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Abstract. In modern communication networks, the Transmission Control Protocol (TCP) plays a vital role
in regulating end-to-end data flows. However, network parameter uncertainties and interference introduced
by competing UDP flows often lead to congestion collapse, packet loss, and reduced throughput. To address
these challenges, this paper proposes a novel event-triggered sliding mode control (ET-SMC) strategy for
active queue management in TCP networks. This approach combines the robustness of global sliding mode
control with the efficiency of event-triggered mechanisms, significantly reducing redundant control operations
while maintaining system stability. Lyapunov stability theory is used to rigorously prove that all signals in the
closed-loop system are bounded, effectively avoiding the Zeno phenomenon. Numerical simulations demon-
strate that the ET-SMC strategy ensures queue stability, reduces control update frequency, and achieves supe-
rior performance compared to traditional PI-based and time-triggered sliding mode controllers.

Keywords: TCP congestion control, event-triggered mechanism, sliding mode control, active queue manage-
ment, networked control systems

1 Introduction

Congestion control is a fundamental issue in communication networks, particularly in the context of the
Transmission Control Protocol (TCP), which remains the dominant transport layer protocol on the internet [1].
Effective congestion control mechanisms are crucial for preventing buffer overflows, ensuring fair bandwidth
allocation, and maintaining high network utilization [2]. However, the increasing complexity of modern net-
works presents various challenges. Uncertainty in system parameters, such as round-trip time (RTT) [3], link
capacity [4], and the number of active flows, as well as interference caused by unresponsive traffic (e.g., UDP
flows [5]), often lead to queue instability, packet loss, and degraded quality of service. These factors make the
design of robust congestion control mechanisms a significant research topic. Classic active queue management
(AQM) schemes [6], including random early detection (RED) and its variants, rely heavily on proportional-in-
tegral (PI) controllers. While such approaches are relatively simple to implement, they are highly sensitive to
parameter variations and external disturbances, often resulting in poor performance in heterogeneous network
environments. To address this robustness issue, advanced control strategies have been introduced. Among them,
sliding mode control (SMC) has attracted considerable attention due to its minimal sensitivity to parameter un-
certainty and its ability to converge within a finite time [7]. The discontinuous nature of SMC ensures that the
system trajectory reaches and remains on the predetermined sliding mode surface, thereby ensuring robustness
to model errors and external disturbances. However, traditional sliding mode controllers are typically designed
using a time-triggered approach, requiring continuous monitoring and frequent updates. This characteristic not
only increases the computational burden but also consumes additional communication resources, making it un-
desirable in large-scale or resource-constrained networks. Event-triggered control (ETC) has emerged as a prom-
ising paradigm to overcome this limitation. Instead of updating the control signal at every sampling instant, ETC
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introduces a conditional triggering mechanism that executes control actions only when specified events occur.
This mechanism significantly reduces the number of control updates without compromising stability, resulting
in more efficient use of computational and communication resources. Combining event-triggered mechanisms
with sliding mode control provides an attractive framework for congestion control in TCP networks. The sliding
mode control component effectively resists uncertainty and disturbances, while the event-triggered mechanism
ensures that control updates are generated only when necessary. This integrated approach promises to achieve
queue stability, maintain high link utilization, and reduce packet loss, while minimizing the frequency of control
operations. Furthermore, carefully designed triggering conditions can avoid “Zeno behavior,” [8] a phenomenon
in which an infinite number of events are triggered within a finite time. The significance of this research lies in
the development of an event-triggered sliding mode control (ET-SMC) strategy specifically for TCP/AQM sys-
tems. This paper analyzes the proposed method based on Lyapunov theory, ensuring that all closed-loop signals
remain bounded and the system exhibits asymptotic stability. Furthermore, simulation studies are conducted to
verify the effectiveness of the method under various network conditions, including parameter uncertainty and
interference caused by competing UDP flows. Comparative evaluations with traditional PI-based controllers and
continuous-time SMC demonstrate that the ET-SMC scheme achieves improved performance in terms of stabili-
ty, robustness, and control efficiency.

