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Virtual coupling is a novel technology that enables trains to run closely together without physical connections through
communication and automation systems. The paper addresses an adaptive polynomial approximation algorithm for the
cooperative control of high-speed trains (HSTs) under virtual coupling. It aims to solve the cooperative tracking control
problem of HST formation operations under various scenarios, including known and unknown parameters. To enable the
HST formation system to achieve cooperative operation while ensuring an appropriate spacing distance, the tracking er-
rors of displacement and speed throughout the entire operation converge to zero. The proposed control strategy focuses
on adopting polynomial approximation to handle unknown parameters, which are estimated via adaptive laws. Addition-
ally, the unknown parameters of the HSTs are estimated online through adaptive laws. Experimental results verify the

effectiveness of this method.
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1. Introduction

With the urgent demand for efficiency, safety, and com-
fort, high-speed trains (HSTs) have become the preferred
mode of transportation for connecting major cities.!'! How-
ever, with the rapid expansion of the high-speed rail network,
bottleneck issues in the network have gradually emerged, lim-
iting the further improvement of transportation capacity.!>!

Recently, to address the above issue, multi-train cooper-
ative control technology based on virtual coupling has been
proposed. Virtual coupling allows for shorter train spacing
compared to traditional moving block systems, resulting in
higher line capacity through the train-to-train communication
system. Scholars have devoted significant efforts to studying
the virtual coupling of trains to improve track utilization ef-
ficiency and ensure the safety and stability of synchronized
train operations.[4] In Ref. [5], the authors solve the coopera-
tive control problem for the virtual coupling of HSTs through
the innovative distributed nonlinear state-dependent function
(DNSDF). If the system has significant uncertainties, an ad-
ditional robust design is required to compensate for distur-
bances. The study in Ref. [6] addresses the issues of safety
constraints, input saturation, and dynamic disturbances in the
virtual coupling of HSTs through the distributed model pre-
dictive control (DMPC) framework. This strategy relies on
an accurate dynamic model; if the model parameters are in-
accurate, prediction errors will accumulate, necessitating ad-
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ditional robust design. The method proposed in this paper,
through online parameter adjustment via adaptive control and
a robust design, can flexibly address dynamic uncertainties,
external disturbances, and complex constraints in HST coop-
erative control without relying on off-line training or accurate
models.

The train control system is a significant technology for
ensuring the safe, efficient, and smooth operation of mod-
ern railway transportation systems. -8 By utilizing the Global
System for Mobile Communications-Railway (GSM-R) net-
work, the system enables frequent two-way information ex-
change between the radio block center (RBC) and trains, as
illustrated in Fig. 1. Based on this communication technol-
ogy, a moving block system can be implemented to enhance
system capacity.l”! In this system, each train can follow the
preceding train while maintaining an appropriate spacing dis-
tance, thereby optimizing track utilization and improving over-
all efficiency.!'%! Currently, although the operational quality
of HSTs still mainly depends on the operator’s actions and
experience, the development of the automatic train operation
(ATO) system suggests that drivers may be completely re-
placed in the future.[!?! The ATO system can automatically
generate control commands based on the trains operating sta-
tus. This not only ensures operational safety but also signif-
icantly improves transportation efficiency, energy consump-
tion, and passenger comfort.['3l As the speed of HSTs in-
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creases, the complexity of operational control has also grown,
involving factors such as energy consumption, track utiliza-
tion, stopping accuracy, and operational safety.!!#] Therefore,
strengthening research into the operation control of HSTs and
achieving precise speed and position coordination control has
become a key factor in ensuring the safe operation of trains.

Speed

OO0

\ \ "
\ \ »

[ XN ) \ \ .
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Train 1

Train 3 Train 2

RBC

Fig. 1. The cooperative operation framework of virtual coupled HSTs.

