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Abstract
This article presents a cross-layer framework that integrates realistic vehicle-to-network-to-vehicle 
(V2N2V) delay characterization with a rigorous stability analysis of automated vehicle steering 
control. Both constant and network-induced time-varying delays modeled via deterministic bounds 
are addressed. For constant delays, delay-independent stability regions within the controller gain 
space are analytically derived. For time-varying delays with stochastic network origins, modeled 
using deterministic bounds, a refined Lyapunov–Krasovskii functional (LKF) incorporating augmented 
single- and double-integral terms is constructed. To establish delay-dependent linear matrix 
inequality (LMI) conditions, a reciprocally convex combination approach is employed to handle the 
delay interval partitioning, and the second-order Bessel–Legendre inequality is applied to tighten 
the integral quadratic bounds. The resulting LMI conditions explicitly capture the coupled effects 
of delay magnitude, delay variation rate, and control gains on closed-loop stability. Simulations of 
a lane-keeping scenario confirm that the predicted stability boundaries accurately match the closed-
loop system behavior. Notably, incorporating a realistic time-varying V2N2V delay profile into the 
controller design reduces the lateral-state root-mean-square error (RMSE) by over 54% and decreases 
the settling time by a factor of 10 compared to designs relying on an average-delay assumption. 
However, high packet loss rates are shown to still induce residual oscillations due to information 
scarcity. Ultimately, these results elucidate delay-induced instability mechanisms and provide prac-
tical guidelines for designing delay-robust steering controllers for connected and automated vehicles.
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1.  Introduction

Steering control [1] is a vital component of automated 
driving systems, directly affecting vehicle stability, 
maneuverability [2, 3], and safety in typical driving 

tasks such as lane-keeping [4] and path-following [5–7]. 
The emergence of connected and automated vehicles 
(CAVs) has enabled cooperative functionalities, such as 
platooning [8], cooperative lane-changing [9, 10], and 
cloud-based path planning [11], through V2N2V commu-
nication. However, such networked control architectures 
introduce end-to-end (E2E) communication delays ranging 
from constant delays to network-induced time-varying 
delays, which originate from stochastic communication 
effects but are modeled here using deterministic bounds 
and are often subject to packet loss, all of which pose 
significant challenges to closed-loop stability [12–15]. 
Specifically, communication delays introduce phase lag 
and effectively reduce the damping of the closed-loop 
system, which may lead to oscillatory responses, degraded 
tracking accuracy, and even instability in extreme cases. 
Time-varying delays further exacerbate this issue by 
inducing parameter uncertainties and dynamic coupling 
effects, making the stability region highly sensitive to both 
delay magnitude and its rate of variation [16–18].

Unlike mechanical or filtering delays [19–22] that 
remain relatively constant, V2N2V communication delays 
exhibit high variability due to congestion, handover, and 
wireless channel fluctuations. Existing steering control-
lers, whether model predictive control [15, 23, 24], or 
nonlinear control regimes [25–27], typically assume 
instantaneous or delay-free actuation [28], which is unre-
alistic in networked settings. Although some studies 
explicitly model delayed states [29], the majority are 
limited to constant delay assumptions, failing to capture 
the dynamic and stochastic features of network-induced 
latency. As a consequence, existing methods may signifi-
cantly overestimate the stability margin or fail to predict 
oscillatory behaviors under realistic network conditions 
[30], especially when delay variations interact with vehicle 
lateral dynamics.

For constant delays, classical delay differential 
equation methods [31] and semi-discretization techniques 
[6, 32] can generate stability charts, but they suffer from 
two key limitations. They cannot determine delay-inde-
pendent stability regions where the system remains 
stable regardless of delay magnitude [33, 34], and they 
require exhaustive numerical sweeps to identify critical 
delay thresholds for specific parameter combinations [35]. 
To overcome these limitations, this article combines 
Lyapunov–Krasovskii functional (LKFs) [36], which estab-
lishes delay-independent regions, with Routh–Hurwitz 
(ℛ − ℋ) criteria and marginal stability analysis to analyti-
cally derive critical delay bounds in the delay-dependent 
region [25, 37]. However, these approaches still exhibit 
considerable conservatism due to the use of conventional 
Lyapunov functionals and coarse bounding techniques, 

which limit their ability to accurately characterize the true 
stability boundary.

For network-induced time-varying delays, the chal-
lenge intensifies as network-induced delays fluctuate 
randomly within stochastic intervals and are subject to 
packet drops [38, 39]. While dropped packets can 
be modeled as extreme delay cases, practical V2N2V 
systems employ retransmission or zero-order-hold (ZOH) 
strategies that bound the effective delay [40]. Under such 
mechanisms, the system experiences time-varying delays 
with stochastic variation rates, which depend on network 
quality metrics such as packet loss [41, 42]. To address 
this, we employ refined integral inequality techniques in 
conjunction with LMI formulations to derive stability 
conditions that explicitly account for delay upper bounds 
and variation rates. This approach not only ensures theo-
retical rigor but also provides practical guidelines. High-
fidelity V2N2V simulations validate these thresholds and 
demonstrate graceful performance degradation under 
varying network conditions [43]. The coupling between 
delay magnitude and its variation rate introduces an addi-
tional degree of complexity, as rapid delay variations can 
destabilize the system even when the average delay 
remains moderate.

