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Abstract. This paper tackles the Active Queue Management (AQM) challenge by intro-
ducing a synergetic control approach integrated with particle swarm optimization (PSO)
for Transmission Control Protocol (TCP) networks. By applying this combined method,
the developed control law effectively manages congestion tracking within a nonlinear
TCP/AQM framework. Additionally, the nonlinear feedback congestion controller is pre-
sented, leveraging the particle swarm optimized synergetic control scheme to maintain
target queue lengths and ensure window size stability. The proposed control approach
undergoes validation through computer simulations. Simulation results demonstrate the
proposed method’s effectiveness and allow for comparison with a backstepping-like con-
troller and an integral sliding mode controller. The results confirm that the proposed
technique not only achieves effective congestion tracking control but also enhances tran-
sient performance.
Keywords: Congestion tracking control, Adaptive control, Wireless TCP/AQM net-
work

1. Introduction. The Internet is undergoing rapid expansion, leading to significant chal-
lenges in managing network traffic congestion. This growth could potentially result in
network failure, lock-out conditions, and a higher chance of control-loop synchronization
issues. As a result, numerous initiatives are underway to address these problems. In re-
cent years, there has been a steady increase in interest in congestion control strategies.
Fortunately, a promising solution, known as Active Queue Management (AQM), has been
introduced. AQM aims to minimize packet losses, deliver reliable best-effort services with
minimal packet drops, and optimize network usage. Among the various AQM techniques,
Random Early Detection (RED) was the first to be proposed [1].

The main advantage of this approach is that the average queue length can be used to de-
termine the probability of packet loss. Various techniques [2-11], based on an analytical
fluid-flow model, have been explored for TCP/AQM systems to address congestion is-
sues. To stabilize queue length and enhance robustness against external disturbances and
model variations, a controller design using Linear Matrix Inequalities (LMI) [2] was intro-
duced, combining robust active queue management with control. Mohammadi et al. [3]
proposed a fuzzy-based PID controller for AQM networks in Internet routers to reduce
packet loss and improve network utilization under input saturation conditions. A nonlinear
model predictive congestion control strategy [4] was developed to mitigate the effects of
nonlinear disturbance uncertainties, time-varying delays, and input limitations using the
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Lyapunov-Krasovskii functional. Li et al. [5] introduced an adaptive backstepping conges-
tion controller for TCP networks with User Datagram Protocol (UDP) flows, employing
the minimax method to address unknown UDP flows, which are treated as external dis-
turbances. Another nonlinear AQM controller [6], combining integral backstepping with
the minimax method, was proposed to mitigate the effects of UDP interruptions in TCP
networks. Using a blend of integral backstepping and H∞ design, a nonlinear congestion
tracking control approach [7] was created for the TCP/AQM model. Despite external
disturbances and modeling uncertainties, this controller ensured sufficient queue tracking
performance and asymptotic stability of all closed-loop system signals. Wang et al. [8]
introduced an adaptive fuzzy funnel congestion control strategy for TCP/AQM networks
to minimize tracking errors and achieve optimal transient and steady-state performance.
A backstepping sliding mode design was developed [9] for nonlinear TCP network con-
gestion systems, incorporating unknown parameters and disturbances, using the minimax
method from game theory. Liu et al. [10] proposed an adaptive neural congestion con-
troller for TCP/AQM systems, combining finite-time theory and specified performance
control to ensure the queue length converges to the reference in finite time. Additionally,
a sliding mode controller [11] was designed to address parameter noise and variation in the
TCP/AQM network. A backstepping-like approach [12] was suggested to solve the conges-
tion tracking issue in TCP/AQM nonlinear models, ensuring the queue length can follow
the reference queue length. Recently, a dynamic surface asymptotic control method [13]
for TCP/AQM networks was introduced to improve congestion management by stabilizing
queue length and enhancing tracking accuracy. This new controller outperforms existing
methods in transient performance, showing faster response and reduced overshoot, with
robust results confirmed through simulations.
Previous research has highlighted the complexity and challenges involved in designing

