the conditions in Definitions 1
and 2.

Assumption 2 ([49]). The matrix pair (A, B) is controllable and (A, C) is observable.

Assumption 3. The communication topology graph G has a spanning tree with a leader as a root.

2.2. Problem Description

In this paper, multiple high-speed trains are taken as the research object, and the trains
dynamics model is established through Newton’s second law.
The communication system of the high-speed trains are shown in the Figure 1.
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Figure 1. Communication network of multiple high-speed trains.

Let p; and v; be the position and speed of train 7 and I be the expected distance of any
two consecutive trains. Then, the dynamic model of the trains can be described as follows:

1
(D)~ FuiD)— fus(8) )

where F;(t) is the driving or braking force, and f,;(t) and fp;(t) are the basic running resis-
tance, including aerodynamic resistance; rolling mechanical resistance; and the additional
drag caused by ramps, curves, and tunnels, respectively [50]. M; represents the total mass
of train i.

fai(t) = co + c10i(t) + 0202 (t) 5)

foi(t) = Migsin®;(pi(t)) + rei(pi(t)) + rui(pi(t)) (6)

where ¢, c1, ¢; are the resistive coefficients. M;gsin®d;(p;(t)), r.i(pi(t)), ri(pi(t)) are the
drag caused by ramps, curves, and tunnels, respectively. ¢ is the acceleration due to gravity.
9;(pi(t)) is the gradient of the ramp.

The additional resistance can be modeled as an external disturbance and represented

by a nonlinear function ¢;(t), ¢;(t) = %_lf’”(t) Define the new control input as

ui(t) = 5P
Further, the model becomes

pi(t) = vi(t)
{i’i(t ) 7

{_ pr(6) = (1) o
v1(t) = ur(t) + 1(t)

where p;(t) and vy (t) represent the position and speed of the leader train, respectively. In
this paper, u; (t) is set as the acceleration of the leader train.

Taking x;(t) = [pi(t) + (i — 1)1, 0:(t)]", where (i — 1)I denotes the distance between
train 7 and the leader train. The external interference ¢;(t) can be expressed as a nonlinear
function f(x;), and it is assumed that the nonlinear function f(x;) satisfies Definitions 1
and 2.

To sum up, the dynamic model of the train can be expressed as follows:

{x,»(t) = Ax;(t) + Bu;(t) + f(x;)

() = Cxi(t ©)
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Meanwhile, it can be obtained that the model of the leader train can be expressed as

x1(t) = Axy(t) + Bug(t) + f(x1) (10)

Remark 1. The consensus problem of multi-agent systems with nonlinear leader—follower was
studied, and a distributed consensus controller was designed in [51,52]. The above literature results
are all based on the assumption that the leader’s control input is zero. It is obviously not applicable
for the leader train control input to be zero. Therefore, this paper studies a class of multi-agent
consensus control in which the leader has unknown input.

In this article, the ultimate goal to be achieved is lin;—co||x;(t) — x1(t)||= 0. Therefore,
the multiple high-speed trains system can be transformed into a specific multi-agent model,
so the consensus control problem of multiple high-speed trains is solved.

In the actual operation process of multiple trains, in order to prevent the collision
between trains and maintain the safe distance between trains, we set the upper limit of the
position error and speed error of trains in advance.

Set the maximum value of position tracking error to d’ ;4.

|pi(t) + (i - 1)1 - po(t)| < d/max (11)
Set the maximum value of speed tracking error to v/ gy
[0i(t) —vo(t)] < 0 ax (12)

3. Distributed Multiple High-Speed Trains Consensus Control Algorithm Based on
Event-Triggered Strategy

In this section, the leader train in the multi-train system is labeled as train 1, and
the control input of the leader train u; (t) is assumed to be an unknown constant value.
Therefore, the following control protocols can be proposed to achieve the consensus control
of multiple high-speed trains:

Mi(t) = Ml(t) + C,C Z]Ail ai]- [xi(t) — Xj(t>], i= 2, 3, e (13)

where c is the coupling weight satisfying ¢ > %([lﬁ and K is the feedback gain matrix to

min

be determined.
The state observer of the following form is given:

2(t) = A%i(t) + Bui(t) + Llyi(t) — C2i(1)] (14)
where £;(t) denotes the observed state of the agent i and L is the observer gain matrix.