Based on the above discussions, this article conducts 
a comprehensive stability analysis of networked vehicle 
steering control under constant and time-varying commu-
nication delays. The key contributions are summarized 
as follows:

•	A LKF analysis establishes a delay-independent 
stability region, providing a robust design space 
irrespective of delay magnitude. Outside this region, 
a ℛ − ℋ analysis shows that the critical delay 
threshold decays with the control gains: aggressive 
gains tolerate shorter delays, whereas conservative 
gains preserve stability under longer delays. These 
properties enable adaptive gain scheduling based on 
real-time delay measurements.

•	An enhanced LKF incorporating augmented single- 
and double-integral terms is constructed. The 
reciprocally convex combination is then used to 
handle the time-varying delay partition, and the 
second-order Bessel–Legendre inequality is applied 
to tighten the integral quadratic bounds, yielding 
less conservative delay-dependent LMI stability 
conditions. These conditions explicitly capture the 
coupled effects of delay upper bounds and delay 
rate variations on the stability region. The analysis 
shows that increasing delay variability significantly 
shrinks the admissible stability margin.

•	Simulations demonstrate that incorporating the 
measured time-varying delay profile, rather than 
relying on a simple average-delay assumption, 
substantially reduces steering oscillations and 
shortens settling time under realistic V2N2V 
communication conditions. From an engineering 
perspective, this result indicates that average delay–
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based controller tuning can lead to insufficient 
robustness when delay fluctuations and packet loss 
events are significant. The analysis therefore 
provides practical guidance for implementing delay-
aware control strategies and establishes minimum 
communication-reliability requirements for stable 
and smooth steering performance.

The remainder of this article is organized as follows. 
Section 2 explains the problem formulation and the math-
ematical modeling of the steering control system with 
delays. Section 3 derives the delay-independent and 
delay-dependent regions and discusses their implications, 
and solves LMI-based stability regions for network-
induced time-varying delays. Section 4 validates the 
proposed methods through numerical simulations and 
discusses the results. Finally, Section 5 concludes the 
article and outlines potential directions for future research.

2.  System Modeling and 
Steering Control Design

2.1.  Closed-Loop Time  
Delay System
In this study, the lateral dynamics of the vehicle are 
described using a planar single-track (bicycle) model, as 
depicted in Figure 1. This model is widely adopted for 
capturing the dominant yaw and lateral motion charac-
teristics of road vehicles while maintaining a compact 
representation suitable for control-oriented analysis.

The vehicle motion is described with respect to a 
ground-fixed (X, Y ) inertial frame, whose orientation is 
defined by the yaw angle ψ. A vehicle-fixed (x, y) coordinate 
system is attached to the center of gravity (CoG) G, where 
the longitudinal and lateral velocities are denoted by Vx 
and Vy, respectively. The lateral dynamic states considered 
in this work are the yaw rate γ and the sideslip angle β, 
while the front-wheel steering angle δ serves as the 
control input.

The vehicle has a total mass m and a yaw moment 
of inertia Iz. The distances from the CoG to the front and 
rear axles are denoted by a and b, respectively, yielding 
a wheelbase length L = a + b. All physical parameters used 
in the model are summarized in Table 1.

Under the small-angle assumption and neglecting 
longitudinal dynamics, the lateral motion of the vehicle is 
governed by

	 ( ) cos

cos
x Fy Ry

z Fy Ry

mV F F

I aF bF

β γ δ

γ δ

 + = +


= −





	 (1)

where FFy and FRy represent the lateral tire forces gener-
ated at the front and rear axles, respectively.

The lateral tire forces are modeled using a linear tire 
model (2) based on the slip angles αF and αR of the front 
and rear wheels, respectively. This linear approximation 
is valid under small slip angle conditions, which are 
commonly satisfied in normal driving scenarios such as 
lane-keeping and path-following. Moreover, since the 
primary objective of this study is to analyze the impact 
of communication delays on closed-loop stability, the use 
of a linear tire model enables tractable analytical deriva-
tion while preserving the essential lateral dynamics of the 
vehicle. Specifically, the lateral forces are expressed as
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Ry R R
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F C

α
α
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	 (2)

where CF and CR represent the front and rear tires’ 
lateral stiffness.

From a kinematic perspective, the slip angle of the 
front and rear tires is defined as follows
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	 (3)

  FIGURE 1    Representation of single-track dynamics model.
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TABLE 1  Vehicle parameters (corresponds to Figure 1).

Symbol (unit) Description Value
m (kg) The total mass of the vehicle 1270
Iz (kg · m2) Yaw moment inertia 1536.7
L (m) Length of wheelbase 2.91
CF (N/rad) Front cornering stiffness −107,610
CR (N/rad) Rear cornering stiffness −74,520
a (m) The distance from CoG to front 

axle
1.015

b (m) The distance from CoG to rear 
axle

1.895

Vx (km/h) The velocity of the vehicle 80©
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2.2.  Network-Induced Delay 
Modeling in V2N2V Systems
A typical driving scenario (i.e., teleoperation driving) under 
the V2N2V architecture, as illustrated in Figure 2, the 
closed-loop control performance is fundamentally 
constrained by E2E latency. The system operates under
a sequential process of uplink transmission (τul), control 
computation (τp), downlink transmission (τdl), and vehicle 
actuation (τa). The total latency τ(t) is an aggregation of 
multiple stochastic components, each corresponding to 
a specific segment of the following data flow:

	 ( ) ( ) ( ) ( ) ( )ul p dl at t t t tτ τ τ τ τ= + + + 	 (4)

The temporal variability of these delays, induced by 
wireless channel fluctuations, computational load 
dynamics, and network congestion, results in stochastic 
and time-varying E2E latency [44]. The statistical charac-
teristics of the delay τ(t), including its probability density 
distribution and time-varying properties, are further 
analyzed and illustrated in Section 4.2 based on 
simulation results.