nonlinear controllers. Building on this foundation, the current study introduces an ad-
vanced nonlinear controller design to address the congestion tracking control problem in
TCP/AQM network models. This paper employs a synergetic control approach [14-16]
for the controller design. A key limitation of synergetic control is selecting the control
parameters or gains that stabilize the system and ensure good dynamic performance.
Existing congestion control methods, such as backstepping and sliding mode control, ex-
hibit inefficiencies in nonlinear systems, including slow response times and sensitivity to
parameter tuning. These approaches often lack robustness and adaptability, particular-
ly under dynamic and time-varying network conditions. By integrating Particle Swarm
Optimization (PSO) with synergetic control, the proposed method overcomes these chal-
lenges, automating parameter tuning and enhancing system stability and performance
in nonlinear TCP/AQM systems. The goal of this approach is to develop a stabilizing
feedback controller that achieves congestion tracking control in the TCP/AQM network
model, ensuring satisfactory dynamic and steady-state performance. Moreover, the pro-
posed control method outperforms backstepping-like control, and integral sliding mode
control by achieving asymptotic tracking with zero error.
The main contributions of this work are as follows.

• This study introduces a particle swarm optimized synergetic control method to solve
the congestion tracking control problem in TCP/AQM networks, leveraging a non-
linear TCP/AQM dynamic model that has not been previously examined.

• Through Lyapunov theory, it is demonstrated that all signals within the closed-loop
system remain bounded, achieving asymptotic tracking.
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• The proposed design technique is both simple and highly effective, outperforming
backstepping-like and integral sliding mode controllers, with enhanced dynamic per-
formance, including reduced overshoot and quicker oscillation damping.

The structure of this paper is as follows. Section 2 offers an overview of the TCP/AQM
network system’s dynamic model and the problem statement. Section 3 details the non-
linear synergetic control design. Section 4 provides a brief introduction to particle swarm
optimization. Section 5 presents simulation results validating the effectiveness of the pro-
posed design. Finally, Section 6 concludes the paper.

2. TCP/AQM System Model. The dynamic model used in this paper is derived from
the fluid model of the TCP congestion-avoidance method, as outlined in [17, 18]. Based
on the results presented in [17, 18], the nonlinear TCP/AQM model can be expressed as
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where W (t) ∈ [Wmin,Wmax] denotes the TCP window size, R(t) refers to the round-trip
delay, and p(t) represents the fraction of packets that are marked or dropped in the queue,
with the constraint 0 ≤ p(t) ≤ 1. N denotes the number of TCP connections. The queue
length is indicated by q(t) ∈ [qmin, qmax], C(t) signifies the link capacity, and Tp indicates
the propagation delay. In this work, C(t) is assumed to be constant and is referred to
simply as C.

The dynamic behavior of the window size in Equation (1) follows the “additive increase,

multiplicative decrease” principle [17, 18]. The first term of Ẇ (t), 1/R(t), indicates that
the window size increases by one for every round-trip time R(t). In contrast, the second

term, W (t)
2

W (t)
R(t)

, represents a halving of the window size when congestion occurs, resulting

in packet loss. Similarly, the first term of q(t), N/R(t)W (t), describes a newly arriving
queuing packet.

To streamline the state-space equation of the system (1), we introduce the following
state variables:

x1 = q − qr, x2 = −C +
NW

R
(2)

To ensure that the queue length q accurately tracks the target queue length qr, we intro-
duce an additional state variable aimed to eliminate the error between them, defined as
x0 =

∫ t

0
(q(τ) − qr)dτ. As a result, the vector of state variables used in this design pro-

cedure is expressed as x = [x0, x1, x2]
T =

[

∫ t

0
(q(τ)− qr)dτ, q − qr,−C + NW

R

]T

. By diff-

erentiating these state variables, we can reformulate the dynamic model of the nonlinear
TCP/AQM system into an affine nonlinear system, as follows:

ẋ = f(x) + g(x)u(x) (3)

with

f(x) =







f0(x0)

f1(x0, x1)

f2(x0, x1, x2)






=









x1

x2

N

R2









, x =





x0

x1

x2







704 S. POONYANIRUN AND A. KANCHANAHARUTHAI
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Additionally, the operating region is defined as the set D = {x ∈ R × R × R}. The

open-loop operating equilibrium is represented by xe = [x0e, x1e, x2e]
T = [0, 0, 0]T .