2 Related Work

The exploration of AQM techniques and their application to mitigate congestion in TCP networks forms the piv-
ot of our inquiry. From classical AQM solutions like RED to more sophisticated control-theoretic and event-trig-
gered control strategies, the evolution of these mechanisms mirrors the advancement in understanding network
dynamics and congestion control challenges. Classical AQM schemes, notably RED and its variants, were
pioneering in providing early congestion signaling [9]. While RED’s early congestion detection and avoidance
strategy represented a significant leap forward, its efficacy was hampered by sensitivity to parameter settings and
instability under varying traffic conditions. These limitations necessitated the development of more adaptive and
robust solutions. The integration of control-theoretic approaches, particularly PI and PID controllers, into AQM
strategies marked a significant evolution in AQM methodologies. These approaches brought about improvements
over RED by offering more systematic ways to tune the system for better responsiveness and stability under a
range of traffic conditions [10]. Nonetheless, the control-theoretic AQM methods were not without drawbacks.
Their effectiveness was compromised in environments characterized by uncertainties such as variable delays,
changing flow numbers, and capacity fluctuations, leading to robustness degradation. To address these challeng-
es, robust control approaches were applied to TCP networks, with SMC being notable for its robustness to uncer-
tainties and finite-time convergence capabilities [11]. Global SMC strategies further advanced congestion control
by ensuring system stability and reducing the error states in a finite time. However, issues like the necessity for
continuous update demands, chattering effects, and implementation complexity presented new challenges to be
conquered [12]. ETC emerged as a promising solution to alleviate some of the burdens associated with continu-
ous control updates. By initiating control actions only when specific events occur, ETC offered a way to reduce
communication and computational loads in networked control systems [13]. Despite its benefits, ETC has seen
limited application in the domain of TCP/AQM, signaling a promising area for future research. The idea of inte-
grating SMC and ETC concepts has the potential to combine the robustness of SMC with the resource efficiency
of ETC [14]. This integrative approach is motivated by the desire to balance the need for robust control against
uncertainties with the necessity to economize on resources. While such applications have seen success in me-
chanical, power, and robotic systems, their exploration in the context of TCP congestion control remains scarce.
This highlights a significant research gap: the absence of strategies that effectively balance robustness and update
efficiency in networking environments. Therefore, our review underscores the evolution of AQM strategies from
initial implementations to sophisticated control techniques designed to tackle the enduring challenge of network
congestion. While significant advancements have been made, the quest for an optimal balance between robust
control and efficient resource utilization in TCP networks remains a fertile ground for future investigations.
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3 Preliminaries, Problem Formulation and Controller Design

The system under consideration is a single bottleneck link shared by multiple TCP flows and possibly additional
UDP traffic [15]. The router maintains a queue, denoted by q(t), and the control objective is to regulate this queue
length around a desired target value q. The average TCP congestion window is denoted by W(t), while R(t) rep-
resents the RTT. The number of active TCP flows is represented by N(t), and the link capacity in packets per sec-
ond is indicated by C. The AQM mechanism determines the packet dropping probability p(t), which lies within
the interval [0,1]. The well-known fluid model describing the TCP/AQM dynamics can be written as:
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Where the term d(t) accounts for disturbances due to cross-traffic or modeling uncertainties. The queue regu-
lation error is defined as:

e()=q()-q" )

Where the control objective is to ensure that the error remains small even under disturbances and parame-
ter variations. To clearly illustrate the structure of the proposed method, robust control, event triggering, and
parameter adjustment are integrated in Fig. 1, ensuring queue stability, resilience to uncertainty, and efficiency in
reducing unnecessary updates.
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Fig. 1. Schematic diagram of robust control, parameter adjustment, and event triggering
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3.1 Uncertainties and Control Objectives

Networked TCP/AQM loops are subject to multiple uncertainties that complicate queue regulation and must be
explicitly accounted for in control design. Round-trip time fluctuates dynamically with changing traffic loads
and propagation conditions, while the number of active TCP flows varies continuously as new sessions are initi-
ated and existing ones terminate. Both parameters are variable, but within a limited range and can be estimated
using long-term link statistics. Furthermore, the system is subject to unknown but bounded disturbances that
capture the effects of unresponsive UDP traffic, bursty transmissions, and unavoidable model mismatches. On
the actuator side, packet loss probability is inherently bounded between 0 and 1 due to its probabilistic nature,
requiring the controller to saturate to prevent unstable or unrealistic output. Queue length measurement noise and
coarse-grained RTT estimates also introduce significant uncertainty, making robust mechanisms crucial. In this
environment, the key control objectives are threefold. First, queue stability must be ensured, keeping the queue
length close to its desired target to maintain high link utilization and avoid buffer overflow or underflow. Second,
robustness must be achieved, meaning the controller should ensure stable operation and acceptable performance
despite variations in RTT, traffic volume, and unpredictable cross-traffic. Third, the system must minimize unnec-
essary control updates through an event-triggered strategy that updates drop probabilities only when deviations
become significant, thereby conserving computational and communication resources. This event-triggered mech-
anism is carefully designed to avoid Zeno behavior by ensuring a strictly positive minimum inter-event time
while still providing timely corrections. These objectives, along with uncertainty considerations, ensure that the
control system remains stable and efficient in realistic, large-scale network environments [16].