Proportional-integral-derivative (PID) control is one of
the most commonly used technologies in train operation

15161 The significant advantages of PID control lie in

control.[
its simplicity and ease of implementation. Although PID con-
trol can provide satisfactory performance in many industrial
control scenarios, it still faces some challenges when applied
to train tracking control. In Ref. [17], an adaptive controller
based on neural networks and PID algorithms (NNPID) is pro-
posed for speed tracking control of HSTs, which addresses dy-
namic parameter issues and actuator saturation in train opera-
tion. In Ref. [18], a fuzzy PID controller based on train speed
tracking is studied, with the main goal of solving local oscil-
lations and overshooting in fuzzy PID control under multiple
operational constraints, achieving efficient and energy-saving
speed tracking control. It is often necessary to conduct multi-
ple field tests and adjust PID parameters to achieve optimal
control performance. During train operation, the controller
may lead to frequent changes in control commands, which not
only affect passenger comfort but may also increase train en-
ergy consumption. To improve the performance of PID con-
trol, specific constraints are often introduced in practical appli-
cations. However, these constraints are typically targeted and
difficult to apply directly to other trains or different rail lines,

(191 Tterative learning

limiting their universality and flexibility.
is a learning method based on cyclicality and feedback mech-
anisms, which continuously improves the control performance
of a system by repeatedly executing specific tasks.?->?! Since
iterative learning control methods are suitable for control sce-
narios with repetition, those are particularly well-suited for
precise control of train operations, as train movement is in-

herently periodic and repetitive.?*! Ji et al. propose a speed

tracking control strategy that integrates adaptive control with
iterative learning control, requiring normal modeling and of-
fering strong adaptability.[>*! This provides an innovative so-
Iution to address the nonlinear and external disturbance is-
sues encountered in HST operations. Huang et al. focus on
an adaptive iterative learning control method designed to ad-
dress the delay and input saturation issues faced by HSTs in
speed tracking control, aiming to achieve precise and efficient

(251 Trains are subject to various

trajectory tracking control.
constraint conditions during operation, and model predictive
control (MPC) is an optimization-based control strategy that
can control complex nonlinear systems while satisfying a set
of constraints.[?->°! In Ref. [30], an online trajectory control
method is proposed for HSTs based on a T-S fuzzy bilinear
model, where the MPC dynamically adjusts the model and
controller parameters based on a lazy learning algorithm. Note
that in Ref. [30], the additional running resistance of the train
is not considered. During actual operation, when trains pass
through railway curves, slopes, or tunnels, additional gener-
ated resistance can affect the stability of train operation.

This paper addresses the operational consistency of the
train cooperation control system and the handling of unknown
parameters and unmodeled interference. A polynomial ap-
proximation strategy for adaptive cooperative control of HSTs
is proposed, with two significant contributions:

1) A cooperative control strategy based on polynomial
function approximation is proposed for HSTs with virtual cou-
pling, considering two scenarios: a cooperative control algo-
rithm for HSTs in the scenario of known parameters; and a
polynomial approximation algorithm for the adaptive cooper-
ative control of HSTs in the scenario of unknown parameters.
The polynomial function can reduce the impact of external dis-
turbances on the system.

2) Under unknown scenarios, the polynomial coefficients
can be obtained by continuously adjusting the parameters
through adaptive laws. We adopt this method in the polyno-
mial approximation strategy for the adaptive cooperative con-
trol of HSTs when applying it to the trains’ cooperative oper-
ation system.

The remainder of the article is organized as follows. Sec-
tion 2 introduces the HST cooperative operation model. Sec-
tion 3 discusses the cooperative operation of train formations
when the train parameters are known. Section 4 explores the
adaptive coordination controller based on polynomial approxi-
mation under the scenario of unknown trains parameters. Sec-
tion 5 provides some practical examples to validate the above
two scenarios. Section 6 concludes the paper.

2. Preliminaries and problem formulation

The cooperative control system of HSTs fundamentally
establishes a mechanism for train formation. Comprising mul-

108901-2



Chin. Phys. B 34, 108901 (2025)

tiple trains, each of them can independently accelerate or de-
celerate. Precise adjustments by the control system enable the
trailing train to maintain an appropriate distance from the front
train, thereby allowing it to track the displacement and speed
of the train ahead seamlessly throughout the operation of the
formation.