The impact of these delays is critically reflected in the 
information freshness at the controller, quantified by the 
Age of Information (AoI) [42, 44]. As depicted in the 
communication timeline of Figure 3(a), AoI is defined as 
the time elapsed since the generation of the most recently 
received valid uplink packet at the vehicle (tP,m(n)) until its 
processing by the controller (tC,n):

	 ( ) ( )age , , ,C n C n P m nt t t t∆ = − 	 (5)

Figure 3(b) clearly shows the sawtooth pattern of AoI 
evolution: it increases linearly during periods of packet loss 
or delay and resets upon the successful reception of a fresh 
data packet. A key phenomenon observed is the non-
sequential and merged perception of packets at the 
controller due to packet loss, where multiple transmitted 
packets (e.g., m = 0, m = 3, m = 6) may be effectively perceived 

as a single sampling event (n = 0). Under such packet loss 
conditions, the controller implements a zero-order hold 
strategy, maintaining the previous control command until a 
new packet arrives, thereby ensuring control signal continuity 
at the cost of increased information staleness.

2.3.  Controller Design under 
Constant Delay
To establish a reference case and facilitate analytical trac-
tability, the communication delay is first assumed to 
be constant and denoted by τ. Under this assumption, 
the steering command is generated via a linear state 
feedback law based on the delayed vehicle sideslip angle 
β and yaw rate γ, expressed as

	 ( ) ( ) ( )d p dt k t k tδ β τ γ τ= − − − − 	 (6)

where kp and kd represent the feedback gains, respec-
tively (hereafter referred to as state feedback control).

By substituting the control law into the linearized 
lateral vehicle dynamics, the closed-loop system can 
be formulated in a compact state-space representation as

	 ( ) ( ) ( )x t x t x t τ= + − A BK 	 (7)

where the state vector is defined as x(t) = [β(t), γ(t)]T and 
the gain vector is given by K = [−kp, −kd].
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	 (8)

Actuation delay 

τa, δta  

Uplink latency

τul, δtul  

Downlink latency

τdl, δtdl  
Random delays 

and packets loss
Processing 

time, δtp  

Controller 

receives

Command 

generation

Transmits 

(from vehicle)

Transmits 

(from controller)

Vehicle 

receives

Remote centerWireless 

transmission

Vehicle

  FIGURE 2    Architecture of the proposed networked autonomous steering control system. The vehicle performs automated 
steering using an onboard sensing and actuation system, while the steering control algorithm is executed at a remote 
computation center through a V2N2V communication loop. No human operator is involved in the control process.
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To simplify the following state matrix A ∈ ℝ2 × 2 and 
control matrix B ∈ ℝ2 × 1, each element is denoted by aij 
and bij, (i, j = 1, 2), respectively.

Remark 1. Regarding the choice of control strategy, the 
controller (6) is intentionally designed with a relatively 
simple state feedback structure. The primary objective of 
this work is to analytically investigate the fundamental 
impact of communication delays on closed-loop steering 
stability. A structurally simple controller allows the delay-
induced effects, such as phase lag, damping reduction, and 
oscillatory instability, to be explicitly reflected in the system 
dynamics and stability conditions. In this case, we choose 
the simple state feedback control regime to investigate the 
delay-induced performance.

2.4.  Controller Design under 
Network-Induced Time-Varying 
Delays
In practical networked driving environments, communica-
tion delays are inherently time-varying and stochastic due 
to packet transmission, scheduling, and processing 

uncertainties. To capture these effects, the delay is 
modeled as a bounded time-varying function τ (t).

The control structure is retained, while the delayed 
state arguments are updated accordingly:

	 ( ) ( )( ) ( )( )d p dt k t t k t tδ β τ γ τ= − − − − 	 (9)

More advanced control strategies, such as observer-
based feedback or predictive compensation, are not 
considered in this study because they would introduce 
additional system dynamics and design parameters, 
which may obscure the intrinsic effects of communication 
delays that this work aims to reveal. It should be noted 
that the proposed stability analysis framework can 
be extended to more advanced controllers, which will 
be investigated in future work.

Substituting this control law into the vehicle dynamics 
yields the following closed-loop system with time-
varying delay:

	 ( ) ( ) ( )( )x t x t x t tτ= + − A BK 	 (10)

u1

u3

u1 u2 u3 u4 u5

u4

  FIGURE 3    Time delay modeling and analysis.
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Compared with the constant delay case, the presence 
of τ(t) introduces additional challenges in stability analysis, 
as both the magnitude and variation rate of the delay 
may affect the system dynamics. These effects neces-
sitate the use of −  functional–based techniques to 
derive delay-dependent stability conditions, which are 
addressed in the subsequent section.

3.  Stability Analysis
In this section, we analyze the stability of steering 
control systems under both constant delay and 
network-induced time-varying delay. Stability in time 
delay systems is classified into delay-independent 
region, which ensures stability regardless of delay 
magnitude, and delay-dependent region, which is main-
tained within specific delay thresholds. This section 
develops stability criteria for both categories, offering 
a comprehensive framework to evaluate the impact of 
delays on system performance.

