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Abstract

This paper investigates the adaptive neural control of vehicular platoons subject to unknown nonlinear functions
and full-state constraints. To address the challenges posed by unknown functions, the neural network technology is
integrated into the backstepping control framework. Additionally, the time-varying constraints on position, velocity,
and acceleration are effectively managed through the application of tangent barrier Lyapunov functions. Notably, the
proposed approach successfully avoids the singularity problem. Based on Lyapunov stability theory, it is rigorously
shown that the closed-loop system remains bounded, with system states and error signals strictly confined within
the prescribed constraint boundaries. Finally, a numerical example is presented to validate the effectiveness and
feasibility of the proposed control scheme.

Keywords: Vehicular platoons, neural network (NN), backstepping, tangent barrier Lyapunov function, constraints

1. INTRODUCTION

Adaptive control is a control strategy that dynamically adjusts its parameters in response to changes in the
system, with the goal of enhancing controller performance in uncertain and evolving environments. This ap-
proach finds extensive application in fields such as industrial automation '), cruise system design?!, and traffic
management>*), Especially when dealing with model uncertainties and external disturbances, this approach

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0

£ International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, shar-
ing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate
if changes were made.

m www.oaepublish.com/comengsys



https://creativecommons.org/licenses/by/4.0/
www.oaepublish.com/comengsys
OAE
图章

http://crossmark.crossref.org/dialog/?doi=10.20517/ces.2024.101&domain=pdf

Page 2 of 19 Ma et al. Complex Eng. Syst. 2025, 5,3 | http://dx.doi.org/10.20517/ces.2024.101

can effectively ensure the stability and tracking performance of the closed-loop system. With the development
of modern industry and intelligent transportation systems, the demand for control of complex dynamic sys-
tems is increasing, and the research on adaptive control is particularly important. By continuously optimizing
and improving adaptive control algorithms, the response speed and accuracy of the system can be enhanced,
which provides a theoretical basis and technical support for achieving efficient and safe automation operations.
Recently, the rapid acceleration of urbanization has inevitably resulted in increased road congestion and en-
vironmental pollution. This phenomenon has adversely impacted travel efficiency, economic growth, and
environmental sustainability, placing unprecedented strain on traditional transportation systems. To address
these challenges, many cities are exploring intelligent transportation systems and sustainable travel solutions.
Among numerous studies, connected automatic vehicles (CAVs) can achieve efficient information sharing
and intelligent decision-making through vehicle-to-vehicle (V2V) communication, reduce traffic accidents,
execute intelligent scheduling and dynamic route planning, and reduce energy consumption>-%), Note that
distributed control of vehicular systems can achieve the control objective of the entire system through com-
munication and coordination, and there are significant achievements!®'4l. Specifically, references!:°!
constructed the platoon as a dynamically decoupled system and used distributed model predictive control
(DMPC) technology to solve flexible platooning scheduling problems. Referencel''] mainly investigated
the distributed adaptive fixed time queue tracking problem of third-order completely non-uniform nonlinear
vehicles, and solves the interference problem through robust Hs, control theory. Distributed platoon control
relies on communication between ve-hicles, such as V2V. In order to ensure the security of this highly
connected network, references!'>"'# discussed the vehicular system under network attacks, designed the
adaptive distributed control framework, and utilized Lyapunov theory to prove the asymptotic stability.
Based on these vehicular control theory results, the initial motivation of this paper is to design an adaptive
control scheme for a third-order vehicle system and com-plete stability analysis. Due to model errors and
parameter variations, the existence of unknown functions has brought great difficulties to the stability
analysis of vehicle platoons. Usually, there are two methods for han-dling unknown functions: adaptive
model predictive control (MPC)!'>'¢] and function approximation!'”-2*l. For example, the reference(**
proposed a robust adaptive MPC algorithm to achieve good tracking perfor-mance and parameter set
estimation accuracy, while the tube-based adaptive MPC scheme designed by!'¢! ensured the asymptotic
stability of the dynamic uncertainty closed-loop system. Differently!”'%], utilized the neural network (NN)
technique to approximate unknown dynamics. However, references!'>'® considered linear systems or
simple nonlinear systems, which might not be applicable to vehicular systems with relatively high complexity.
In reference’), the proposed new scheme combined local motion planning and adaptive MPC,
guaranteeing the motion behavior of vehicles traveling at the desired speed. In addition, adaptive MPC
requires high accuracy in system modeling, and additional disturbances can affect the control effect. Hence,
reference?! approximated unknown nonlinear functions through fuzzy logic systems (FLS) and proved the
individual and string stability of the entire heterogeneous vehicle group using predefined time stability
criteria and Lyapunov functions. By simpler single critic NN, referencel?!] achieved the approximation of
unknown functions and proposed an improved weight update law to ensure the stability of closed-loop
systems without the need for difficult-to-find initial allowable control schemes(??l. developed a platoon
tracking control strategy based on an adaptive NN algorithm, and then [>*! extended this scheme to vehicular
systems with limited communication resources. Therefore, this paper will investigate vehicle platoons with
unknown functions and utilize the NN approxima-tion technique to solve the problem.