Remark 1 This scheme adopts a predecessor—follower
virtual coupling cooperative operation mode, achieving dy-
namic coordination of multiple trains through train-to-train
communication. The first train takes the desired curve as the
tracking target, and the remaining trains only receive the real-
time status information of their preceding trains. The system
employs fully distributed architecture without requiring a cen-
tral control node, enabling global coordination via cascaded
command transmission between adjacent trains.

Analyzing the dynamic characteristics of the train opera-
tion process, we use the single-point model for modeling the
dynamic system of the HSTs because it focuses on describ-
ing the overall state of the train. Based on Newton’s dynamics
laws, the motion processes of HSTs are described by the fol-
lowing dynamic model:

{m(t) =vi(t),
Mpi(t) = uilt) — fi(vi(1)) — Afi(vile), pi(0)),

where i = 1,2,...,n, p;i(t) , vi(t) and v;(¢) respectively repre-

ey

sent the actual displacements, real-time running speeds, and
accelerations of train i. M; indicates the total weight of train i
during operation. u; represents the control inputs (i.e., traction
or braking forces) of train i.

In actual operation, the resistances faced by train i can be
divided into two main parts: basic running resistances f;(v;(z))
and additional resistances Af;(v;(¢), pi(t)). The basic running
resistances f;(v;(¢)) are directly related to the train’s speed and
can be described by the Davis equation in the following form:

i) = cio+cigvi(t) +ciavi(e), 2

where c; 0, ci1, and ¢;» are basic resistance coefficients that
are all positive definite and can be obtained through wind tun-
nel experiments. The additional resistances Af;(v;(z), pi(z))
are encountered by the trains when running on a fixed route
and include curve resistance, gradient resistance, tunnel re-
sistance, and other types of resistance caused by unmodeled
factors. These additional resistances are often difficult to ac-
curately determine in the actual operation of HSTs, which can
adversely affect the stability and efficiency of train operations.

3. Cooperative controller design under known
HST parameters

The driving strategy for HST formation is developed
within known parameters of the HSTs, which addresses the

control challenges of train formations operating in intricate
scenarios.

When a train formation operates with coordinated move-
ment, the first train, known as the leading train, tracks a desired
trajectory. In this work, the desired displacement and desired
speed for the leading train tracking are defined as pq4(f) and
va(t). For the leading train, the displacement error e; ;(¢) and
speed error e »(¢) are defined as follows:

{eu(r) = pi(1) = palt),

el,2(f):V1(t)—vd(t), 3

where pi i (t) and vy () are the displacement and speed of
the leading train. Differentiating it and incorporating the train
dynamics (2), we can arrange it as follows:

e1,1(t) = e12(2),
é1a(t) = Mil(ul(t)fcblT‘P](t) )
—Afi(vi(t), p1(t))) —va(t),

where @, € R> and ¥, € R3 collectively describe the basic
resistance with the structure as follows:

€10 1
D= |c1 |, W()=|v)
12 vi(r)

However, the following trains have distinct tracking ob-
jectives. Those targets include the status information of the
trains in front of them, which collectively ensure the synchro-
nized running of the entire formation. The objective for each
following train in the formation is to monitor the status in-
formation of the train ahead of them. Next, we define the
displacements e; | (¢) and speed errors e; »(¢) for the following
train (i > 1)

{ei,l(t)ZPi(f)—Pi1(’)”57 ©)

Ei"z(l) = V,‘(l‘) 7V,;1([),

where p;_;(¢) and v;_;(¢) indicate the displacements and
speeds of the trains preceding train #; and [ is the spacing dis-
tance between two adjacent trains.

Similarly, we can obtain the error system

éi1(t) =ein(1),

éial0) = - (ui(t) — B H(1) ©)

1

= Afi(i(t), pi(1))) — viz1 (1),
where @; € R3, ¥ € 3, and their structures are
Cip 1
D= |cit |, W) =|w@)
Cin vi(1)
Assuming that all HST parameters are known, we will

develop a control strategy based on polynomial function ap-
proximation and apply it to the HST cooperative operation
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system. This aims to achieve tracking of displacement and
speed, meaning that the tracking errors of displacement and
speed throughout the entire operation converge to zero over a
short period of time, and the entire system operates coherently.