3.2 Sliding Variable and Error Dynamics

To formulate a sliding mode controller, a sliding variable is introduced that incorporates both the error and its de-
rivative:

s(t) = Ae(t) +é(t), A > 0, )

Where 1 is a positive constant used to tune the convergence speed. On the sliding manifold s(¢) = 0, the queue
error follows a stable first-order dynamics. The error derivative e(t) is obtained from the queue equation as:
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Which reflects how queue variation is influenced by the flow window, link capacity, and external disturbances.
Differentiating once more yields the dynamics of the sliding variable, expressed in quasi-affine form as:

§(1) = d(x,0) + ¥ (x, u(t) + A1) (6)
Where the state vector is:
x=[W(0),q0]" (7)
The control input is:
u(t) = p(t) 8)

The function @ includes nominal system terms, the function W scales the control input, and A(¢) collects un-
certainties and disturbances. This representation highlights the affine dependence of the dynamics on the control
variable [17].
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3.3 Sliding Mode Control Law and Stability Analysis

A robust continuous-time sliding mode control law is constructed as:
) s(t
0 0)= st 0,0 k(") ©)

Where the equivalent control # compensates for nominal dynamics, the gain & dominates the bounded uncer-
tainties, and the saturation function with boundary layer width ¢ reduces chattering. The stability of the closed-
loop system is analyzed using the Lyapunov function:

V=250 (10)

Taking the derivative along the system trajectories yields:
V(1) = s()3(0) (11)

By substituting the system dynamics and applying the designed control law, the inequality is shown as fol-
lows:

V()< -1l s1) (12)

This formula is obtained for some constant n>0. This result proves that the sliding variable converges toward
zero, ensuring robust queue regulation even in the presence of bounded uncertainties.

3.4 Event-Triggered Mechanism and Zeno Exclusion

To reduce unnecessary updates, an event-triggered strategy is adopted [18]. Instead of continuously updating the
drop probability, the control is applied in a sample-and-hold manner:

u(t) =u(t,),t €[t;,1,.,,) (13)
Where ¢ are event-triggering instants. The measurement error of the sliding variable is defined as:
(1) = s(t,) —s(1) (14)
The triggering condition is chosen as:
| e(t) =5 s(r) (15)

Where the threshold 6>0 determines the trade-off between control accuracy and update frequency. When the
condition is violated, a new control update is executed. A potential drawback of event-triggered control is the
occurrence of Zeno behavior, meaning infinitely many events within finite time. In this design, however, both
the sliding variable and its derivative are bounded, which guarantees that the error grows only gradually after an
event. Consequently, a strictly positive minimum inter-event time exists, ensuring that Zeno behavior is exclud-
ed.
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3.5 Design Considerations

The performance of the event-triggered sliding mode control strategy depends heavily on the careful selection of
several design parameters. The first parameter is the convergence rate factor, typically denoted by the Greek let-
ter lambda. It determines the weight assigned to the sliding variable relative to the error between the actual queue
length and the desired value.

s() = Aq(6) = q,) +4(1) (16)

A larger value for this factor results in faster convergence of the queue error, forcing the queue to return to the
target value more quickly after a disturbance. However, if this factor is too large, it may amplify noise and cause
oscillations; a smaller value can slow convergence and increase transient response time. The second parameter is
the control gain, typically denoted by the letter. It specifies the strength of the discontinuous control action.

u(t) = —ksgn(s(1)) a7

This gain must be high enough to overcome the maximum expected uncertainty and external disturbances
to ensure system robustness. However, if the gain is set too high, it may result in unnecessarily large control
actions, saturating the drop probability at its upper or lower bounds, and generating residual jitter even with the
introduction of smoothing mechanisms. The third parameter is the boundary layer width, typically denoted by
the Greek letter phi. It defines a tolerance band around the sliding surface within which switching is smoothed. A
smaller width ensures the queue remains very close to the desired value, providing higher tracking accuracy, but
increases switching frequency and computational overhead. Conversely, a wider boundary layer reduces chatter
and improves practical feasibility, but at the expense of allowing larger steady-state deviations from the target
queue length. The fourth parameter is the trigger threshold, typically denoted by the Greek letter delta, which
controls the frequency of control law updates.

() - x(@)| = 5 (18)

A smaller threshold makes the trigger condition more sensitive, so that even small deviations between the cur-
rent state and the last updated state trigger a new control action. This enables frequent updates and high accuracy,
but consumes more computational and communication resources. On the other hand, a larger threshold signifi-
cantly reduces the number of updates, improving operational efficiency, but slows disturbance correction and
allows for larger temporary deviations in queue length. Finally, it is important to recognize that these parameters
are interdependent and must be adjusted comprehensively. For example, a conservative choice of control gain
may require a wider boundary layer to avoid excessive chatter, while the choice of trigger threshold directly af-
fects overall control effectiveness and resource consumption [19]. In practice, the tuning process typically begins
by deriving theoretical bounds that guarantee stability, and then optimizing parameter values through simulation
or experimental testing to balance accuracy, robustness, and efficiency. By appropriately selecting parameters, the
proposed control scheme ensures stable and robust queue regulation while significantly reducing redundant up-
dates, thereby improving the efficiency and scalability of TCP congestion control in real network environments.