Theorem 1. Considering the Lipschitz nonlinear system, (A, C) is observable. If P and X satisfy
the linear matrix inequality (15), (14) is an asymptotically stable full-dimensional observer, where
P =Pl >0,X=PL,and { represents the Lipschitz constants.

ATP —CTXT + PA—XCH4¢I P

1.l <o (15)
P 7

I

In this paper, the distributed event-triggered consensus control algorithm is adopted
to change the traditional time-trigger mode and reduce the communication frequency
between trains and the computation of the controller, to save the communication resources
to a certain extent.

The event-triggered strategy adopted in this paper is shown in Figure 2.
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Figure 2. Event-triggered mechanism.

As can be seen from Figure 2, for the multiple high-speed trains control system, we
first sample the state of train i at a fixed time interval to obtain the state quantity x;(¢). Then,
%;(t) is obtained through the state observer, and the state transition matrix is introduced,
which can obtain X;(t). Set the specific triggering function in advance at the event-triggered
processor. X;(t) is transmitted to the event-triggered processor. If the data ¥;(t) satisfy
the event-triggered conditions, the sampled data will be transmitted to the other trains
through the radio block center (RBC), and it will also be transmitted to the data store of
the train to update the information. In contrast, if the data x;(¢) do not satisfy the trigger
conditions, then the data will not be transmitted. The data store also received data from the
other trains all of the time, referred to in the paper as ¥;(t). After receiving data from other
trains, the data store sends the data to the event-triggered processor. It can be seen that the
data of the other train X;(f) and the data of train i X;(t) are used to determine the trigger
conditions. Since the data of the train X;(¢) can be transmitted to the controller only when
triggering conditions are met, the update of controller is also triggered by “events”. During
the time interval between triggers, the input to the control remains constant and so does the
control output.

The blue rectangular unit in Figure 2 is implemented in the automatic train operation
system (ATO). The event-triggered algorithm and the control quantity designed in this
paper are automatically calculated and completed by the software embedded in ATO
and then transmitted to the traction braking system to execute periodically through the
multifunction vehicle bus (MVB) and wire train bus (WTB). ATO systems from different
manufacturers have different hardware and software, but they must be able to achieve
speed control, accurate parking, energy saving, and other functions, to provide a guarantee
for the safe and comfortable operation of trains.

The event-triggered mechanism and state transition matrix are introduced in the
control protocol. With the state observer, the control protocol can be rewritten as the
following form:

ui(t) = ur (1) + KT a [%i(t) - %;(H)], i=2,3- - (16)
where X;(t) = eA(t*tL)J?i(tf;) and X1 (t) = x1(t), t € [, t;‘<+1)‘ t! is the last time that train

i satisfies the event condition, and £; (t}() is the output of the state observer of train i when
it was triggered last time. The next trigger time is determined by (17).

t o, =inf{t > ti|¢;(t) >0} (17)
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Define ¢;(t) as the event-triggered function, which will be explained below. ¢;(t) > 0
indicates that an event is triggered.

The measurement error, the error between the observed value and the actual value,
and the tracking error are defined as follows:

ei(t) = Ki(t) — 2;(t), t € [H, t;'cﬂ) (18)
Yt = 2() = x(h), te [, ) (19)
ni(t) = £i(t) —x1(t), t € [, t;’<+1) (20)

In [35], a centralized event-triggered consensus control scheme was proposed. Based
on this scheme, all agents have a common trigger function, and the trigger time of all
agents is unified. The consensus of multi-agent systems in centralized and distributed
event-driven schemes was studied in [53]. Considering the characteristics and practical ap-
plication conditions of multiple high-speed trains, a distributed event-triggered consensus
control scheme is adopted in this paper. The judgment of the event-triggered conditions
of each agent depends only on the local information of itself and its neighbors, without
considering the global information of the system. Therefore, define the event-triggered
conditions as (21).