3.1.  Stability Region under 
Constant Delay
With a constant time delay τ, the closed-loop character-
istic equation is obtained by the exponential trial solution,

	 ( ) ( )det 0D e λτλ λ −= − − =I A BK 	 (11)

where λ is the characteristic exponent and I ∈ ℝ2 × 2 is the 
identity matrix. Using (8), (11) can be written explicitly as

	
( ) 11 1 12 1

21 2 22 2

det p d

p d

a k b e a k b e
D

a k b e a k b e

λτ λτ

λτ λτ

λ
λ

λ

− −

− −

 − − − −
=  

− − − −  	  
(12)

For a fixed delay τ, the -Subdivision method [33, 35] 
provides the stability boundary in the (kp, kd) plane. By 
repeating the procedure for different τ, one obtains a 
family of delay-dependent stability regions. As illustrated 
in Figure 4, these regions shrink as τ increases. However, 
-Subdivision is primarily a boundary-construction tool: 
it reveals the shrinkage trend but does not directly yield 
a rigorous delay-independent limit set nor the delay 
threshold at which such a limit is reached.

To obtain a conservative region that guarantees stability 
regardless of the delay magnitude, we  compute a 

delay-independent stability set using −  functionals [45]. 
A classical −  functional for constant delay systems is

	 ( ) ( ) ( ) ( ) ( )
t

T T

t

V t x t x t x s x s ds
τ−

= + ∫P S 	 (13)

where P = PT ≻ 0 and S = ST ≻ 0.
The resulting LMI conditions define a delay-indepen-

dent stability region in the gain plane, shown as the light-
blue set in Figure 4. This region serves as a robust 
baseline, but it is typically conservative and does not 
capture how stability depends on the actual delay value. 
Figure 4(a) and (b) show that increasing τ (e.g., from 0.1 s 
to 0.5 s) progressively reduces the -Subdivision stability 
region. For sufficiently large delays [Figure 4(c) and (d), 
e.g., τ ≥ 1 s], the delay-dependent region collapses to (or 
becomes close to) the delay-independent −  set. 
Therefore, the −  region can be  interpreted as a 
conservative ultimate stability region for large delays, 
useful for robust controller tuning.

The term delay-independent stability region is a 
standard concept in time delay systems theory. It refers 
to a set of controller gains (kp, kd) for which the Lyapunov–
Krasovskii functional satisfies 0V <  without imposing any 
finite upper bound on the delay τ(t). In other words, for 
gains selected from this region, the closed-loop system 
is mathematically guaranteed to remain stable even if the 
delay grows arbitrarily large. A system can be Lyapunov-
stable yet exhibit sluggish tracking or excessive oscilla-
tions when the delay becomes large. The delay-indepen-
dent region should therefore be interpreted as a theo-
retical robustness certificate rather than as a guarantee 
of high-quality tracking under arbitrarily large delays. In 
practice, controller gains are selected from the delay-
dependent region (which is larger and less conservative) 
based on the actual delay bounds measured from the 
communication network, so that both stability and satis-
factory transient performance are ensured.

Remark 2. The -Subdivision method provides 
accurate gain-dependent stability boundaries for each fixed 
delay, but it does not explicitly characterize the delay-inde-
pendent limit set nor the delay threshold at which it is 
reached. In contrast, the −  approach yields an explicit 
delay-independent stability region, which can be used as a 
conservative reference for robust design.

3.2.  Stability Region for Network-
Induced Time-Varying Delays
In practical systems, time delays are rarely constant and 
often vary over time. To better reflect real-world scenarios, 
our analysis extends to systems with network-induced 
time-varying delays. The stability-critical delay is deter-
mined by analyzing the system’s network-induced time-
varying dynamics to identify the control parameters 
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before instability. This approach ensures system stability 
within defined delay bounds. This section investigates the 
stability of the closed-loop system subject to time-varying 
delays. Different from conventional Jensen-based 
Lyapunov–Krasovskii approaches, a delay-partitioned 
functional formulated in terms of state increments 
is developed.

Consider the closed-loop system

	 ( ) ( ) ( )( )x t x t x t tτ= + − A BK 	 (14)

where the time-varying delay τ(t) satisfies

	 ( ) ( )0 , 1t h t dτ τ≤ ≤ ≤ < 	 (15)

The delay τ(t) is continuously differentiable and satis-
fies (15) with known upper bounds h > 0 and 0 ≤ d < 1.

For notational convenience, define the auxiliary vectors

	 ( ) ( )1 2 2
1 1,

t t t

t h t h s

x s ds x u du ds
h h

ν ν
− −

= =∫ ∫ ∫ 	 (16)

and the augmented state

  ( ) ( ) ( )( ) ( ){ } 5
1 2col , , , , nt x t x t h t x t hη ν ν= − − ∈ 	 (17)

Theorem 1. For given scalars h > 0 and d, the system 
(14) subject to (15) is asymptotically stable if there 
exist matrices

	

3 3

1 1 2 2

1 2

, 0
, , ,

0, 0, 0, 0,

n n

n n

n n

P P P
S S Q Q R R R R
S Q R R X

×

×

×

= ∈ >

= = = = ∈

> > > > ∈

  



   





	 (18)

d d
dd

p p

  FIGURE 4    The -Subdivision and −  functionals stable region under various delays.
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such that the following LMIs hold:

	 1

1

0
R X
X R

 
≥ 

  



ℛ 	 (19)

	 0Φ < 	 (20)

where 5nΦ∈   is defined by

	

( )

( )

2
1 2

2

2

0

2 1 k k

k

P P h R R

k R
=

Φ = Λ + Λ + Σ + Π + Π −

− + Ω Ω∑

 

    



   ℛ

	(21)

The matrices appearing in (21) are constructed from 
the selector matrices ei ∈ ℝn×5n(i = 1, …, 5), which extract the 
i-th n-dimensional block from η(t), and are given as follows:

	 0 0 0A BK Π =  	 (22)

	
1

4

5

e
e
e

 
 =  
  

 	 (23)

	 ( )

( )

1 3

1 4

1

1

e e
h

e e
h

 
Π 

 
 Λ = −
 
 

− 
 

	 (24)

	 ( ){ }diag , 1 , , 0 , 0n nS Q d S QΣ = + − − − 	 (25)

	 1 2

2 3

e e
e e
 −

=  − 
 	 (26)

	 0 1 3 1 1 3 4 2 1 3 4 5, 2 , 6 12e e e e e e e e eΩ = − Ω = + − Ω = − + − 	 
(27)

The complete derivation process is deferred to 
Appendix A.