On the other hand, the safety issue also needs to be taken seriously, which was not discussed in the above
articles'**). proposed an intermittent privacy protection mechanism to ensure the security of communication

data between subsystems. References[25:2¢]

aimed to achieve specified performance queue control and
strictly maintain tracking errors within the specified region!?”). Constrains the safe distance between
vehicles, and?®! simulta-neously established constraints on the position and speed of the vehicle platoon.
However, references!25-28! ignored the constraint condition on acceleration, which may affect the control
performance of the vehicle during rapid braking. Besides, imposing constraints is certainly beneficial for

system safety, but at the same time, it can also generate redundant terms, which can cause trouble for control
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design. Notably, using barrier Lyapunov functions (BLFs) in the process of backstepping design is an effective

method to overcome the shortcomings of state constraints. For instance, reference®®! introduced time-
varying integral BLFs (IBLFs) into adaptive control de-sign, which ensured the stability of the closed-loop
system without violating the constraints of the states*°l. obtained the result of asymptotic convergence of

31-33]
bl

tracking error to zero through logarithm BLFs (log-BLFs) the-ory analysis. In! tangent BLFs (tan-
BLFs) were used to design an adaptive controller. Subsequently, referencel**! applied BLFs to vehicle

platoons and completed stability analysis.

Motivated by the above discussion, this paper is dedicated to researching adaptive neural control of vehicular
platoons with unknown functions and full state constraints. Main contributions are summarized as follows.

(1) Different from'>1¢), we establish an effective adaptive NN control framework for third-order vehicle pla-
toons with external disturbances, which avoids excessive assumptions about unknown functions and sim-
plifies the design process.

(2) Unlike traditional vehicle control [>1°], we additionally consider safety factors during the driving process. By
applying time-varying constraints on the position, velocity, and acceleration of the vehicle, it can ensure that
the system states don’t fluctuate significantly and remain within predefined boundaries, thereby improving
predictability to a certain extent.

(3) Compared to the constant constraints investigated by*°), time-varying state boundaries are more difficult
to handle. We adopt tan-BLFs, which allow the controller to quickly adjust the control input when system
state approaches constraints, bringing the system state back within a safe range. This helps to improve the
response speed and stability of the system and avoid singularity phenomena.

The composition of the paper is summarized as follows. Section 2 introduces the third-order vehicular platoon
and key technologies. Section 3 provides the design process of the adaptive NN controller. Section 4 presents
the stability analysis. Section 5 shows an example to validate the effectiveness of the control approach. Section
6 concludes this paper.

2. PROBLEM FORMULATION

As shown in Figure 1, we consider the platoon of CAVs with a bidirectional communication topology of the
vehicle ahead and the leading reference signal. B, ;, 82; and B3, denote the position, velocity, and acceleration
of vehiclei,i € {1,---, N}, respectively. d; is the distance between two CAVs, and d; 45 is a desired spacing
between two CAVs. y.o is the reference signal. The considered CAV system is equipped with road maps,
GPS, and onboard sensors. In addition, each vehicle is capable of V2V communication and receiving its own
controller signals and communication between the two vehicles. During the driving process, the spacing can
be kept within a safe range, that is 0 < d; min < d; < dimax, Where d; min and d; max are the minimum safety
spacing and maximum distance, respectively.

2.1. Vehicle dynamics
Based on!?®*%), consider the dynamics of the vehicle i as follows

Buri(1) = Boi(t) +n1i(Br:i(1)),

Bi(t) = B3.i(1) +n2i(Bri(1)), (1)

Bai(t) = G4 (Bai(1), B3 (1)) + W3, (Boi(1))a; (1) + ki '3,:(B3,i (1)) + k' 7i(1),
where B;;(t) = [B1i(t), -+, B ()T, j = 1,2,3. 71;(+), n2:(-) and n3;(-) are unknown functions. 7;(¢) is the
disturbance. k; > 0 denotes the engine time constant. G3;(82,(¢), B3,(¢)) and W3 ;(32,:(¢)) are given by