N
(Pi(t) =c ‘Zl lZijEiT(t)Hei(t) — %Z]Zil ajj (fl — f])TH(J?, - 37]) — (Diefvit (21)
j=

where y; and v; are positive constants, 11 is the feedback matrix, and Il = & —-1BBTS-1.
By the event-triggered function (21) and the update rule (17), the next trigger moment

tiyq can be determined.

i
k+
Theorem 2. Considering the nonlinear system (9), there exists a feedback gain matrix

K = —%BTS_l, take & = STIBBTS™1, the matrix S > 0 is a solution to the inequality
(22), and there exists a scalar wy > 0, wp > 0, satisfying the following linear matrix inequality.

ATS V4 SVA+ wipl + wpntl + 31+ 86 81— il + Swsol

22
S 11— %wll—i— %wzgl —wsl <0 (22)

where ¢ > 0, y, and 7t are the constants in Definitions 1 and 2. The system realizes the
consensus control of multiple high-speed trains under the control protocol (16) and the
event-triggered function (21).

Proof of Theorem 2. Since A 4 LC is Hurwitz matrix, there exists a positive definite matrix
H such that H(A + LC) + (A + LC)"H = —xI,.

Consider the Lyapunov candidate function as
V(t) = Vi(t) + Va(t) (23)

where Vi (t) = Zl\iz 'yiT(t)nyl-(t), V(i) = Zl\iz iyiT(t)S’liyi(t).
IEY(t) = [12(t), 73(t), - -+, yn(b)]", thereis YT(£) = [+ (8), 73 (1), -+, /L (1)].

Vi(t) =] (HHY(t)

=YT(t)(Iy-1 @ H)Y(t) 29
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The derivative of V;(t) is

Vi) =YT(0)(Iv 1 ®[H(A+LC) + (A+LC) H] )Y(1) -
= —xYT(H)Y(t) <0

So, Y(t) > 0ast—o0. O

Remark 2. Since the matrix (A, C) is observable, there exists a matrix Q > 0 such that QA +
ATQ —2CTC < 0. Choosing L = —Q'CT provide Q(A+ LC) + (A+LC)TQ = QA+
ATQ —2CTC < 0, s0 A + FC is a Hurwitz matrix.

Va(t) = SN, T ()S i) (26)

The derivative of V,(¢) is

Va =250l (S 1(t)
= 25N,y S Ay + cBK LNy 4y (% — %)) + LCvi + (f(%) — f(x1)]
=2y N, nIS 1Ay +2c TN 22 L ainf STIBK(X; — ;)
2N, I STILCy + 2 XN, nFSTL(f (%) — f(x1))

According to (18) and (20), the results that can be obtained are X; — X; =, — 17+ ¢; —¢;,
% —x; = 17; + e1. Assigning K = —3BTS™1, & = S71BBTS 1, it is easy to obtain

(27)

Vo <28, nf ST A — TN, XN aynl € (i — )
— YN, YN (% - %) (% — %) +c TN, TN agel S (28)
25N, STILCY + 25N, ] SIS T (%) — f(x1))

It can be obtained from (1) and (2) that

wip S T — w1 T, pT [ (%) — f(x1)] > 0 (29)

—awy YN [F(%:) — Fa)]TIF (R) = F(x)] + warr T ] i 4+ o B [f (2) — f(x1)] > 0 (30)
Combined with (28), (29), and (30), we can obtain

Vy <221 277TS LAn; — Zfizzjlizuij%rg(’?z— ) 221 2 i1l TEn;
Hwrp + wam) T pf i — wor T ] [F (%) — f(x1)] — w2 EX[f (%) — f(x1)]
~w2 L[ (%) = F)] [ (&) = F ()] +2 2 0] STH(F (%) — f(x1)) (31)
+5 TN [TV ael e — § TN 5 0 (% — %) TE(% - ) + an (% — %) TE(% - %)
+2Y N,y IS71LC;
It can be obtained by inequality (3)