Remark 3. The proposed criterion combines the recip-
rocally convex combination to handle the time-varying delay 
partition with the second-order Bessel–Legendre inequality 
to tighten the bound on the integral quadratic term over 
the full delay interval. Compared with criteria that rely solely 
on Jensen’s inequality or the Wirtinger-based inequality, this 
combination exploits higher-order information of the state 
trajectory through ν1 and ν2, thereby reducing conservatism.

Figure 5 shows the kp–kd stability regions obtained 
by three integral-inequality-based methods under 
constant delays τ ∈  {0.10, 0.30} s, with the delay-free 
boundary as an upper reference. At τ = 0.10 s, all delay-
dependent regions closely approximate the delay-free 
contour; however, the proposed Bessel–Legendre method 
(N = 2) already yields a larger feasible region than the 
Wirtinger and Jensen methods. As the delay increases to 
τ = 0.30 s, the conservatism gap widens: the Jensen-
based region shrinks significantly along the kd axis, 
whereas the proposed method preserves a much larger 
admissible region. This demonstrates that the higher-
order integral inequality reduces conservatism in the 
LKF-based stability criterion, with the improvement 
becoming more pronounced at larger delays.

Figure 6 further compares the three methods under 
time-varying delay 0 ≤ τ(t) ≤ h with ( ) 0.5tτ ≤ , where the 
constant delay proposed boundary is included for refer-
ence. Two key observations are noted. First, the relative 
advantage of the proposed method is further amplified 
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  FIGURE 5    Stability region for constant delays.
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under time-varying delay, where it still guarantees a 
nontrivial two-dimensional design space. Second, this 
advantage is practically relevant, as communication-
induced delays in networked or teleoperated driving 
systems are inherently stochastic and time-varying.

In summary, the proposed stability criterion consis-
tently yields the least conservative kp–kd stability region 
among all methods, with more pronounced improvement 
under time-varying delays. This better reflects realistic 
communication delay characteristics and provides greater 
practical value for robust controller design.

Figure 7 characterizes the three-dimensional stability 
regions of the lateral control system under time-varying 
delays from two perspectives: a fixed delay bound h in 
(a) and a fixed delay rate d in (b). The LMI-derived bound-
aries form a distinctive dome-shaped structure that 
contracts monotonically as either h or d increases. In 

Figure 7(a), the stability region progressively shrinks as d 
increases, indicating that higher delay rates impose tighter 
constraints on the admissible gains. In Figure 7(b), the 
region undergoes rapid contraction as h increases from 
0 to approximately 0.5 s; beyond this point, the cross-
section changes only marginally, forming a near-vertical 
plateau. This observation implies that once the delay 
bound exceeds a certain threshold, the dominant 
constraint on stability shifts from the delay magnitude to 
the delay rate d. Since time delays in vehicle lateral control 
typically fall within 0.5 s, the proposed criterion provides 
the greatest discriminative capability within this practically 
relevant range. From a design perspective, Figure 7(b) 
shows that at a moderate delay rate (d = 0.5), stability 
can be maintained up to h ≈ 1.0 s, whereas Figure 7(a) 
indicates that for h = 1 s, rapid delay variations require 
significantly more conservative gain tuning. These results 

  FIGURE 7    Stability region for network-induced time-varying delays.
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confirm that time-varying delays impose stricter 
constraints than constant delays of the same magnitude, 
thereby underscoring the necessity of the proposed 
delay-aware synthesis framework.

Table 2 summarizes the computational complexity of 
the six LMI formulations, including the number of scalar 
decision variables, the maximum LMI block dimension, and 
the average per-point solution time measured on the test 
platform. The proposed method involves more decision 
variables and larger LMI blocks than the Jensen- and 
Wirtinger-based counterparts, due to the additional 
Legendre-projected augmented states introduced in the 
LKF. Specifically, the Proposed-TV formulation contains 
approximately four times as many decision variables and a 
maximum LMI block dimension that is 2.5 times larger than 
that of Jensen-C. Nevertheless, the actual solution time does 
not scale proportionally, because the computational bottle-
neck of interior-point semi-definite programming solvers is 
primarily determined by the largest LMI block size rather 
than the total number of variables. Consequently, 
Proposed-TV incurs less than a 1.3-fold increase in solution 
time relative to Jensen-C, while all six formulations remain 
on the order of tens of milliseconds per grid point.

These results confirm that the conservatism reduction 
demonstrated in Figures 5 and 7 is achieved with a modest 
and fully acceptable computational overhead. For the low-
dimensional lateral vehicle dynamics considered in this 
study, the proposed method is well-suited for offline 
controller synthesis, as the entire kp–kd stability boundary 
can be  swept within seconds on a standard desktop 
computer. This favorable complexity–conservatism trade-
off further validates the practical merit of augmenting the 
LKF with higher-order Legendre-projected state integrals 
and leveraging the reciprocally convex combination lemma 
for delay rate-dependent stability analysis.