Theorem 1 In order to ensure that the leading and follow-
ing trains can still accurately track the desired target curves in
complex operating environments, the control law for the lead-
ing train is designated as follows:

ur(t) = My (va(t) —ki2e1,1(t) — n2e12(t))
+ O W(1) + AL (1), pi (1)), o
ui(t) = M;i(vi-1 (1) — kipei (t) — Yizeia(r))
+ @ (1) + Afi(vi0), pi(1)), (i>1),

where ¥; > = k; 1 - ki». Otherwise, k; 1 and k; > are control law
parameters that are all greater than zero. Then, the tracking
errors of displacement and speed converge to zero in a short
period of time from any initial conditions, and the train forma-
tion system operates cohesively and consistently while ensur-
ing an appropriate spacing distance.

Proof First, the following Lyapunov function is con-
structed:

1, 1

Vil) =561 (1) + 5

e (1), (8)

verifying the stability of the train formation. Carrying out the
derivation of Eq. (8), we can then obtain

1

€1,1(t)€1,2(l) + éel,z(l‘) ((m (t) -

(0 = @70

AR, pil0)) vdm),
Vi(t) = ©)]

i1 (1eia(t) + ezl (Aii(ui(r) _ o)

—Aﬁ(v,»a),p,-(r)))—wm), (i>1).

For the entire HST cooperative operation system, it is
necessary to consider the sequential stability of the train for-
mation

VCoop(t):ZVi(t)» (10)

and by taking the derivative of Vcoop along time, we obtain

n

Vi(t Z iei,(t) 0. (11)
1 i=1

M=

VCoop (t )

i

Based on the above, it can be inferred that Vcoop is a non-
decreasing function. According to the Lyapunov stability the-
ory, it can be known that the system is stable, meaning that
the train formation system can operate in a coordinated and
consistent manner. The proof is completed.

Remark 2 We know that it is unrealistic to obtain train
data accurately during operation on a real railway because of
various environmental factors. Therefore, we will design an
adaptive controller in the following section to make up for the
deficiency in the above controller.

4. Cooperative controller design under un-
known HST parameters

In this section, by utilizing an adaptive control method
in conjunction with polynomial function approximation meth-
ods we design the driving strategy for HST formation, which
solves the conundrum of not being able to get the actual pa-
rameters.

During the operation of an HST on a real route, it is al-
ways difficult to obtain the additional resistances. This work
deals with that issue by applying an polynomial function ap-
proximation. The additional resistances can be described as
follows:

Afi(vi(t), pi(t)) = Pom + i(2(7)), (12)
where K;(z(t)) is the reconstruction error of the polynomial ap-
proximation and has a unknown upper bound, namely, ;(z(¢))
satisfies |ki(z(1))| < &i(z(t)) < oo. B = Y yauz(¢) is the
least-squares polynomial and z(r) € R is the independent vari-
able. Therefore, applying the polynomial approximation to
additional resistances, the dynamic equations of train i turn

into
pi(t) = vi(r),
{M,.v,.(t> = ) = i) g 0.

Remark 3 In the approximation theory, we should note
that a polynomial can approximate any continuous function.
Therefore, it is rational to apply polynomial approximation to
handle the adverse effects of the additional resistance.

Taking Eq. (13) into Eq. (4), we can obtain

e11(t) = e1a(t),
1
E(ul

— O H (1) —

(t) — DI (1) (14)
K1 (z(2))) —va(t),

where the additional resistances are represented by @ € R"*!
and H; € )"+, having the following form:

e1n(t) =

aro 21(t)
aii 21 (1)
o =|u2|, wr=|40
atm '(t)
Similarly, we can obtain the error system
éi1(t) =ein(t),
1
¢ia(t) = 3 (ui(r) = PFH() (15)

L

=0/ H;i(t) — k(2(1))) — i1 (1),

108901-4
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where ©; € R"*! and H; € R" T,

aip Z?(f)
a; | Zé'(t)
@,’ = | @2 s H,’(l‘) =|% (t)
dim (1)

Compared to system (6), this system contains unknown
parameters; therefore, the previously designed controller is no
longer applicable to this system. Regarding the aforemen-
tioned unknown parameters, we define the form of the esti-
mation error, k; = K; — k;, ©; = ©;, — ©; and &; = &; — ;. We
can design the adaptive law as

Rir) = — fji?ﬁf.)z sgn(ena(n), (16)
&) = 2 T a7
&,(1) = —If/—g)z Lo %(1), (18)

where I;; and I;, are control law parameters with all values
being positive constants.

