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Due to the increase in the utilization of the internet, networks are subject to congestion. 

As a result, issues such as packet delay, packet loss, and buffer overflow may arise in 

intermediate routers. To mitigate these problems, the Transmission Control Protocol 

combined with Active Queue Management (TCP/AQM) has been introduced. The 

primary objective of AQM is to manage network congestion and enhance overall 

performance. In this paper, a comparative study between the classical and the nonlinear 

PI controllers based on the Multi-Verse Optimizer (MVO) is conducted to enhance the 

AQM system performance. The simulation study is conducted using the MATLAB 

program. Simulation results demonstrate that the TCP/AQM system utilizing the 

nonlinear PI controller successfully tracks the desired step input with zero steady-state 

error, whereas the classical PI controller results in a steady-state error of 0.748. Besides, 

the numerical results show that the settling time of the nonlinear PI controller is reduced 

by 28.6% compared to the classical PI controller. Moreover, the findings demonstrate 

that under a disturbance scenario, the nonlinear PI controller reduces the recovery time 

by 22.22% compared to the classical PI controller. These findings indicate that the 

nonlinear PI controller achieves stable system performance. 
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1. INTRODUCTION

The internet becomes a necessary tool for performing 

numerous operations using Web applications, such as data 

transmission, reception, etc. However, network congestion has 

increased due to the rise in circulating data and internet users 

[1, 2]. Time delays, packet loss in packet delivery, and buffer 

overflow in intermediate carriers are some of the fundamental 

issues with using Internet networks [1]. The need to enhance 

the network performance leads to establishing the 

Transmission Control Protocol combined with Active Queue 

Management (TCP/AQM). Floyd and Jacobson developed 

Random Early Detection (RED) in 1993, which then became 

the first scheme of the AQM [3]. In the context of computer 

networks, the term congestion control refers to a time-varying, 

nonlinear, difficult problem that requires a robust controller to 

achieve good, resilient, efficient network performance. Using 

control theory to examine and analyze the dynamic behavior 

of numerous systems, then design a suitable controller was the 

choice of many authors to improve the performance of the 

systems [4-10]. In this direction, considerable contributions 

have been developed for TCP/AQM systems to avoid 

congestion in data traffic of computer networks and to increase 

the network utilization by organizing queues at network 

bottlenecks. 

A detailed review was conducted by Mahawish and Hassan 

[11], focusing on the classification of AQM techniques based 

on queue length, queue delay, or a combination of both. Their 

work introduced tailored TCP/AQM strategies aimed at 

enhancing system performance. In another study [11], a 

modified RED-exponential approach was proposed, 

integrating AQM with optimization-based congestion control 

through intelligent algorithms to improve network efficiency. 

By using this method, different types of service flows are 

managed successfully due to integrate the nonlinear packet 

dropping behavior [12]. To address the challenges of 

heterogeneous traffic and enable future queue length 

prediction, numerous intelligent controllers have been applied. 

For example, Bisoy and Pattnaik [13] introduced an AQM 

model utilizing a feed-forward neural network. The stability of 

the system is achieved by using an adaptive learning where the 

sign activation function is used to update weights. 

Reinforcement learning approach is presented by Gomez et al. 

[14]. The decision-making process was built on a Markov 

Decision Process framework, which accounted for various 

congestion states and corresponding actions to optimize 

performance. 

Integrating classical and intelligent controllers was 

performed by Gomez et al. [14] where a fuzzy PI controller 

optimized via Genetic Algorithm (GA) was developed to 

improve PI controller efficiency in AQM systems, aiming to 

mitigate network congestion. Similarly, the Ant Colony 

Optimization (ACO) algorithm was employed by Sulttan et al. 

[15] for fine-tuned the parameters of a PID controller. A
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comparative study [16] is conducted including a traditional 

H∞ controller, a PSO-optimized PID controller, and an ACO-

optimized PID controller. The outcomes revealed that the 

ACO-based PID controller outperformed the other controller 

approach. To further enhance the performance of congestion 

system, Ali et al. [17] examined the performance of both 

traditional PID and Fuzzy-PID controllers applied to the AQM 

system. Their results show that the Fuzzy-PID approach has 

superior performance that the traditional PID. A Fuzzy-PID 

congestion control system was introduced [1, 18, 19] for 

adjusting PID parameters based cuckoo algorithm to achieve 

the best results on congestion when using a different type of 

service flow over the network. To improve the tuning of AQM 

parameters, several studies have integrated multiple 

optimization algorithms. For instance, a fuzzy PI controller 

optimized via a GA was proposed by Oudah et al. [20], 

effectively enhancing queue length performance. Shneen et al. 