4.  Numerical Simulations

4.1.  Validation of Delay-
Independent Stability Region
To validate the theoretical stability results, we simulate the 
vehicle system under various time delays. The simulations 

confirm that the system remains stable within the delay-
independent region, as calculated using the −  func-
tional method. To further analyze the system’s dynamic 
behavior, the vehicle’s yaw rate and sideslip angle responses 
are examined, demonstrating stable performance under 
different control parameters and time delay conditions.

To facilitate comparison and validate the stability 
regions, the -Subdivision stability diagrams for τ = 0.1 s, 
0.5 s, and 1 s are integrated into Figure 8, with the shades 
of blue representing the stability regions, becoming 
progressively lighter as the delay increases. Control param-
eter Points A, B, and C (see Figure 8) are marked within 
their respective regions. A series of simulations (see 
Figures 9–11) validate these findings, confirming that the 
system remains stable under the delay-independent region.

Figures 9–11 describe the system’s time-domain 
responses under varying time delays, highlighting the 
stability characteristics of different control parameter 
settings. Figures 9(a)–11(a) are the sideslip angle evolution, 
while Figures 9(b)–11(b) depict the corresponding yaw 
rate. At Point A (kp = –3[1], kd = 0.2[s]), regarding Figures 
9, the system exhibits stability when the delay is 0.1 s. 
However, increasing the delay to 0.5 s and 1 s causes the 
system to become unstable, indicating that the control 
gains at this point are highly sensitive to delay variations. 
In contrast, at Point B (kp = –1.4[1], kd = 0.11[s]), with respect 
to Figure 10, the system remains stable for a delay of τ 
= 0.5 s, although the response exhibits minor oscillations 
before eventually converging. When the delay is further 
increased to τ = 1 s, the system transitions to instability. 
This suggests that while the control parameters at Point 
B exhibit some robustness to delays, their tolerance range 
is relatively limited. At Point C (kp = –0.5[1], kd = 0.05[s]), 
depicted in Figure 11, the system resides in the 

A: kp = –3, kd = 0.2

B: kp = –1.5, kd = 0.11

C: kp = –0.5, kd = 0.05

  FIGURE 8    The comparison between -Subdivision and 
−  functionals stable region.
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TABLE 2  Computational complexity comparison of the six LMI 
formulations (n = 2).

Method1
Decision 
variables

Max. LMI 
dimension

Avg. solve 
time (ms)

Jensen-C 9 2n = 4 44.2
Wirtinger-C 18 3n = 6 46.8
Proposed-C 30 4n = 8 49.5
Jensen-TV 12 2n = 4 47.1
Wirtinger-TV 24 3n = 6 51.3
Proposed-TV 37 5n = 10 55.8

1  Time-varying and constant are denoted by TV and C.
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delay-independent stability region, maintaining stability 
and convergence regardless of the delay magnitude. This 
demonstrates a high degree of robustness, as the 
system’s behavior remains unaffected by delays.

Remark 4. These findings highlight the critical role of 
control parameter selection in ensuring stability under 
delayed feedback conditions. Parameters such as those at 
Point C are particularly robust, making them well-suited for 
applications involving significant delays, including vehicle 
dynamic control and autonomous driving systems.

4.2.  Validation of Stability  
Region of Network-Induced  
Time-Varying Delay
The controller performance is further evaluated under 
realistic time-varying delays arising from stochastic 
network effects induced by network variability and packet 
losses. Sampling intervals are set to δtul = δtdl = δta = 20 
ms, following [46], with a controller processing delay of 
δtp = 100 ms and an actuation delay of τa = 100 ms. The 
vehicle states are initialized at non-zero values (β0 = 0.01 
rad; γ0 = 0.2 rad), representing a sudden lateral perturba-
tion (e.g., a crosswind gust or a lane-change initiation). 
The uplink and downlink delays, τul and τdl, follow the 
probabilistic model introduced in Subsection 2.2.

Two representative network scenarios are considered 
to emulate varying communication conditions between 
the vehicle and the controller [44, 47]:

•	Case I (Low density & Low image quality): 
corresponds to a mild network disturbance with an 
average uplink delay of 9.9 ms, a downlink delay of 
8.41 ms, and a packet drop ratio of 0.1%;

•	Case II (High density & High image quality): 
represents a congested channel with a larger uplink 
delay of 24.14 ms, a similar downlink delay of 8.42 
ms, and a severe packet loss of 82.4%.

Critically, the peak values of 0.43 s and 0.73 s are not 
sustained delays. They arise from occasional packet loss 
events in the wireless channel: when one or more consec-
utive packets are dropped, the effective delay experienced 
by the control loop increases sharply at that particular 
sampling instant because the system must wait for the 
next successfully received packet. Under the zero-order 
hold strategy, the actuator continues to execute the last 
successfully received control command during these tran-
sient packet loss intervals; the vehicle is therefore not 
uncontrolled, but rather maintains its most recent steering 
input. Such instantaneous delay spikes occur only at 
isolated sampling instants and are immediately followed 
by a return to the nominal delay range once the next 
packet arrives successfully.

These two cases are designed to evaluate control 
robustness under both stable and degraded communica-
tion conditions [47]. It should be noted that the high 
packet loss scenario (82.4%) is considered as a worst-case 
condition to evaluate system robustness. In practical 
systems, packet loss is typically mitigated through 
retransmission or ZOH mechanisms, which result in 
bounded effective delays.