Problem statement: The goal of this paper is to design a nonlinear controller p to address
the queue tracking problem in a congestion control scheme using the synergetic control
method combined with a particle swarm optimization. The proposed controller meets the
following desired criteria: (i) the queue length q can accurately track the desired queue
length qr; (ii) the window size W remains stable and bounded; (iii) the fraction of packets
marked for dropping in the queue is minimized; and (iv) the entire closed-loop system is
asymptotically stable at the equilibrium point xe, with all resulting closed-loop signals
remaining bounded.
The following assumption is established to achieve the aforementioned objectives.

Assumption 2.1. All state variables x0, x1, x2 ∈ R, are assumed to be measurable.

In the following section, the particle swarm-optimized synergetic congestion tracking
control design is developed to develop a feedback stabilizing nonlinear control. This control
is designed in a step-by-step manner to achieve the desired performance outcomes.

3. Design of Synergetic Controller.

3.1. Synergetic control method. According to the findings in [14], the synergetic con-
trol scheme is an invariant-manifold-based control method suitable for controlling nonlin-
ear, dynamic, and high-dimensional systems. As previously mentioned in Section 1, this
method has been successfully applied in various practical applications [7-19]. The syner-
getic control approach, based on the Analytical Design of Aggregated Regulator (ADAR)
method [14-16], is briefly introduced.
Let us consider an n-dimensional nonlinear dynamic equation1 in the state space form

as

ẋ(t) = f(x, u, t) (5)

where x ∈ Rn represents the system state variable vector, u ∈ Rm is the control input
vector, to be designed, t denotes time, and xe ∈ Rn is a selectable equilibrium point to be
stabilized, respectively. The synergetic controller design is summarized in the following
steps.

• Step 1: Define a macro-variable as ϕ(x) where ϕ(x) is a function of the system
states. In line with synergetic control theory, this macro-variable is used to determine
a stabilizing control law u(x) = u(x, ϕ(x)) that guides the system trajectories toward
the desired manifold M, defined by ϕ(x) = 0, thus fulfilling the desired control
specifications.

• Step 2: Develop a control law that can guide the system states onto the designated
manifold M and maintain them on this manifold thereafter, subject to an evolution
constraint that can be represented by the following equation.

T ϕ̇(x) + ϕ(x) = 0, T > 0 (6)

where T is a controller parameter that influences the rate at which the system tra-
jectories converge to the manifold M.

1It is assumed that throughout this paper all functions and mappings are C∞.
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• Step 3: Compute the time derivative of the chosen macro-variable ϕ(x) concerning
the system variable x, applying the chain rule of differentiation. Then, substitute
either (3) or (5) into (6), yielding the following result:

T
∂ϕ(x)

∂x
f(x, u, t) + ϕ(x) = 0 (7)

By appropriately defining a suitable macro-variable and choosing the control pa-
rameter T , the expression above (7) can be directly solved to obtain the desired
controller u(x) which can be expressed as follows:

u(x) = φ(x, ϕ(x), T, t) (8)

From (8), it is evident that once the evolution constraint in (7) is resolved, we obtain an
analytical control law that ensures the desired control specifications are met. This result-
ing control law depends on the system state variable, the chosen macro-variable, and the
control parameter T . Depending on the control parameters selected by the designer, vari-
ous desirable characteristics for the overall closed-loop dynamics, such as global stability,
insensitivity to parameters, and specific dynamic properties, can be achieved.

3.2. Synergetic control design. In this subsection, the design procedure based on
synergetic control scheme above is developed step by step. From (4), an error coordinate
variable is defined as
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Step 1: In order to apply the synergetic control to the modeled system, based on the
error variables (9), let us introduce the following macro-variable:

ϕ(x) = c0e0 + c1e1 + c2e2 (10)

where c0, c1 and c2 are positive design parameters.
Step 2: The objectives of the proposed controller design are to direct the system

trajectories and ensure they stay on the desired manifold ϕ(x) = 0 hereafter. In the
dynamics of the evolution, the macro-variable is defined as follows:

T ϕ̇+ ϕ = 0, T > 0. (11)

where T represents the predefined controller parameters that indicate the convergence
speed of the closed-loop dynamics to the desired manifold ϕ(x) = 0.