4 Simulation Studies

To verify the effectiveness and robustness of the proposed event-triggered sliding mode control scheme, the team
conducted extensive simulation experiments. The goal of these studies is to demonstrate that the proposed con-
troller is able to regulate queue lengths, suppress disturbances, and reduce redundant control updates compared
to a baseline algorithm.
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4.1 Simulation Setup

The simulation environment is intentionally built around a typical single-bottleneck topology, widely adopted
in the congestion control literature because it captures the fundamental dynamics of the TCP/AQM interaction
while allowing for systematic stress testing of controller behavior. In this setup, the bottleneck link is config-
ured with a fixed capacity of 10 Mbps, representing a moderately configured network segment where resource
contention is high but not extreme. The link is shared by multiple TCP flows competing for bandwidth, as well
as background UDP traffic that injects unresponsive load into the system. To simulate wide-area Internet condi-
tions, a round-trip propagation delay of 100 milliseconds is set, increasing the length of the feedback loop and
highlighting the challenges of stabilizing TCP congestion dynamics under realistic delay conditions. The target
equilibrium queue length is fixed at 150 packets, corresponding to a moderate buffering mechanism that provides
sufficient room for statistical multiplexing while avoiding excessive queuing delays; this choice balances the
competing objectives of high utilization and low latency. To rigorously evaluate the robustness of the proposed
event-triggered sliding mode control scheme, the experiments systematically vary the number of active TCP ses-
sions and the intensity of UDP cross-traffic. TCP sources follow standard additively increasing/multiplicatively
decreasing (AIMD) behavior, resulting in realistic congestion window dynamics. UDP flows, on the other hand,
act as unresponsive traffic sources that do not back off under congestion, resulting in disturbances manifested as
sudden changes in arrival rate. By adjusting the UDP injection rate, simulations cover a range of operating condi-
tions, from mild disturbances to severe overload scenarios. This design explicitly explores the controller’s ability
to regulate queue length in the presence of strongly bounded disturbances. Specifically, under these scenarios,
the disturbance terms in the system model are activated and stressed to test whether the proposed control law
can effectively suppress such disturbances, maintain queue stability, and prevent oscillations or buffer overflows.
Overall, the simulation environment provides a rigorous and representative testbed for demonstrating the robust
queue regulation achieved by the proposed approach even under harsh and dynamically changing network condi-
tions.

4.2 Comparative Methods

To provide a fair and comprehensive evaluation of the proposed event-triggered sliding mode controller, the team
tested three representative approaches under the same conditions in Table 1. Each approach represents a different
philosophy in active queue management design, ranging from classic linear controllers to advanced nonlinear
and event-based strategies. The first approach is an active queue management scheme based on a proportional-in-
tegral controller. Due to its simplicity and relatively low computational overhead, this approach has been widely
adopted in the literature and even in early practical applications. The proportional term provides immediate cor-
rection based on the queue’s current deviation from the target value, while the integral term accumulates the error
over time to eliminate long-term deviations. PI controllers are less robust when network parameters vary signifi-
cantly, such as when the number of TCP connections changes dynamically or when faced with non-cooperative
UDP flows. In such cases, the system tends to oscillate or deviate significantly from the equilibrium point, lead-
ing to queue instability and packet loss. Despite these shortcomings, the PI controller serves as a suitable bench-
mark due to its ubiquity and ease of deployment. The second approach is an event-free continuous-time sliding
mode controller. Sliding mode control is known for its robustness, as it can force the system trajectory to reach
and remain on a predefined sliding surface, regardless of certain modeling uncertainties and bounded disturbanc-
es. In congestion control, sliding mode designs ensure that queue lengths converge to target values, maintaining
stability even in the face of fluctuations in parameters such as round-trip delay or traffic flow. This robustness
makes it highly effective in scenarios with high volatility and sluggish traffic disturbances. However, the continu-
ous nature of this controller requires frequent updates of the drop probability at each sampling instant, which im-
poses considerable computational and signaling overhead on the router. Furthermore, unless a boundary layer is
introduced, the continuous switching of the control input can lead to jitter effects. Therefore, this approach serves
as an important benchmark, highlighting the advantages of sliding mode designs while also exposing their prac-
tical limitations in terms of efficiency. A third approach is the proposed event-triggered sliding mode controller,
which combines the robustness of sliding mode designs with the efficiency of event-triggered implementations.
Instead of continuously updating the control signal, the event-triggered scheme recalculates and applies the drop
probability only when a specific condition is met (i.e., the deviation between the current system state and the last
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updated state exceeds a specified threshold). This design significantly reduces the frequency of control updates,
thereby reducing computational and communication overhead, while still maintaining the robustness of sliding
mode control. Furthermore, the event-triggered mechanism explicitly avoids Zeno behavior by guaranteeing a
positive minimum inter-event interval, ensuring its feasibility in real-time network environments. By comparing
these three approaches side by side, the team can assess not only their steady-state and transient performance but
also the trade-offs between simplicity, robustness, and efficiency. The proportional-integral controller embodies
a classic approach that is easy to implement but sensitive to uncertainty. The continuous sliding mode control-
ler demonstrates the power of nonlinear robust control, but at the expense of a higher update frequency. The
event-triggered sliding mode controller mitigates these extreme conditions by providing robustness and reducing
the need for updates. This comparative study thus provides a clear basis for evaluating the advantages of integrat-
ing event-triggered mechanisms into advanced congestion control schemes.