Figure 12(a) and (b) illustrate the temporal evolution 
of the delay and the corresponding probability density 
distributions, while the corresponding statistical charac-
teristics are summarized in Table 3. In Case I, the E2E 
delay exhibits regular sawtooth-like fluctuations near the 
mean, reflecting stable transmission and negligible packet 
loss. In contrast, Case II shows irregular and widely varying 
delays caused by frequent uplink disruptions and packet 
drops, consistent with the trends reported in [32]. 
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  FIGURE 12    Statistical characteristics of network-induced delay.
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TABLE 3  Network-induced delay statistics under Cases I and II.

Cases Mean Min Max Drop ratio
I 0.2839 s 0.2298 s 0.4293 s 0.1%
II 0.3732 s 0.2002 s 0.7321 s 82.4%

© The Authors
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This comparison highlights the significant influence of 
network quality on the stability and responsiveness of 
automated steering control.

Figures 13–15 present the comparative tracking 
performance of the controller under network-induced 
time-varying delays (i.e., Case I and Case II). The results 
are analyzed in terms of sideslip angle, yaw rate, and 
steering angle responses. Transient performance analysis 
reveals that the time-varying delay model (solid green 
line) significantly outperforms the constant average-delay 
approach (dashed blue line) in both scenarios. For sideslip 
angle responses (see Figure 13), Case I shows a reduction 
in peak amplitude from approximately 0.15 rad to 0.09 
rad, representing a 40% improvement in overshoot 
suppression. Case II demonstrates more pronounced 
differences, where the constant delay approach generates 

severe oscillations that persist well beyond the initial tran-
sient phase. The yaw rate responses (see Figure 14) exhibit 
similar trends, with initial oscillation peaks decreasing 
from 8 × 10–3 rad/s to approximately 5 × 10–3 rad/s under 
the time-varying delay model. These improvements can 
be attributed to the accurate representation of real-time 
network conditions: when the controller accounts for instan-
taneous delay variations, it maintains appropriate control 
timing even as packet transmission intervals fluctuate, 
whereas the constant delay assumption introduces phase 
errors that accumulate into larger tracking deviations.

Steady-state behavior highlights critical modeling 
limitations of the constant delay approach. As shown in 
the zoomed insets (t = 2 ~ 4 s) across all three state 
variables, the constant average-delay model exhibits 
persistent oscillations even after the initial transient has 
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  FIGURE 13    The sideslip angle β responses under Case I and Case II.
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decayed. In Case II, the sideslip angle [Figure 13(b)] inset 
reveals sustained fluctuations, while the time-varying 
delay model converges to near-zero steady-state error. 
Similarly, the yaw rate [Figure 14(b)] inset demonstrates 
continued variations under constant delay assumptions, 
compared to the smooth convergence achieved by the 
time-varying delay model. This degradation is particularly 
evident when comparing Case I and Case II: the higher 
packet loss ratio in Case II corresponds to greater delay 
variability, making the constant delay approximation 
increasingly inaccurate. The resulting modeling mismatch 
causes the closed-loop system to oscillate around the 
desired trajectory rather than achieving stable convergence, 
as the controller repeatedly over- and under-compensates 
based on outdated delay information.

Control input characteristics (see Figure 15) further 
distinguish the two approaches. Although both methods 
generate similar initial control peaks (0.013 rad), the time-
varying delay model produces smoother decay with 
significantly reduced oscillatory behavior. In Case I, both 
approaches converge to negligible control activity by t = 
4 s, though the time-varying delay model settles slightly 
faster. However, in Case II, the distinction becomes 
pronounced: the constant delay model exhibits visible 
oscillations in the control input (amplitude ±5 × 10–3 rad 
in the inset), while the time-varying delay model produces 
steadier commands with minimal fluctuations (±0.2 × 10–3 
rad). These high-frequency control variations have impor-
tant practical implications. For steer-by-wire actuators, 
oscillatory control inputs can cause excessive motor 
current fluctuations, leading to increased energy dissipa-
tion in power electronics and accelerated wear in mechan-
ical transmission components. Additionally, such control 
chattering can transmit unwanted vibrations to the 
steering column, degrading passenger comfort and 
creating a less refined driving experience.

4.3.  Performance Metric 
Definitions
For a generic state channel ξ ∈  {β, γ, δ} with reference 
command ξref(t), the root-mean-square error (RMSE) is 
defined as

	 ( ) ( ) 2

ref

0

1RMSE
T

t t dt
Tξ ξ ξ = − ∫ 	 (28)

which measures the average tracking deviation over the 
entire simulation horizon. A smaller RMSEξ indicates 
higher tracking fidelity. The RMSE values for all three 
channels are depicted in Figure 16.

The p% settling time %
,
p

sT ξ  is defined as the smallest 
time instant after which the response remains within a 
±p% band of its steady-state value ξ∞ = limt → ∞ξ(t):

	
( ) ( )% inf 0 0 ,

100
p

s
pT t t t tξ ξ ξ ξ ξ∗ ∗

; ∞ ∞
 

= > − ≤ − ∀ ≥ 
 	  

(29)

A shorter settling time indicates a faster transient 
response. The 2% settling times for all channels are 
compared in Figure 17.

To evaluate the impact of delay modeling on closed-
loop performance, the proposed controller is tested 
under both the average-delay and the time-varying-
delay conditions in Cases I and II using identical gain 
structures. Two metrics are considered: RMSE and 
settling time. As shown in Figure 16, the controller under 
time-varying delay consistently achieves lower RMSE 
across all channels. In Case I, the RMSE of β, γ, and δ is 
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reduced by 56.0% , 55.4% , and 54.3% , respectively, 
compared to the average-delay case. In Case II, the 
reductions increase to 67.1%, 65.3%, and 62.1%, indicating 
improved accuracy due to delay variability. Settling time 
results (see Figure 17) further demonstrate this advan-
tage. In Case I, the controller under time-varying delay 
achieves 2%

, 0.715 ssT β = , 2%
, 0.230 ssT γ = , and 2%

, 0.290 ssT δ = , 
whereas under average delay the corresponding values 
are 2.522 s, 2.329 s, and 2.296 s. In Case II, the settling 
time under average delay increases further, whereas the 
time-varying delay case remains nearly unchanged, 
demonstrating strong robustness.