Therefore, the time derivative of the error variables in (10) along the system trajectory
in (4) is expressed as follows:

ϕ̇(x) = −
1

T
ϕ(x) = c0ė0 + c1ė1 + c2ė2 (12)

Step 3: To design a stabilizing controller, the Lyapunov stability strategy will be
employed to assess the stability of the overall closed-loop dynamics. Accordingly, we
define a Lyapunov function as follows:

V (ϕ, t) =
1

2
ϕ2 (13)

The time derivative of the Lyapunov function can be stated as

V̇ (t) = ϕϕ̇ (14)

After differentiating (13) and substituting (12) into (14), we have

V̇ (t) = ϕ(c0ė0 + c1ė1 + c2ė2) (15)
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According to Lyapunov stability theory, V̇ (t) must be a negative definite function.
Therefore, a suitable control law is selected as

u(x) = −
1

g2

[

f2 +
1

c2

(ϕ

T
+ c0x1 + c1x2

)

]

(16)

This controller u(x) is a nonlinear function that is affected by the choice of the control
parameters:

C = [c0, c1, c2, T ]

The setting of these control parameters or gains is the topic of the next section.

4. Particle Swarm Optimization (PSO) Algorithm. Particle Swarm Optimization
(PSO) [25] is an optimization technique based on the collective behavior of birds or fish. It
utilizes a swarm of particles (representing potential solutions) that navigate through the
search space to discover the optimal solution. This algorithm can be successfully integrated
into control system designs, including nonlinear predictive control [27] and nonlinear PID
control [28-30]. The control gains are represented as C = [c0, c1, c2, T ]. In the TCP/AQM
system, four control parameters must be simultaneously selected to ensure the closed-
loop system achieves asymptotic stability. The goal is to minimize a performance index,
or objective function J , such as the Integral of Time-weighted Absolute Error (ITAE), by
adjusting the control gains. The problem is formulated as follows:

J =

∫ T

0

t2(|x0|+ |x1|+ |x2|)dt

where T denotes the final time for simulation. The ITAE is commonly used to evaluate
control systems, with a lower value indicating better performance (i.e., faster error reduc-
tion and better system stability).
The steps of the PSO algorithm are as follows:

1) Initiation:
• Define the Problem: Identify the objective function J that needs to be min-
imized. This function will evaluate the performance of the controller with the
selected parameters.

• Initialize Parameters:
– Number of particles N : Choose the number of particles in the swarm.
– Dimension D: Set D = 4 for the four controller parameters.
– Initialize each particle’s position xi (controller parameters) randomly within
defined bounds:

xi = [c0, c1, c2, T ]

– Initialize each particle’s velocity vi randomly:

vi = [v0, v1, v2]

– Initialize the admissible range for the controller gains cmin
i < ci < cmax

i for
i = 0, 1, 2, and Tmin < T < Tmax.

• Set PSO Parameters:
– Inertia weight w: Control the impact of the previous velocity on the current
velocity.

– Acceleration coefficients k1 and k2: Control the influence of the particle’s best
position and the swarm’s best position.

– Maximum number of iterations maxiter: Set a stopping criterion for the algo-
rithm.
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2) Evaluate the Initial Particles: For each particle, evaluate the objective function
f(xi) to determine the fitness of each particle:

fitnessi = f(xi)

3) Update Personal and Global Best:
• Initialize personal best pi for each particle as its initial position: pi = xi

• Initialize global best g as the position of the best particle found so far:

g = argmin(fitnessi) for all i

4) Main PSO Loop: Repeat the following steps until the maximum number of iterations
is reached or convergence criteria are met:
• Update Velocity and Position: For each particle i:

– Update the particle’s velocity:

vi = wvi + k1r1(pi − xi) + k2r2(g − xi)

where r1 and r2 are random numbers between 0 and 1.
– Update the particle’s position: xi = xi + vi .