G, (Bai(1), B3i (1) = =k (B3, (1) + 0-5V,'_lrfs;ﬁdciﬂ§,,-(f) + v ) = v s deiBai(D)Ba (1),
1
W3 (B2,i(1) = —

ik’
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Figure 1. Longitudinal motion of the vehicle platoon.

where the physical meaning of parameters v;, d.;, s; and r} can be seen in (28]

Additionally, the engine input a; is provided by
a;(t) =viu (1) + O-SF;s?dciﬂg,[(t) + hyi + kir} s7deifB2i (1) B3, (). (2)
Then substituting (2) into (1), one has
Bri(1) = Bai(r) + 11, (Bri(1)),

Bai(t) = B3i(1) + 12, (B2 (1)), (3)
B3,i(1) = ki_l(—ﬂ3,i(f) +u; (1) +7;(t) + 13, (B3i(1)),

in which B1,(7), B2.:(¢) and B3 ,(¢) represent the vehicle position, the velocity and the acceleration, respectively.
Based on safety considerations, we set the following constraints for the vehicular system (1)

1BLi (D] < fs (), 1B2i ()] < £ (1), B34 (D)] < fa (D), (4)

where f;(1), f,(¢) and f,(7) are time-varying constraints defined by designers.

The purpose of this paper is to construct an adaptive control scheme to achieve the following three parts:

(1) The closed-loop system is bounded.
(2) The error signals can converge to bounded compacts.
(3) The position, velocity, and acceleration of the platoon system are kept within time-varying constraints.

Accordingly, we make the following assumptions.

Assumption 1. The reference signal y.o and its i th derivative yig () are bounded. There exist positive constants
Ye0,Ye1, -+, Yo such that

[Yeo (D] < Yeo < (1.0 < Iy (] < Yeiri = 1=+ .n (5)
where f(t) is the time-varying constrained boundary.

Assumption 2. For f(1), f,(t) and f,(t), there exist positive constants Py j, P}, ; and P, ; such that

1Pai (D] < Pay < f5(0), 1ppi(D] < Py < (1), |pei(0)] < Pet < fa(1), (6)

and

PO < Pajurs 195 O] < Pojurs 190 O] < Peju, @
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wherei = 1,---,n, j = 0,--,n, pi{:)(t), pzjl:)(t) and pg)(t) denote the jth time derivative of time-varying
functions pai(t), ppi(t) and pe; (1), respectively.

Remark 1. By Assumption 2, the relationship between time-varying functions, positive constants, and state bound-
aries can be obtained. Based on this assumption and the coordinate transformation between states, virtual con-
trollers, and error signals, we will deduce the constraint boundaries of error signals. This will play a significant role

in backstepping design and Lyapunov analysis, ensuring that the closed-loop system is bounded and error signals
can converge to bounded compact sets.

Assumption 3. The external disturbance 7;(t) satisfies |7;(t)| < T;, where T; is a positive constant.

Lemma 1. 133/ For V(A, B) € R", we have

1

nen

Em

AB < —|A|" + |B|",
m

wheree >0,m > 1,n>1,and (m—1)(n—-1) = 1.

2.2. Radial basis function neural network

The radial basis function neural network (RBFNN) has been widely employed for approximating unknown
nonlinear functions. Then y(Z) can be approximated with

X(Z)=W'S(Z)+A(Z), (8)

where y(Z) is defined on the compact set Q; ¢ R"; A(Z) is the approximation error, which satisfies [A(Z)| <
& and ¢ is an unknown positive constant; the ideal constant weight vector is defined as

W = arg min { sup [x(2) - ST(Z)WI}, ©)
WeR! zeq,

where W is the estimate of W and [ > 1 denotes NN nodes.

Besides, the basis function vector is S(Z) = [s1(Z), - ,s,(Z)]" andfori=1,---,1

—(Z=-a)(Z - g
si(Z) =exp ( 61122( ql)l . (10)
i
Here, g; = (i1, »qin]" is the center of the receptive field, while b; is the width of Gaussian function.

Remark 2. In this paper, the RBENN technique (8) is employed to approximate unknown functions. Although
the approximation error inherently exists, it satisfies |AN(Z)| < &, & > 0, which indicates that the error signal
can remain strictly confined within bounded limits and exhibits no tendency toward unbounded divergence. In
addition, by combining tan-BLE backstepping, and inequality scaling, we can further reduce the adverse effects of
approximation errors and ultimately achieve boundedness of the closed-loop system.