277 () (In1 @ STILC)Y(E) < InT () (1) + 3| S 1LC| YT ()X (1) (32)

Additionally, since Y(t) — 0 as t — oo, we can obtain
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VZ < 221 21 1S A’?z Zfiz Z]’I\iz “ij’YiT (’71 - ) 2 Zz 2 ill]; 5771
+(WW + Wt + %) Yo T — w1 Sy nT [f (%) — f(x1)] — w2 T [f (%) — f(x1)]

(33)
—wr TR [f (%) — fe)]T[F (%) = F(x0)] + 2 XN, nf ST (%) — f(x1))
+5EN 2{21 1aije] Eej — }Izjliz a;;(%; — %;) 5(551' — %) +an (¥ - x]) (% - ’7])}
Then,
v, <nl() (IN_l ®(AT5—1 +STVA + wypl + wyrl + 1 + 55))17(1&) a1

7T (H) (IN-1 @287 — wil +wael) ) f = fT(In-1 @ wol ) f + ¢ XYy @je

where & < cApin(£2), 17 (1) = [n3, -+ nE], 7 = [(F(%2) = fGa) T, (F(n) = Flx) .
Since A;(£;) > 0, there is an orthogonal matrix M that satisfies MTLoM =
A(£L2)
: : .Setif = (M), f = (MQI)f,and T = (ﬁ,f). Then, we can
AN-1(£2)
obtain

In_1 ®<ATS*1 + S VAt wipl +wpnl + 4 + 55) Iy_1 ®(3*1 — LT+ %wwl)

vy <17 1_1 1 r
Iy 1 ®(5* LI+ jwzgz) Iy ®wol (35)

ey N @evit
- ! - !
Assigning V, = chi 1 @;e~ Vit it is easy to verify that V, — 0 when t — oo.
In other words, the linear matrix inequality (36) can be obtained if Vs, < 0 s satisfied:
IN*I ®<ATS_1 + S_lA + wlyl + CUZTII + % + §8> IN,1 ®<S_1 — %wll + %QJzQI)

In_q ®<871 — %wll + %CUZQI> —In_1 Quwyl

It can be obtained by simple form (37).

<0 (36)

ATS V4 STMAt wipl + wontl + 3 +EE 871 = Jwil + Jwpol

=
o=

<0 (37)

871 — %(Ull + %(AQQI 7(4)2[
The proof is completed.

4. Simulation and Analysis

This section mainly verifies the effectiveness of the proposed event-triggered strategy and
controller for multiple high-speed trains system through numerical simulation. Considering the
actual situation of train operation, four trains on the same railway line are taken as the research object.
The topological structure of train communication is shown in Figure 3.

@

Figure 3. Train communication topology.

A

This section uses MATLAB software for simulation verification. The relevant parameters
of the multiple high-speed trains system are set as follows [54]. According to the system model,

A = {g (1)]' B=1[0 1] T, and C = [1 1]. The mass of each train is M; = 80 x 10* kg. Set

co/M; = 0.01176 N/kg, ¢; / M; = 0.00077616 N-s/ (m-kg), and ¢,/ M; = 0.000016 N-s2/ (m2~kg). In
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the operation of the train by the additional resistance |f;;| < 3000 N. In the simulation verification
process, the acceleration of the leader train is set to

0.5m/s? 0s<t<220s
0 220s <t < 300s
(1) = —05m/s? 300s <t<350s
0 350s <t <500s
—03m/s?> 500s <t<600s
0 600s <t <800s
According to u1(t), the average speed of the leader train is approximately 70 m/s.
The ideal distance between any two trains is 8000 m. Set dyax = 60 m,
' max = 15m/s. The initial states of the leader train and the follower trains are set. The ini-
tial state of the leader train is x1(f) = [24000, O] T and the initial states of the follower train is

x5 () = [16000, 5], x3(t) = [8000, 7], and x4(t) = [0, 10]”.