Theorem 2 Due to the nonlinearity of HST operation and
the unavailability of exact parameters, we adopt an adaptive
control strategy. Let us design the following control input:

wi (t) = My (Va(t) — ki 2e1.1(1) = N2e12(1)) + O Hi (1)
+ W (1) +sen(er 2(1)) - ki (2(1)), 19)
ui(t) = M;(Vi—1(t) — kipei1 (t) — Vinein(t)) + ©; Hi(t)
+ B W(r) +sgn(ein(r)) - Ki(z(1)), ( )

where N2 = k1,1 'k1,2, Yi2 = k,'71 ~k,'72. Otherwise, k171, k112,
ki1, ki are all greater than zero. Then, the tracking errors of
displacement and speed converge to zero within a short period
of time from any initial conditions. Consequently, the virtual
coupling train formation system operates cohesively and con-
sistently while maintaining an appropriate spacing distance.
Proof In order to validate the stability of the proposed
control strategy, this part presents the stability analysis. First,

the following Lyapunov function is constructed:

1
2k1<1

1,

1 3
Vi(t) = 591,1(f)+%€%,2(t)+ K7 (2)

I~ ~ 1 -
+501T1, 61+ 5 BT, B, (20)

verifying the stability of the lead train. Carrying out the deriva-
tion of Eq. (20), we can then obtain

Vir) = e1,1<r>e1,2<t>+kllzel,za)(]‘;(m(t) 0

COTH() Kl(Z(t)))—v'd(t)>

+ k%"‘ (DRi1(2)+ 6116 + BIT5Br. 21
Incorporating Egs. (16)—(19) into Eq. (21), we can obtain
Vi) = — 1260 50) + 20 R (0 sencer ()
_ ém (2)k1(z(2)) — k61122(131 K1 (z())
~6in e - 2206

(22)

sro1 sz e1a(t)
_¢1T1_i,21(p1_k12 M, ¢qu()

By the same token, the Lyapunov functions for construct-
ing the following trains are

1 2 R
Vi(t) = —e7(t “(t t
| RV R
+§@1Trl.’ll ,+§¢E1;,21q>, (23)

Then, we have
. 1 1
Vit) = eii(t)ein(t) + —eia(t) ((ui(t) — (1)
ki M;

—OMH,(1) — xi(2)) —

N—

vi1(t)
1 L
o RQR() + 66+ BT
Considering Eqgs. (16)—(19), Eq. (24) is transformed into

M2 ein(t) =
T et ki; M Ki(z) -sgn(ei2(t))

_ :22(1’& () — kim’i“f@’:c"(z)

ein(t)
kia- M@TH()

(24)

Vi(r) = (r)+

-6/1;1'6,-

(25)

14 ein(t) =t
-0, b - L Pl
1702 ! k12 M i ( )
For the entire HST cooperative operation system, it is
necessary to consider the sequential stability of train forma-
tions:

Veoop(1) = Y Vil1) (26)

i=1

and taking the derivative of VCOop(t) along time, we obtain

= ; (— % 20+ klif'(]t\/)li K;(z) -sgn(e;a(1))
< ¥ (- e+ 220 26 senteats)
kell;(]tv)[l ~Ki(2) - sgn(ein (1))
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i 31‘,2([) %(Z).Sgn(e,gz(l)))>

kiz-M;

n
< =Y kirer, (1) (27)
i=1
By Lyapunov’s theorem, we can draw the same conclusion,
namely that e;(f) and ¢;(¢) will converge to zero, meanwhile
the HSTs operate uniformly in formation. The proof is com-
pleted.