Remark 3. For smoothing functions existing in the system, some articles made them known and provided a con-
stant to constrain the boundary, such as Assumption 2 in reference?°!. Unfortunately, this method relies too
heavily on precise system models. Although literature!>*! sets boundaries for the coupling of known functions and
system states for unknown smoothing functions in Assumption 1, this method requires the design of appropriate
basis functions. If the proposed assumption cannot characterize the nonlinear characteristics of the unknown
function, this will result in errors and lead to a decrease in controller performance. Therefore, we remove these
excessive assumptions and not only utilize the RBFNN to approximate any continuous nonlinearities, but also
improve the dynamic adaptability of the controller.
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3. ADAPTIVE NEURAL CONTROL

In this section, we will design an adaptive NN controller to ensure the boundedness of the vehicular system
with unknown functions and full state constraints. To proceed, given the following coordinate transformation

€1,i(t) = B1,i(t) = yeo(t),
€,i(t) = B2,i(t) — w1, (1), (11)
€,(1) = B3,(1) — w2, (1),

where wy ;(7) and w, () are virtual controllers, and €; (), j = 1,2, 3 are error variables.

Step 1. Based on (1) and (11), one has

€1i(1) = B1i(1) = Yeo(2)
= e,i(t) + w1, (1) + 11,/ (B1i (1) = Yeo (). (12)

By the RBFNN technique, unknown functions can be approximated by

X1i(Zi1) = mi(Bri(1)) = eo(r)
= WS1:(Z13) + ALi(Z1), (13)

where Z; 1 = [B1.:(2), yeo(t), yeo()]T, Wy, is the NN weight vector, S1,(Z;;) is the basis function vector, and
Al,i(zl,i) satisfies |A1,i(Zl,i)|S &1 with &1, > 0.

Next, we select the following tan-BLF

2 2
PLi(1) me (D) 1.
Q1(1) = == tan | ——=— |+ S W67, Wi, (14)
r o\ 2020
where 61; > 0 represents the design parameter, Wi, = Wy, — Wl,i is the estimation error and Wl,i is the

evaluation of W ;. Besides, according to Assumption 2, we can obtain that |e; ; ()| < p4;(f), where p,; (1) =
fs(t) = By and Bj is a positive constant.

Then we further get

01,(1) =

2pai(DPai(t) ne (1)
7 2p%,(1)

=T —1 A
) - Wl,iél,iwl,i

2
5 (nel (1)
+ sec

2p2.(1)

_ D) €1, (1) sec? (

) €1,i(1) (€2 (1) + w1, (1) + x1,(Z1,))

Jrelz,l.(t)
2p2.(1) )

Par) (15)

In view of x1;(Z;1) = WlT’l.Sl,,-(Zl,i) +A1,(Z1,), by Young’s inequality, one has

ne? (1) 1 ne? (1)
2 1,i 4 Li 5 )

(ON1i(Zy;) £ = (t 3 .
sec (2p3i(l)) eLi(OALi(Z1) < 5 Sec ( ; )61,:( )+ 57, (16)
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Substituting (16) into (15), we can obtain

01,(1) <

zpai(t)ﬁai(t) tan (ﬂ‘g]z’i(t)
Ve

i e
2p(2“(t) 1,iY 1, sl 2 1.0

+ sec? (7:2 E ;) €1,i(t) (Ez,i(f) +wii(t) + WlT,l-Sl,i(Zl,i))

2])3[([) al(t) €L 2]72,'([)

The virtual controller and the adaptive law are designed as

2 2 2
wi(1) == (a1, +2171,(1)) :ai(t) sin (nel’i(t) ) cos (ﬂel’i(t))

€1 (1) 2p2.(1) 2p, (1)
2
. 1 mep (1)
T 2| =
—Ti(ei(t) =Wy ;S1:(Z1y) - 5 sec (Zl’ii(r) €1 (1),
A 2 2 2 ( )
Wii =61, |=p1iWi + sec 2 (1) €812 |
al

where a1; > 0 and p;; > 0 are tuning parameters. Besides, I'j ;(7) is defined as

_ Pai(t) g
[it) = (pai(t)) + 01,

in which T'; ;(r) > 0O and 6,; > 0.

Accordingly, it is obvious to deduce that

Pai(t)

ML+ =

> 0.

Furthermore, we substitute (18), (19) and (21) into (17), then

2
Pai(t) (ﬂel,i(t)) I, 1 2
tan + &0+ sonillWill
2 51, » ,
P 23] 27T 2

01,(t) <—ay;

2
1 o, [7e )
_Epl,i“WI,i“ +sec (2 2 ) €1,i(1)€i(1).

Finally, by defining IT; ; = min{a ;, p1,, 61,}, (22) can be rewritten as
2

e, (
Q]l(t) <- Hllle(t)"'SeC ( 2 ( )

+ 1 sec? (—ne”(t) ) 612,1-(1) Paill) € (t) se (ﬂelz’i(t)) .