In addition, the sampling interval is set to 0.064 s. Take ¢ = 3 and set the parameters in the
event-triggered condition as y; = 3 and v; = 0.15. Take w; = wy = 0.01 and set the parameters in
Definition 1 and 2 4 = 0, 7 = —99. By theorem 2, solving LMI (22) can get K = [—0.0352 —0.3877],

_|1.9510 01771
- [0.1771 1.3059
obtained as shown in Figures 4-10.

} . Based on controller (16) and trigger condition (21), the simulation diagram is

Position [m]

1 1 L 1
0 100 200 300 400 500 600 700 800
Time [s]

Figure 4. Position tracking of the trains.
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>

o 100 200 300 400 500 600 700 800
Time [s]

Figure 5. Position tracking error of the trains.



Symmetry 2022, 14, 1846

12 of 16

Velocity [m's]

-4

Interval [s]

Figure 8. Event-triggered time and trigger interval of train 2.

Velocity [ms]
3
T

Time (]

12

leader train1

404
Time (s

100 200 400
Time [s]




Symmetry 2022, 14, 1846

13 of 16

Interval [s]

0 100 200 300 400 500 600 700 800
Time [s]

Figure 9. Event-triggered time and trigger interval of train 3.

Interval [s]
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Figure 10. Event-triggered time and trigger interval of train 4.

Figures 4 and 5, respectively, show the results of the trains’ position tracking. According to
the picture, the position error of the train is in the range of [—40, 40], which meets the objective of
d'max = 60 m. Figures 6 and 7, respectively, show the result of the speed tracking of the trains. It can
be seen that, when the acceleration of the leader train exists or switches, a certain speed tracking
error will be generated. The error range of train speed is between [—4, 8], which meets the target
of setting v';qx = 15 m/s in advance. The following conclusions can be drawn: in the process of
operation, the speed of the tracking train can be consistent with the speed of the leader train, and the
position error and speed error can converge to 0 eventually, so that the system can achieve the goal of
asymptotic stability.

In the simulation process, the sampling interval is set to 0.064 s. If the train status information is
transmitted in a time-triggered manner, the information of the follower train will be transmitted for
12,500 times and the same number of controller updates will be completed. After the event-triggered
mechanism is introduced, the event-triggered time and trigger interval of the follower train are
shown in Figures 8-10. According to the simulation results, train 2, train 3, and train 4 are triggered
889, 1192, and 1705 times, respectively, within 800 s. According to the analysis of train 4 with the
most times of triggering, under the event-triggered mechanism, the state information transmission
and controller update times of train 4 are greatly reduced, which is only 14% of that under the
traditional time- trigger mode. It can be seen from the enlarged area in the simulation results that the
trigger frequency is high and the interval is small within 30 s after the start of operation. When the
train speed tends to be consistent, the trigger frequency will be relatively low, and the interval will
become larger.
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In event-triggered control, Zeno behavior is the occurrence of an infinite number of triggers in a
finite amount of time. The reason is that the trigger conditions are constantly satisfied. When Zeno
behavior occurs, the convergence of the system cannot be guaranteed, and the original intention of
event-triggered control to reduce information transmission and controller update times is violated. It
can be seen from the simulation results that within 800s, the system has been triggered for a limited
number of times without Zeno behavior. The effectiveness of the system is further proved.

5. Conclusions

In this paper, we study the distributed consensus control of multiple high-speed trains under
an event-triggered mechanism and transform it into a multi-agent consensus problem with a leader—
follower. Based on the multi-agent model, a state observer and controller are designed for each
follower train to ensure that the follower train can quickly track the state of the leader train. At
the same time, the event-triggered mechanism is designed to reduce the information transmission
between trains and the frequency of controller update as much as possible under the premise of
ensuring the control effect. Numerical examples are given to demonstrate the effectiveness of the
proposed control scheme.
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