5. Simulation

In this section, there are four identical trains serving as
experimental subjects, each with mass of 5 x 10° kg. The
reason for selecting four trains is to illustrate the coordinated
operation between the leading train and the following trains,
the tail train and the preceding trains, as well as the trains in
the middle of the formation. Considering the effects of ba-
sic resistance and additional resistances during HST operation,
where the inertial resistance coefficient, rolling resistance co-
efficient, and aerodynamic resistance coefficient are 2.25 kN,
1.19 x 10% kN-s/m and 3.2 x 10* kN-s/m?, respectively, simu-
lation experiments are conducted to verify the effectiveness of
the proposed control method. Table 1 provides the character-
istic parameters of the trains and the track parameters.

Table 1. Simulation parameters.

Name Numerical values
Initial position of HST 1 Om
Initial position of HST 2 —1010 m
Initial position of HST 3 —2020 m
Initial position of HST 4 —3030 m
Train space distance 1000 m
Curve central angle 120°
Railway line gradient 0—0.015
Tunnel length 1500 m

The objective of this paper is to design an appropriate
control strategy to ensure that the train formation operates col-
laboratively while maintaining a safe distance. Additionally,
the actual position and speed of the leading train should accu-
rately track the desired displacement and speed.

Case 1 Cooperative control algorithm for HSTs within
known parameters.

Using the cooperative control strategy (7) from Theo-
rem 1, the simulation results mainly include the following:
Under the condition of known parameters for the HST for-
mation, figure 2 shows the displacement tracking errors and
speed tracking errors of each train in the formation, demon-
strating the effectiveness of the control scheme proposed in
Theorem 1. Figure 3 illustrates the cooperative operation of
the entire formation, from which it can be observed that the
train formation operates collaboratively while maintaining the
required spacing distance.

(a) Displace errors
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Fig. 2. (a) Displacement tracking errors and (b) speed tracking errors
distributions of the trains under the condition that the parameters are
known in the formation. Each color represents a train.

(a) Spacing distances
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Fig. 3. (a)—(b) The coupling and cooperative operation processes of the
trains under the condition that the parameters are known in the formation.

Case 2 Polynomial approximation algorithm for adaptive
cooperative control of HSTs with unknown parameters.
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The adaptive cooperative control strategy, applied to the
scenario of unknown parameters and based on the polynomial
function approximation method from Theorem 2, ensures ef-
fective system performance. The simulation results are as fol-
lows. Figure 4 demonstrates the effectiveness of the control
strategy in handling unknown factors. Figure 5 shows that un-
der the influence of this control strategy, HSTs can still operate
collaboratively and stably.

(a) Displace errors
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Fig. 4. (a) Displacement tracking error and (b) speed tracking error
distributions of the trains under the condition that the parameters are
unknown in the formation. Each color represents a train.

Regarding the experimental results in different scenar-
ios, we compared the speed errors in the scenarios where the
parameters are known, the parameters are unknown without
polynomial approximation, and the parameters that are un-
known with polynomial approximation in Fig. 6. Taking the
first train as an example, it can be seen that in the scenario
where the parameters are known, the curve of the velocity er-
ror has smaller fluctuations. However, during the operation of
trains, it is difficult to obtain the relevant parameters. There-
fore, we compared the speed errors in scenarios where the pa-
rameters are unknown. It can be observed that after adopting
polynomial approximation, the fluctuation of the speed error
curve significantly decreases.

From the experimental results, it can be seen that the pro-
posed control strategy is effective to ensure the stability of the

resulting HST formation cooperative closed-loop system as
well as the tracking performance of displacement and speed.
(a) Spacing distances
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Fig. 5. (a)—~(b) The coupling and cooperative operation processes of
the trains under the condition that the parameters are unknown in the
formation.
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Fig. 6. Comparison of different scenarios.

6. Conclusion

In this paper, a polynomial function approximation co-
operative control algorithm for HST formation addresses the
issue of HST formation cooperative control in scenarios with
unknown parameters under virtual coupling environments. By
introducing the polynomial function approximation method
and an adaptive control strategy, the proposed approach en-
ables online estimation of unknown parameters and effectively
handles external disturbances, and ensures the safety and sta-

108901-7
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bility of HST formation under complex operating conditions.

Theoretical speed analysis and simulation results demonstrate

that this method significantly meets the consistency require-

ments for coordinated operation.
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