Remark 5. The comparative analysis reveals perfor-
mance degradation at two levels. First, modeling accuracy 
matters critically: the constant delay approach deteriorates 
catastrophically in Case II, with oscillations increasing by 
120%, indicating a near-loss of control authority, while the 
time-varying model maintains relative stability. Second, 
network quality sets fundamental limits: even with 

accurate delay modeling, Case II exhibits residual oscilla-
tions (±0.2 × 10–3 rad in control input insets) absent in Case 
I. When 82.4% of packets are lost, the controller operates 
on severely outdated data regardless of modeling sophis-
tication. These findings underscore that connected vehicle 
control requires both precise delay representation and 
reliable network infrastructure. While accurate modeling 
is necessary for acceptable performance, adequate 
network quality remains a prerequisite for safety-
critical operation.

While this study focuses on controlled network 
delays, real-world deployment of remote vehicle coordina-
tion systems faces additional challenges, including packet 
loss, jitter, bandwidth fluctuations, and cybersecurity 
threats such as denial-of-service and man-in-the-middle 
attacks. These factors are beyond the scope of the 
current study but warrant systematic investigation in 
future work to ensure the robustness, reliability, and 
safety of practical networked vehicle control systems.
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  FIGURE 17    The settling time of β, γ, δ responses under Case I and Case II.
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5.  Conclusions
This study presents a cross-layer framework that integrates 
realistic V2N2V delay characterization with rigorous stability 
analysis of automated vehicle steering control under both 
constant and network-induced time-varying communication 
delays. The analytical, LMI-based, and simulation results 
consistently reveal how delay magnitude, delay variability, 
and packet loss jointly influence the closed-loop stability and 
performance of networked steering systems.

The constant delay analysis identifies a delay-inde-
pendent stability region that guarantees closed-loop 
stability for all admissible delays. Outside this region, the 
critical delay threshold decreases with increasing control 
gains, thereby quantitatively characterizing the inherent 
gain–delay trade-off in steering control. For network-
induced time-varying delays, LKF combined with refined 
integral inequalities yields delay-dependent LMI condi-
tions that capture the joint influence of delay bounds and 
delay rate variations. The admissible stability region 
contracts with increasing delay magnitude or delay rate 
variability, while the derivative channel exhibits heightened 
sensitivity to these variations.

Simulation studies demonstrate that incorporating 
the measured time-varying V2N2V delay profile, rather 
than relying on a simple average-delay assumption, 
substantially improves closed-loop performance under 
identical gain structures. However, at high packet loss 
rates, the limited availability of state information leads to 
noticeable residual oscillations, indicating that the effec-
tiveness of delay compensation strategies degrades as 
communication reliability deteriorates. These findings 
highlight that accurate delay modeling at the network 
layer translates directly into tangible control performance 
gains at the vehicle layer, thereby reinforcing the value of 
the cross-layer perspective adopted in this work. Future 
work will focus on gain adaptation and network-aware 
compensation strategies to further enhance robustness 
under severe communication constraints.
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Appendix: Proof of Theorem 1
Define the auxiliary vectors
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and ζ(t) = col{x(t), ν1(t), ν2(t)} ∈ ℝ3n.
Choose the Lyapunov–Krasovskii functional V (xt) = 

V1 + V2 + V3 + V4 with
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Direct differentiation gives ( ) ( )1
1 x t x t h
h

ν  = − −  , 

( )2 1
1 x t
h

ν ν = −  . Introducing the augmented vector η(t) 

= col{x(t), x(t − h(t)), x(t − h), ν1, ν2} and the selector matrices 
ei (i = 1, …, 5), we can write ζ η=   and ζ η= Λ  with  , Λ 
as in (23)–(24). Hence,
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By the Leibniz rule and ( )h t d≤ ,
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Differentiating (A.5) yields

	 ( ) ( )2
4 1 2 1 2

t

t h

V h x R R x h x R R xds
−

= + − +∫

   

  	 (A.8)

The first term equals η⊤[h2 Π⊤(R1 + R2)Π] η via x η= Π . 
For the integral term, write it as ℐ1 + ℐ2 by splitting R1 + R2.

Split the integration at t–h(t) and apply Jensen’s 
inequality on each sub-interval. Setting α = h(t)/h, we obtain

	 1 1 1 1 2 1 2
1 1

1
d R d d R d

α α
≤ − −

−
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with d1 = x(t) − x(t − h(t)), d2 = x(t − h(t)) − x(t − h).
By the reciprocally convex combination lemma, if 
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ℛ , the right-hand side is further 

bounded by
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Apply the Bessel–Legendre inequality of order N = 2 
on [t–h, t] to get

	 ( )
2

2 2
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2 1 k k
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where Ω0, Ω1, Ω2 are given in (27), corresponding to the 
projections of x˙ onto the first three shifted 
Legendre polynomials.

Summing (A.6)–(A.11) gives V η η≤ Φ

  with Φ as in 
(21). The condition Φ < 0 ensures 0V <  for all η ≠ 0, which 
by the Lyapunov–Krasovskii theorem implies asymptotic 
stability.	� ◻
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