• Boundary Conditions: Ensure that the updated position xi remains within the
defined bounds. If it exceeds the bounds, clamp it back to the nearest bound.

• Evaluate Fitness: Calculate the fitness of the updated position: fitness i = f(xi).
• Update Personal Best: If the new fitness is better than the personal best:

if fitness i < f(pi) then pi = xi

• Update Global Best: If the new fitness is better than the global best:

if fitness i < f(g) then g = xi

5) Output: After completing the iterations, the optimal controller parameters will be
the values in the global best position g.

6) Conclusion: The PSO algorithm iteratively searches for the optimal values of the four
controller parameters, enhancing the performance of the TCP/AQM control system
based on the objective function defined at the beginning.

Remark 4.1. The proposed particle swarm optimized synergetic control method has sev-

eral key limitations, including computational complexity, sensitivity to parameter tuning,

and reduced performance in high-delay or noisy networks. These challenges highlight areas

for future improvement. Furthermore, future work has been expanded to include specific

directions, such as developing adaptive control mechanisms for unknown parameters, val-

idating the method in real-world network environments, exploring hybrid optimization

strategies, addressing multi-objective optimization, and studying scalability in complex net-

works. These efforts aim to enhance the method’s robustness, adaptability, and practical

applicability.

5. Simulation Results. In this section, the effectiveness of the proposed controller is
evaluated and verified in computer simulations under the following parameters of the
networks.

C = 1750 packets/s, Tp = 0.1 s, qr = 100 packets

In the simulations, the initial parameters are set to q0 = 99, W0 = 4, x0 = 1. Following
[25, 26] for PSO parameters, the search space has a dimension of 4, with a population
size of 20. The acceleration factors are k1 = k2 = 2.05, and the inertial weight factor w
ranges from [0.4, 0.9]. The maximum count is 50. The admissible range for each controller
gain is as follows: 0 ≤ c1 ≤ 100, 0 ≤ c2 ≤ 100, 0.01 ≤ c3 ≤ 100, and 0.0001 ≤ T ≤ 0.1.
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Parameters are initialized at [0.5, 1.5, 2, 0.001], and, after running multiple independent
trials to reduce random variation, the optimized controller values are finalized as c1 =
99.1440, c2 = 3.2024, c3 = 0.0100, T = 0.0004 and J = 6.1098.
Time-domain simulations are conducted using computer simulations to evaluate the

dynamic performance of the designed controller, as described in (16), in the system be-
ing examined. The effectiveness of the proposed controller is compared with that of the
following controllers:

• Backstepping-Like Controller (BSLC) [12]

u = p = −
1

g2(x0, x1, x2)

[

c2Q+ P + x1 + c1x2 + c1Ṗ + ḟ1(x0, x1) + ġ1(x0, x1)x2

g1(x0, x1)

+ f2(x0, x1, x2)

]

(17)

where

P = c0x0 + x1, Ṗ = c0x1 + x2, Q = x0 + c0x1 + c1P + f1(x0, x1) + g1(x0, x1)x2.

The controller parameters of the backstepping-like control law are chosen as follows:
ci = 0.5, i = 0, 1, 2.

• Integral Sliding Mode Controller (ISDM)

u = p = −
(Ksign(S) + c2(f1(x0, x1) + g1(x0, x1)x2) + c2f2(x0, x1, x2))

c2g2(x0, x1, x2)
(18)

where S(x) = c1x1 + c2x2. The controller parameters of the integral sliding mode
control law are chosen as follows: c1 = 2, c2 = 1.

The simulation results illustrate the effectiveness of the designed method based on the
following criteria: the tracking error between the actual queue length and the target queue
length approaches zero; the window size stays within bounds; and the queue’s packet loss
ratio is low, remaining within the interval [0, 1].
The simulation findings are presented and discussed below. Figures 1 and 2 show the