1) 1 1
) e,i(t)e,(t) + 5512,,- + Epl,il|Wl,i||2~

Page 7 of 19

(17)

(18)

(19)

(20)

(21)

(22)

(23)

Remark 4. In step 1, the virtual controller (18) is ultimately derived through coordinate transformation (11),
tan-BLF (14), and the RBFNN technique. The basic design principle is to construct a suitable Lyapunov function,
ensuring that its derivative is negative definite or semi-negative definite. Meanwhile, the design of (18) should
also incorporate the adaptive law (19) to ensure the convergence of parameter estimation errors and state errots.
Therefore, the role of each virtual controller is to stabilize the current subsystem and provide reference inputs for

the next subsystem, ultimately achieving the stability of the entire system.
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Remark 5. Compared to log-BLF, tan-BLF grows faster when the state approaches the constraint boundary, mak-
ing the gradient of the Lyapunov function steeper and actively preventing constraint violations. This plays a sig-
nificant role in systems with full state constraints. In addition, the structure of tan-BLF is more suitable for time-
varying constraints because its trigonometric properties can simplify the adaptation to changing boundaries, which
is beneficial in constraining dynamic environments that evolve over time.

Remark 6. During the design process, the singularity of the virtual controller has been avoided. When € ;(t) — 0,
we use the LHopital’s rule to acquire

2
i+ 2T mey (1) e l(t)
im (ar; +200 (1)) 2 2 (1) si 1, cos 1, (24)
ain—0  mep(t) Zpﬁi(t) 2p2(0))
Therefore, the singularity problem will not happen in (18).
Step 2. Through (1) and (11), one has
éri(1) = Pri(t) — 01,(1)
= €,i(1) + w2, (1) + 12, (B2, (1)) = @1,(1). (25)
By the RBFNN technique, unknown functions can be approximated by
X2,i(Z2) = 12, (B2i (1)) = w1, (1)
=W, :82i(Z2i) + Mai(Z2,), (26)

where Zy; = [B1,(1), B2.i(1), Pai (1), Pai (1), Pai (1), yeo (1), Feo (1), W1 ]7, Wa,; is the NN weight vector, S2(Z2,)
is the basis function vector, and Aj;(Z, ;) satisfies [Ay;(Z2;)] < & with & > 0.

Then we select the following tan-BLF

2
02,(1) = Q1,i(1) + phl()an(ﬂEZ,i(t)) 1.

+ WL 65'Ws,, 27
2pl2n.(t) ) 2,i92, 2.0 ( )

in which 6,; > 0 is the design parameter, Wa; = W, ; — W, is the estimation error and Wa is the evaluation of
W,,;. From Assumption 2, we have |e,; ()| < ppi (1), where pyi(t) = f,(t) — B, and B is a positive constant.

Correspondingly, we further get

. 2 .
02(1) =01,(1) + thi(?rpbi(t) tan( 2[(?) - WzT,iég,} Wy,
, 7,0 ;
+sec (ZPii(l‘))EZl(t)(E3l([)+w2[(t)+X21( 21)
pnil0) 5 mey; (1)
pary 052 (5. (29)

In view of x2;(Z»)= W2T :52.i(Z24) + M2.i(Z2,), by Young’s inequality, one has

) &
sec? (;T;zg;) (N (Zy;) < % sect (ﬂ Et;) 2,(f) + fzr (29)
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By (29) and (28), one can deduce that

) 2
02:(t) <01.(t) + 2Pbi(f7)rph,-(t) tan(ﬂez’i(t)) 1

2
+ &5
2p3(0) 27
2
7re2‘(t) i
+ sec? (—lt e/(OW;82i(Za;) = W 65 i W

3:(1)
2 (ﬂEz—t) €,(1) (Esz(l) +wyi(t) + Wzlszz(zzl))

Poi(0) 2p3,(1)

Besides, the virtual controller and the adaptive law are constructed as follows

2 2 2
00 £ ) o[ 1)
N bi bi

- 1, (me,
= Toi(0)e,i(t) =W, :82i(Za;) - 5 sec 2920 €,(1)

o men() / 5 [ e (1)
sec (Zpgi(t))ﬂ”(t) sec (2pzi(t))’

2
N ﬂez,'(t)

—p2,iWai +sec® | —=— | &,:(1)$2:(Z24) | .
2p;(1)

Wa, =62,

in which a»; > 0 and p,; > 0 are tuning parameters. In addition, I'y; () is

210 )2
I5;() =
0= [5255
where I';;(7) > 0 and 65; > 0.
Naturally, we can obtain
pbt( )
Io,(t + >