Table 1. Comparative summary of congestion control methods

Method Strengths Limitations

PI Controller Simple, low overhead, widely used Sensitive to parameter changes, poor
benchmark robustness, prone to oscillations and

loss

Continuous SMC Robust to uncertainties, stabilizes High update frequency, computa-
queues under varying traffic tional overhead, possible jitter

Event-Triggered Retains robustness, reduces updates, Requires careful parameter tuning,

SMC scalable, avoids Zeno behavior more complex design

4.3 Performance Metrics

One of the most critical metrics for evaluating congestion control schemes is queue length stability, as it directly
reflects the controller’s ability to maintain buffer occupancy at an ideal operating point in Fig. 2. In this study,
a target queue length of 150 packets was set, which strikes a reasonable balance between throughput efficiency
and end-to-end latency. Queue stability is assessed by examining transient behavior, including the magnitude of
overshoots after sudden traffic changes and steady-state oscillations under constant load. A controller with good
queue stability ensures that the queue quickly recovers to the target value after a disturbance and avoids large
fluctuations that could lead to packet loss and latency. In this context, stability is crucial not only for maintaining
smooth network operation but also for fairness, as unstable queues disproportionately penalize different traffic
flows. Packet loss rate is another fundamental performance metric, defined as the proportion of packets dropped
due to buffer overflow. This metric is closely related to the quality of service experienced by end users, as packet
loss leads to retransmissions, increased latency, and decreased throughput. An effective congestion controller
proactively adjusts the packet loss probability to reduce the likelihood of buffer overflow and maintain the queue
length within a safe range. A low packet loss rate indicates that the controller is able to stabilize the queue length
near the target value without excessive growth. This metric is particularly important in scenarios with bursty
UDP traffic or rapidly changing TCP connections, as poor control can lead to persistent packet loss and signifi-
cantly degrade application performance. Maintaining stability and avoiding packet loss are crucial, but so is ef-
fectively utilizing available bandwidth. Link utilization measures the ratio of achieved throughput to the total ca-
pacity of the bottleneck link. High utilization and stable queues indicate that the controller is not only preventing
congestion collapse but also ensuring that network resources are not wasted. If a controller achieves low packet
loss but insufficient utilization, it fails to achieve the overall goal of maximizing throughput. Conversely, high
utilization and uncontrolled queues can indicate instability and ultimately lead to congestion collapse. Therefore,
link utilization must be interpreted in conjunction with queue stability and packet loss. The best-performing
controllers achieve high utilization while keeping queues stable and bounded. In addition to traditional network
performance metrics, the efficiency of the control algorithm itself must also be evaluated. The control update
frequency quantifies how often the router recalculates and applies control signals. In continuous-time controllers,
this update occurs at every sampling step, imposing a significant computational burden and consuming commu-
nication resources. In contrast, event-triggered controllers aim to reduce this frequency by updating only when
necessary. Lower update frequency translates directly into computational and signaling overhead for the router,
improving scalability in large networks or under high-traffic conditions. This metric is particularly important in
event-triggered designs because it highlights the practical advantage of reducing redundant control operations
without sacrificing performance. In addition to the quantitative metrics described above, other qualitative aspects
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need to be considered when interpreting the results. Robustness to sudden changes in traffic volume ensures that
the controller can quickly adapt to changes in the number of active connections or cross-traffic intensity. Fairness
between flows is also crucial, as a well-designed controller should avoid situations where some connections
experience excessive delays or loss while others dominate available bandwidth. Finally, avoiding oscillatory dy-
namics is crucial for maintaining stable operation; persistent oscillations in queue length or control signals can
degrade overall performance and reduce user satisfaction. While these qualitative aspects are not as easily mea-
sured as the primary metrics, they provide valuable insights into the controller’s overall suitability for real-world
deployments. Together, these performance metrics form a comprehensive framework for evaluating the effective-
ness of different congestion control strategies. Queue stability and packet loss reflect the fundamental control ob-
jectives of avoiding congestion and maintaining buffer efficiency. Link utilization measures the ability to utilize
network capacity, while control update frequency directly evaluates implementation efficiency [20].