time histories of the following state variables using the proposed technique: the integral
of the error between the queue length and the desired queue length x0, the queue length q,
the window size W , the state variable x2, the packet loss ratio p, and the macro-variable
ϕ(x). Figure 3 illustrates the time histories of the same state variables – x0, q,W, x2 and p
– under the BSLC design. In Figure 4, the time responses of x0, q,W, x2, p, and the sliding
surface S(x) are shown under the ISDM design. The figures clearly illustrate that the
proposed control law provides substantially improved dynamic performance compared to
the other methods. Specifically, the time responses of the proposed controller reach the
desired equilibrium point in just 0.5 seconds, whereas the other methods require over 3
seconds. Nevertheless, the packet loss ratio u = p(t) for the proposed method is greater
than that of the other methods. Notably, the tracking error quickly converges to zero
(q → qr) with both the proposed and BSLC methods, while this is not the case for
the ISDM method. This indicates that the queue length closely and smoothly follows
the target queue length. Additionally, the proposed method improves other important
aspects of dynamic performance, such as decreasing oscillatory overshoot and reducing
rise and settling times. As shown in Figure 2, the macro-variable ϕ(x) also stabilizes at
zero rapidly.
It is crucial to highlight that although the other controllers achieve the objectives

presented in the paper, their transient performance falls short compared to the proposed
controller. Figure 3 demonstrates that while the BSLC scheme responds faster than the
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ISDM method, it is still considerably slower than the proposed controller’s response time.
Figure 4 shows that chattering effects prevent the tracking error between the queue length
and desired queue length from reaching zero. Additionally, the ISDM method’s sliding
surface oscillates around zero rather than settling at zero, due to unwanted chattering
effects in the control input (packet loss ratio). Furthermore, Figures 2-4 confirm that
the packet loss ratio u = p(t) remains within the required interval [0, 1] when using the
proposed controller, the BSLC controller, and the ISDM controller.

The quantitative results for the queue length q are presented in Table 1. This table
summarizes key performance metrics – such as steady-state error, rise time, and overshoot
– for the proposed controller in comparison to the baseline controllers: the Backstepping-
Like Controller (BSLC) and the Integral Sliding Mode Controller (ISDM).

Table 1. Quantitative results in terms of steady-state error, rise time, and
percentage overshoot for the actual queue length with baseline controllers

Steady-state error Rise time [s] Percentage overshoot [%]

Proposed control 0 0.18 0

BSLC 0.0519 2.48 0.0052

ISDM 0.1113 3.00 0.1158

Table 1 highlights the superior performance of the proposed controller compared to the
baseline methods across various metrics. For steady-state error, the proposed controller
achieves perfect accuracy with a value of zero, ensuring the actual queue length matches
the desired value, while the baseline controllers exhibit small but noticeable steady-state
errors. Regarding rise time, the proposed controller reaches the desired equilibrium in
just 0.18 seconds, significantly faster than the baseline controllers, which take over 2.48
seconds and 3 seconds, respectively. Furthermore, the proposed controller eliminates over-
shoot entirely, offering a marked improvement over the baseline methods and delivering
smoother and more stable transient responses.

In conclusion, the simulation results demonstrate that the proposed method outper-
forms the BSLC and ISDM methods. It is evident that, in accordance with the desired
criteria, the queue length q quickly tracks the target queue length qr, while the window
size W remains stable under the suggested control strategy. Furthermore, this approach
showcases improved dynamic properties, as reflected by the rapid dampening of oscilla-
tions throughout all time trajectories.

6. Conclusion. This study presents a nonlinear controller designed to tackle the queue
tracking problem for congestion control, utilizing the particle swarm optimized synergetic
congestion tracking technique. The simulation results reveal that the proposed control
method is effective; it ensures stability and boundedness in both the window size and
all closed-loop system trajectories, while also enabling tracking errors between the actual
queue and the reference queue lengths to converge to zero rapidly. Additionally, the design
process shows superior performance compared to the backstepping-like and integral slid-
ing mode methods in terms of transient control. Moreover, the results demonstrate that
the proposed controller effectively addresses the congestion tracking issue and enhances
transient performance in the closed-loop system dynamics, meeting the desired objectives.
Future work will focus on developing adaptive synergetic control to handle unknown or
time-varying parameters and testing the proposed method on real-world network topolo-
gies to evaluate its practical applicability. Additionally, exploring hybrid optimization
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strategies and multi-objective frameworks could further enhance the robustness and scal-
ability of the approach.
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