Substituting (23), (31), (32) and (34) into (30) will yield

. 1 1 1
02,(t) < —T11,;01,(1) + zflz,i + —101,1'||W1,i||2 + Efii

2
1 Pbi(t) me (1)
+ = P2l Waill® — a2 tan | —
2 L i l zpil(t)
2
1 . ey (1)
- 5/02,1'||Wz,i||2 + sec” (22— €,i(1)€3,(1).
Py (1)

+lsec4 (ne%i(t)) 21( ) - Ppi(t) 2 t )sec2 (ﬂeii(t))‘

Page 9 of 19

(30)

(31)

(32)

(33)

(34)

(35)
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We define IT,; = min{I1; ;, @2, p2, 62}, (35) can be changed to

| NEEX0)
02,i(1) < =TIy Q2,(1) +sec” | —=— | e2,:(1) €3, (1)
2p;, (1)
1 1
+ 5512,,' —52, Pl AWl + zpzz||W2:||2' (36)
Step 3. Based on (1) and (11), we have
€3, (1) = B3 (1) — o (1)

= ki1 (B3 (0) + ui (1) + 7i(1) + 3, (B3i(1)) — ni(0). (37)

Unknown functions can be approximated by the following RBFNN technique

X3:(Z24) = ki (=B (0) + 134 (B3 (1)) = @24 (1)
= W3,;83i(Z33) + A3i(Z3,), (38)
V\Zhere,\ZS’i . [’Bl’i(t)’ﬁz’i(t)’ﬂ?’,i(t)’ pai(t), ljai(t), ﬁai(t)’ ij.ai(t)’ yCO(t)’ yco(t)9 j}co(t)’ Pbi (t)’ ﬁhi(t), ﬁhi(t)’
Wi, Wai 1T, W, is the NN weight vector, S3;(Z3;) is the basis function vector, and Az ;(Z3,) satisfies |Az;(Z3,)| <
53,1' with 63,,' > 0.

Consider the following tan-BLF

2
Q3,(1) = Q2i(1) + pa(t) tan (ﬂ%,i(t)) L s

+ WL s:'Ws,, 39
2p3i(t) 3,i93,i "3, ( )

in which 63; > 0 is the design parameter, W3; = W3; — W3,,- is the estimation error and W3,l' is the evaluation
of Ws;. By Assumption 2, we can obtain that |e3;(7)| < p.i(t), where p.;(t) = f,(t) — B3 and B3 is a positive
constant.

Hence, the derivative of Q3 ;(7) is

; 2
03,i(1) =02,(1) + ZpCf(t;Pci(t) tan (ﬂ63,i(t)

— W67 W3,
ngl(t) ) 3,i73,i 3’1

ne> (1)
2 3,0
+sec (2 I (k7 u(0) + 1 730) + 34 Z,)
2
_ Pei(t) 5 > 7€)
. 40
pan WO 20 o
According to x3;(Z3;) = W3T, :83.i(Z3,) + A3(Z3,), Assumption 3 and Young's inequality, then we have
ne? (1) 1 ne? (1) 1
2 3, 4 3.0 2 2
sec e,tk 7, < — sec € (t 41
(ngl([)) 3 ( ) 2]{ (ngl(f)) 3,1( ) 2k ( )
e (1) 1 e (1) 1
2 3. 4 3, 2 2
sec (A3,;(Z3;) < = sec (1) + Z&5 . 42
(2173,'(0 ) €31(NA34(Z30) < 5 (szf(f) ) €3, + 583, (42)
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Based on (41), (42) and (40), Q'g,l-(t) satisfies

03,(1) <02;(1) +

2
2 ﬂeS,i([)

+ SecC 3
2p; (1)

7r632’l.(t)
2p2(1)

+ 1 +k[ 4
2]{,- SecC

+ se02 (

()P nez (1)
2pei(t)per(t) tan( i ) o, 1o
T

+ =5+ —T
2p2;(1) AT

3 ()W3,:83,(Z3,) — W3 .05 i Ws,

€,(1) (ki_lui(f) + WgT,,-S3,i(Z3,i))

@) 632’i(,)

szl.(l‘) Cl(t) 34 szi(t)

Subsequently, we construct the virtual controller and the adaptive law as

u;(t) =k;

-T3(Hes,i(t) - WgT,i53,i(Zs,i) - (

2 2
— (a/3’l. + 2F3,i(t)) pu( ) . (7T€3’l.(t) ) cos (7T63,i(t))

z(t) 2p2,(1) 2p%,(1)
2
L+k\ o [7E,(0)
2% ) e (2p§i(l‘) ) €s(1)

o mei) 2 [ 7esi()
sec (21?%[(0 ) Q,(t)/ sec (prl»(f) ) l,

W3, =03,

—p3iWs,; + sec® (

&, (1)
2p,(1)

b}

) 631(t)S31(Z31)

in which @3; > 0 and p3; > 0 are tuning parameters. In addition, I'3;(7) is

. 2
[5,(t) = (pd(t)) + 03,

where I'; ;() > 0 and 63,; > 0.