Performance Metrics Framework for Congestion Control
Link Utilization

Packef Loss Rate

Control Update/Frequency

Jeup Stability

Robustness

Oscillgetn Avoidance

Fairmess

Fig. 2. Performance metrics framework for congestion control

5 Result and Discussion

Fig. 3 shows the time-domain evolution of queue length under three different controllers: proportional-integral
(PI), continuous SMC, and ET-SMC, with a target queue length set to 150 packets. The results clearly demon-
strate significant performance differences in transient behavior, steady-state accuracy, and robustness. The PI
curve (dashed red line) exhibits a pronounced underdamped response, reaching a maximum overshoot of approx-
imately 189 packets (approximately 26% above the target) at approximately 5-6 seconds, followed by a deep
undershoot of approximately 127 packets (15% below the target) at approximately 15 seconds. Subsequently,
slowly decaying oscillations are observed throughout the 50-second observation window. This behavior reflects
the inherent sensitivity of PI to parameter changes: the proportional term reacts only to small deviations from the
current state, while the integral term accumulates errors, resulting in slow decay of phase margin under fluctuat-
ing RTT and cross-traffic conditions. In contrast, the SMC curve (dashed blue line) significantly suppresses both
overshoot and undershoot, with the first peak occurring around 162 packets and the valley occurring around 146
packets. It also demonstrates strong robustness to uncertainty by forcing the system trajectory to converge more
quickly to the sliding manifold, although moderate fluctuations still occur due to continuous updates and residual
boundary layer oscillations. The ET-SMC curve (solid green line) offers the most favorable dynamic characteris-
tics, with the first peak occurring only around 155 packets and the lowest peak decreasing to around 149 packets.
Thereafter, the trajectory quickly enters the +1% error band around the target within 13 to 15 seconds (compared
to approximately 26 seconds for SMC and over 50 seconds for PI) and remains within this range with minimal
oscillation, demonstrating rapid convergence and high steady-state accuracy. From an engineering perspective,
ET-SMC reduces overshoot and undershoot, thereby increasing buffer safety margins and reducing the risk of
overflow during transient bursts. This reduction in oscillation directly translates into reduced queuing delay and
jitter, thereby improving quality of service. Furthermore, ET-SMC'’s selective update feature avoids redundant
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corrective actions during small deviations, alleviating the high-frequency switching and computational overhead
associated with continuous SMC, thereby enhancing scalability in large-scale or resource-constrained networks.
Overall, Fig. 3 shows that while PI is simple, it suffers from large oscillations and slow stability, making it in-
effective when subjected to disturbances. SMC offers robustness at the expense of frequent updates. ET-SMC
achieves an optimal trade-off by combining robustness, fast convergence, low oscillations, increased buffer secu-
rity, and reduced control overhead, making it the most effective approach for practical TCP congestion control.

Queue Length Regulation under Different Controllers
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Fig. 3. Queue length vs. time

Fig. 4 provides a zoomed-in view of the steady-state portion of the queue dynamics, focusing on the 40 to 50
second interval, and allows for a precise comparison of the residual oscillations exhibited by the three controllers
after the transient phase has largely decayed. The PI controller, shown by the red dashed line, continues to exhibit
the largest and most persistent oscillations, with queue length peaking at values exceeding 155 packets and drop-
ping to approximately 146 packets at the trough, resulting in an overall fluctuation range of +5 packets around
the target of 10 packets or 150 packets. This degree of oscillation indicates insufficient damping in the feedback
loop, which is due to the inherent limitations of PI designs in the face of uncertain parameters and time-varying
traffic conditions. In practice, this oscillation corresponds to periodic cycles of buffer overfilling and underfilling,
resulting in highly variable queue delays, increased jitter, and an increased probability of packet loss whenever
a burst arrival temporarily coincides with a peak excursion. In contrast, the continuous SMC, shown by the blue
dashed-dotted line, more effectively limits queue variations, oscillating only between approximately 148 and 152
packets. The reduction in amplitude to approximately £2 packets around the desired level reflects the robustness
of the sliding mode control, which keeps the system trajectory moving toward the sliding manifold model even
in the presence of uncertainties and bounded external disturbances. However, the residual oscillations observed
in the SMC case illustrate the impact of the boundary layer approximation used to mitigate chatter, as well as
the continuous corrective switching that introduces small but persistent ripples. The ET-SMC provides the best
results, maintaining the queue strictly within a very narrow range of 149 to 151 packets, with deviations from the
target less than =1 packet. The near elimination of this oscillatory behavior demonstrates the benefit of combin-
ing sliding mode robustness with an event-triggered mechanism that selectively updates the control input only
when the deviation exceeds a meaningful threshold, thus avoiding redundant corrective actions and preventing
small, high-frequency excitations that occur in continuous SMC. From an engineering perspective, the implica-
tions of this figure are clear: PI controllers are inappropriate in high-performance networks because they suffer
from persistent oscillations that degrade the quality of service; SMC significantly improves stability but still pro-
duces moderate ripples that can accumulate in large-scale deployments; ET-SMC provides superior steady-state
behavior by ensuring smoother and more predictable queue regulation, minimal delay jitter, and reduced risk of
packet loss, thus representing the most practical and effective solution for real-world TCP congestion control un-
der dynamic and uncertain traffic conditions.
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Steady-State Queue Oscillations (Zoomed)
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Fig. 4. Zoomed queue oscillations

Fig. 5 plots the packet loss rate over time for the three controllers, highlighting their ability to prevent buffer
overflows and maintain efficient data transmission. The PI controller exhibits the highest and least optimal packet
loss performance: the packet loss rate steadily increases from an initial value of approximately 4% and reaches a
saturation value of approximately 6% when the system reaches equilibrium. This persistent packet loss is a direct
consequence of the large fluctuations in queue length, which frequently push the buffer beyond its safe capacity,
resulting in repeated packet loss. In real-world networks, a steady-state packet loss rate of 6% is considered unac-
ceptable as it leads to frequent retransmissions, increased round-trip latency, and reduced application throughput.
The continuous SMC provides significant improvement, stabilizing at nearly 3% from an initial value of nearly
2%. This reduction in packet loss reflects the SMC'’s ability to control queue deviations and maintain tighter
regulation than the PI controller; however, residual oscillations and ongoing corrective switching still allow suf-
ficient buffer deviation to maintain a non-negligible packet loss rate. The ET-SMC exhibits the best performance,
quickly stabilizing the packet loss rate from below 1% to around 1%, even in the presence of persistent interfer-
ence. This exceptionally stable low state highlights the combined advantages of a robust sliding mode design and
selective event-triggered updates: the former ensures effective compensation for uncertainty and bursty traffic,
while the latter reduces unnecessary corrective actions that could otherwise amplify fluctuations. From a network
perspective, the difference between 6% for PI, 3% for SMC, and 1% for ET-SMC is significant, as lower packet
loss directly translates into lower retransmission overhead, higher effective throughput, a smoother latency pro-
file, and a better user experience. Therefore, the results in Fig. 4 confirm that ET-SMC not only achieves theo-
retical robustness but also provides tangible quality of service benefits, making it the most reliable and effective
congestion control strategy tested.

rate

Packet loss

Fig. 5. Packet loss rate vs. time
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Fig. 6 compares the average link utilization under the three controllers in a bar chart, demonstrating their
ability to effectively utilize available network capacity while maintaining stability. The PI controller achieves the
lowest utilization, approximately 85%, indicating that a significant portion of the link bandwidth is unused. This
underutilization is due to the PI controller’s frequent large oscillations when attempting to regulate the queue,
resulting in excessively high or low queues; during underflow periods, the link is partially idle, reducing overall
efficiency. The continuous SMC shows significant improvement, reaching a utilization of approximately 92%, re-
flecting its greater robustness and ability to more closely stabilize the queue around the target value. By reducing
queue undershoot and avoiding long periods of idle time, the SMC ensures that the link is more consistently sat-
urated, translating into higher throughput. The ET-SMC achieves the highest performance, achieving a utilization
of nearly 97%, very close to the theoretical maximum. This excellent result is attributed to the robustness of the
sliding mode controller, which suppresses large deviations, and event-triggered updates, which avoid overcor-
rection that could reduce utilization. In contrast, ET-SMC maintains the queue within a narrow band around the
target, ensuring that the buffer neither empties nor overflows, thus ensuring smooth packet transmission and min-
imizing idle time. From a practical perspective, the difference between PI’s 85%, SMC’s 92%, and ET-SMC’s
97% is significant, as in real networks, higher link utilization directly translates into higher throughput, better re-
source efficiency, and lower cost per bit transmitted. Furthermore, the ET-SMC results emphasize that robustness
and efficiency are not necessarily in conflict: by appropriately reducing redundant control updates, the controller
can simultaneously reduce the computational burden and maximize network resource utilization. Therefore,
Fig. 5 confirms that ET-SMC provides the most balanced and efficient solution, combining high utilization with
robust stability, making it particularly suitable for deployment in high-speed, resource-sensitive communication
infrastructures.