Besides, the following inequality is valid

pci(t)

Deilt )

F3,(l)+ u( )

When we substitute (36), (44), (45) and (47) into (43), then

03,(1) < =T, Q.(1) + 5

1 1
plz”WIt” + P21||W21

2

4. STABILITY ANALYSIS

1 -
— =p3il|W3;

1 1 1
2 2 2 2
Tt Efl,i + E‘fli + 553,1‘

1
1 + EPS,iHWS,i”z

s paln (70
II© — a3, tan > .
2pz (1)

Pei(t) €2 (1) se (ﬂe}g,i(t)) .
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(43)

(44)

(45)

(46)

(47)

(48)

In this section, we summarize the main results in the following Theorem 1 and prove the stability of the closed-

loop system.
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Theorem 1. Under Assumptions 1-3, we consider the plant (1), virtual controllers (18), (31), adaptive laws
(19), (32), (45) and the controller (44). If the initial conditions satisfy |81,(0)| < f(0), |82,:(0)| < £,(0) and
183.:(0)| < fa(0), the designed control scheme can ensure that

(i) All closed-loop signals are bounded.

(ii) Error signals are kept in bounded sets Q..
(iii) System states remain within constrained boundaries.

Proof. (i) Firstly, we select the Lyapunov function as Q(z) = Q3,(¢). So the derivative of Q(7) satisfies

O(t) < —T,;Qa,(1) +

1 1 1
+ 5/01,1'||W1,i||2 + EPZJHWZ,i”z + §p3,i”W3,i”2

palt) (ﬂfi,-(ﬂ

1 .
- =p3,illW3,
2 2p2,(1)

By defining IT = min{Ily;, @3, p3;,03;,i = 1,---,n} and E = 37,

ultimately be written as

2
l

I
2%;

—as;

3

=

Jj=

0(1) < -TIQ(¢t) + E.

Next we multiply both sides of (50) by ', and integrate it over [0, ], then

o)™ < 0(0) -

3| m

Moreover, the following inequality can also be obtained

0 <[00 - 5 )™

= m

lo 1o 1,
+ Efu + §§Z,i + 553,1'

) |

(49)

(pj,i||Wj,i||2 +§J2-,,»>, then (49) can

Based on the definition of Q(r), we can conclude that all signals are bounded.

(ii) According to (52), one has

2
A
Pai?) tan

”612,1‘ (1)

Ve

2
Py (1)
bi' ~ tan

2p;, (1)

neil.(t)

T

2
(7
p.(1) o

2p37.(1)

7T€§’l. (1)

T

2p2,(1)

<0() <0(0)e ™+

<0(1) < 0(0)e M 4+

<0 <0(0)e M+

3| m

= m

= m

(50)

(51)

(52)

(53)

(54)

(55)
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Therefore, tracking errors are maintained in the following sets

2 =
Qc (1) = {€1i € R|leri ()] < |Pai(t)|\ p arctan M ,
ai
2 =
Q. (1) =€ € R|lexi(1)] < |Phi(l)|\ —arctan ol
bi
2 =1
Qe, (1) =&, € R|le3;(1)] < |Pci(t)|\ - arctan m
ci

(iii) According to Assumption 2, one gets that
l€1,:(0)] < pai(0), |€2,:(0)] < ppi(0), [€3:(0)] < pei(0).
Recalling the transformation (11), we have

Bri(t) = €1, (1) +yeo(t),
Boi(t) = €2,(t) + w1, (1),
B,i(t) = €,(1) + w2, (1),

Based on the boundedness of € ;(7), €2,(¢) and €3 ;(r) and Assumption 1, we further get

1B1i(1)] < Q¢ (1) +Ye0 < fi(2),
1B2,i(1)] < Qe , (1) + @1 < f1(1),
|:83,i(t)| < 9'63,,- (t) +a_)2,i < fa(t),

where @ ; and @, are the upper boundaries of virtual controllers. Hence, system states 31, (¢), B2, () and
B3.i(t) are bounded. This ends the proof. []

Remark 7. Reference!?*/ studied the CAV platoon with unknown dynamics and communication resource limita-
tions. In contrast, we consider the situation where unknown functions and full state constraints coexist, and design
a control scheme based on the RBENN technology, tan-BLE, and backstepping method. Compared with!**], we
investigate more complex third-order vehicle platoons with unknown functions, which makes the proposed control
strategy more applicable. In addition, through Lyapunov analysis, it can be proven that both error signals and
system states are constrained within the set range, ensuring the safe driving of vehicles.