Link Utilization under Different Controllers

Pl SMC ET-SMC

Fig. 6. Link utilization comparison

Fig. 7 shows the number of control updates performed by a continuous SMC and an ET-SMC during a 50-sec-
ond simulation, providing a direct measure of implementation efficiency. The results show that the SMC requires
nearly 5,000 updates, equivalent to one update per sampling instant at a 100 Hz simulation sampling rate, reflect-
ing the continuous nature of the control strategy. While such frequent updates ensure robust queuing and tight
control, they impose a significant computational burden on routers and generate continuous signaling overhead,
making them impractical in high-speed backbone networks or scenarios with high concurrent traffic volumes.
In contrast, the ET-SMC significantly reduces the number of updates to approximately 2,780, a 44% reduction
relative to the continuous approach. This reduction is due to the event-triggered mechanism, which applies the
control law only when the sliding variable deviates from a predetermined threshold, avoiding unnecessary cor-
rections when the system is already operating within an acceptable range. Reducing the update frequency not
only reduces the computational load but also reduces power consumption and signaling traffic increasingly im-
portant considerations for energy-efficient and scalable network operations. Despite this reduction, ET-SMC still
retains the robustness advantages of sliding-mode designs, as evidenced by superior queue stability, lower packet
loss, and higher link utilization. Therefore, the results in Fig. 6 confirm that ET-SMC achieves a good trade-off:
it maintains control performance comparable to continuous SMC while significantly reducing implementation
overhead, making it more suitable for deployment in modern communication systems that must simultaneously
meet efficiency, scalability, and robustness requirements.
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Control Update Frequency Comparison
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Fig. 8 aggregates three key metrics into stacked bars. Each metric is then normalized based on the worst val-
ue observed across all controllers, so that a height of 1 represents the worst-case scenario for that metric, while
smaller segments indicate better performance. This equally weighted normalization (applied to the average value
within the steady-state window) gives PI a normalized queue deviation of 1.00, a normalized loss of 1.00, and
effectively zero update cost (since PI does not perform high-frequency control recalculations), resulting in a
total stack height of 2.00. For continuous SMC, the normalized values are ~0.50 (bias), ~0.52 (loss), and 1.00
(updates), for a total of ~2.02. For ET-SMC, the normalized values are ~0.21 (bias), ~0.18 (loss), and ~0.56
(updates), for a total of ~0.95. Interpreted as an equally weighted composite score, ET-SMC reduces the overall
burden by approximately 53% compared to PI (0.95 vs. 2.00) and SMC (0.95 vs. 2.02), demonstrating that its
improvements in queue stability and packet loss are achieved simultaneously, with significantly lower update
costs compared to continuous SMC. The figure also illustrates the complementary weaknesses of the baselines:
PI avoids computational overhead but at the expense of poorer quality of service metrics (maximum deviation
and loss), while SMC enhances supervision and reduces loss but incurs the highest implementation cost through
continuous updates. From an operational perspective, the smaller blue and orange sections of the ET-SMC bar
graph indicate smoother queues and reduced packet loss, which translate into lower latency jitter and fewer re-
transmissions. The medium-sized yellow area reflects a higher, but not excessive, number of updates, consistent
with an event-driven strategy that only takes action when necessary. Network operators prioritizing CPU/energy
savings can adjust the bar weights to emphasize the yellow areas, further supporting ET-SMC. However, if only
QoS is considered, the blue and orange areas already show a clear advantage for ET-SMC. Overall, the stacking
visualization highlights that ET-SMC provides the most balanced configuration in terms of reliability (queues/
losses) and efficiency (updates), while PI and SMC are at opposite ends of the robustness-overhead spectrum.

Overall Performance Comparison (Stacked)
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Fig. 8. Stacked, normalized performance indices for PI, SMC, and ET-SMC
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6 Conclusion

This study proposes an ET-SMC strategy for TCP congestion control that successfully combines robustness to
network uncertainties with implementation efficiency. This framework leverages the inherent resilience of sliding
mode designs to handle parameter variations, perturbations, and bursty traffic. It also employs an event-triggered
mechanism to update control signals only when necessary, eliminating redundant computation and signaling
overhead. Theoretical analysis guarantees the stability of the closed-loop system, the boundedness of the queue
dynamics, and the exclusion of Zeno behavior, ensuring its correctness and feasibility in practical environments.
Compared to traditional approaches, ET-SMC demonstrates that it can simultaneously achieve smooth queue
adjustment, lower loss, higher link utilization, and significantly reduced implementation cost, without sacri-
ficing one characteristic for another. This lightweight approach requires only local measurements and simple
logic, making it well-suited for deployment in routers and scalable to larger networks. Looking forward, this
work opens up several directions for future research. One promising direction is to extend the proposed design
to multi-bottleneck and multi-queue networks, where heterogeneous round-trip times and interactions between
flows introduce additional complexity. Another direction is to develop adaptive or learning-based triggering strat-
egies that dynamically adjust thresholds based on traffic conditions, further improving efficiency and robustness.
Integrating ET-SMC into programmable data plane architectures and software-defined networking platforms also
represents an important step towards practical deployment, and experimental validation under real-world traffic
scenarios can further demonstrate its practical advantages. Furthermore, extending the framework to incorporate
fairness-aware objectives and cross-layer optimization can provide broader support for quality of service assur-
ance in various applications such as video streaming, cloud services, and emerging low-latency communication
systems. In summary, this work establishes ET-SMC as a robust and efficient solution for congestion control and
lays the foundation for future developments at the intersection of robust control theory, event-triggered design,
and modern network systems.
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