Remark 8. This paper investigates the vehicle platoon under full state constraints. Firstly, in (4), we provide
positive time-varying constraints on states and propose Assumptions 1-2 to ensure the relationship between the
constraint boundaries and tracking signals and error signals. Subsequently, suitable tan-BLFs are defined in the
backstepping design. In the proof of Theorem 1, we first demonstrate the boundedness of the closed-loop system,
and then prove that error signals can converge to bounded compact sets. Finally, based on Assumptions 1-2, the
coordinate transformation (11), and bounded compact sets of error signals, it can be concluded that system states
always remain within predefined boundaries.
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Figure 3. Trajectories of the velocity ...

5. SIMULATION

In this section, we will employ an example to illustrate the effectiveness of our control strategy. Next, consider

the following vehicular model referred to in 28],

(56)

Y= (1) + ui(t) + 7:(2) + 0.01585,:(¢) sin(Ba, (1)) e 0P,

1

Bai(t) +0.0181(1)e 0PV
B3 (1) +0.0281 (1) sin(Ba,: (1)),

Br.i(1)
Bz,i(f)
B3.i(t) = k;

where the external disturbance is 7;(r) = 0.8e™%-%, and the reference signal is y.o(¢) = 0.5 sin(z).
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Figure 5. Trajectories of the error ¢ ;.
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Figure 4. Trajectories of the acceleration g; ;.

The time-varying boundaries of system states are presented as

fs(t) = 1.5+ 0.6sin(5¢),
£.() = 1.2+ 0.5 sin(51),
fa(t) = 3.6 +0.55sin(57).

Besides, the bounds of error signals are

pai(t) = 140.6sin(51),
pbi(t) =0.8+0.5sin(5¢),
pei(t) = 1.4 +0.5sin(5¢).

The parameters of controllers are selected as: @1; = 16, @12 = @13 = @4 = 15, @22 = 20, a1 = a3 = anq = 30,
a3 = a3z = 100, and a3 = @34 = 120. The parameters related to adaptive law are §;; = §2; = 0.3, 614 = 0.4,
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513 = 522 = 631 = 532 = 0.5, (512 = (533 = 534 = 0.6, 523 = 0.7, P11 = 0.3, P12 = 0.8, P14 = P21 = P22 = 0.5,
P13 = P23 = P24 = P31 = P32 = P34 = 0.6 and P33 = 0.7. Initial values are ﬁ],'(()) O(i = 1,2,3,4),
B21(0) = B22(0) = B24(0) = B31(0) = B33(0) = B34(0) = 0.1, B23(0) = 0.01, B3 = 0.2, W; 1 =0.2, W;» = 0.4,
Wi3=0.5and W;4 =0.4 with j = 1,2,3.

Figure 2-Figure 9 demonstrate the simulation results. Specifically, Figure 2-Figure 4 show the trajectories of
the position, velocity and acceleration of the vehicle platoon, which also indicate that system signal can track
the reference signal well and the states are kept in the designed bounds. Figure 5-Figure 7 imply that the error
signals have not exceeded the boundaries. Figure 8 shows the trajectories of adaptive laws, while Figure 9
depicts the control inputs. Notably, it can be observed from these results that all signals are bounded and
control inputs have good convergence performance. Therefore, this bidirectional communication topology
enables vehicles to wirelessly exchange information about their position, velocity and acceleration, reducing
reliance on a single preceding vehicle and avoiding instability of the platoon caused by a single point of failure.
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In addition, by fusing the information of the front and rear vehicles, disturbance propagation can be suppressed
more quickly. This provides a suitable scheme design and safety considerations for practical vehicle research.

6. CONCLUSIONS

This paper proposes an adaptive neural control strategy for a third-order vehicle platoon with unknown func-
tions and full-state constraints. For safety considerations, we impose time-varying constraints on the posi-
tion, velocity, and acceleration of the vehicle. Meanwhile, the redundant terms caused by constraints can be
eliminated by selecting appropriate tan-BLFs and the singularity issue can be avoided. Besides, we use the
NN technique to approximate unknown nonlinearities instead of making too many assumptions, which also
simplifies the design process. Finally, an example is utilized to verify the feasibility of the proposed control
scheme. Notably, this article does not consider the optimal control scheme and the need to reduce the burden
on the platoon communication network. In future research, we will introduce a dynamic programming and
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event-triggering mechanism to further improve the adaptability of the control algorithm.
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