[2] conducted a comparison between interval type-2 and type-

1 fuzzy PID controllers combined with Particle Swarm 

Optimization (PSO), as well as other algorithms such as Social 

Spider Optimization (SSO) and Ant Colony Optimization 

(ACO) to optimize PID gains. Among these, the interval type-

2 fuzzy PID controller with SSO produced the most favorable 

results [21]. To achieve improved stabilization, reduced 

settling time, and minimal delay, Sabry and Nayl [22] 

introduced a linear quadratic servo controller tuned using the 

PSO algorithm within the AQM framework. The utilization of 

intelligent control methods including fuzzy logic and neural 

networks has grown as a tuning process to optimize PID 

parameters such that the performance of the congestion system 

is enhanced. In this context, a comparative analysis by Al-

Majeed and Saud [23] was conducted to examine four different 

controllers to address network congestion issues, while 

predictive control techniques were introduced by Humaid et 

al. [24]. To end this, the main contribution of this work can be 

listed as follows: 

• Evaluation of the performance of the nonlinear PI in 

compared to the classical PI controllers is presented, 

emphasizing improved performance under uncertainty. 

• The Multi-Verse Optimizer (MVO) is introduced as 

tuning process to adjust design parameters of the proposed 

controllers in terms of enhancing system robustness, 

achieving fast settling time, and minimizing fluctuations 

during variable traffic conditions in the AQM system. 

The structure of this paper is outlined as follows: Section 2 

introduces the TCP/AQM model. Section 3 discusses the 

proposed controller designs. Section 4 details the MVO 

method. Section 5 presents the results obtained from 

simulation-based evaluations, and Section 6 concludes the 

study with key findings. 

 

 

2. MATHEMATICAL MODEL OF TCP/AQM 

 

The core concept of the congestion system consists of 

bidirectional relationship of a TCP/AQM system as depicted 

in Figure 1. The dynamic behavior of TCP/AQM has been 

modeled based on the fluid-flow theory and using two coupled 

stochastic differential equations, with the TCP timeout 

mechanism excluded from the analysis, as outlined in studies 

[24, 25]: 

 

𝑊̇(𝑡) =
1

𝑅(𝑡)
−

𝑊(𝑡)𝑊(𝑡−𝑅(𝑡))

2𝑅(𝑡−𝑅(𝑡))
𝑃(𝑡 − 𝑅(𝑡))  (1) 

𝑞̇(𝑡) =
𝑊(𝑡)

𝑅(𝑡)
𝑁(𝑡) − 𝐶(𝑡)  (2) 

 

In this context, W denotes the expected TCP window size in 

packets, q represents the queue length in packets, t stands for 

time in seconds, and R is the round-trip time in seconds. The 

variable N refers to the number of active TCP sessions, C 

indicates the link capacity in packets per second, and P 

corresponds to the packet marking or dropping probability. 

The marking probability P ranges between 0 and 1. 

Additionally, both the queue length q and the window size W 

are positive and constrained within upper bounds, (i. e., 𝑞 ∈
[0, 𝑞̅] and 𝑊 ∈ [0, 𝑊̅]),  𝑞̅  denotes the buffer's maximum 

capacity, while 𝑊̅  indicates the peak window size. The 

nonlinear differential equations governing the AQM system 

can be linearized around a specific operating point (𝑊0, 𝑞𝑜 , 𝑃𝑜) 

such that 𝑊̇ = 0 and 𝑞̇ = 0. It also assumes that the number 

of TCP sessions and the link capacity are constant (i.e., 

𝑁(𝑡) ≅ 𝑁  and 𝐶(𝑡) ≅ 𝐶 ). Based on that, the resulting 

linearized transfer function as follows [25]: 

 

P(s) =
δq(s)

δp(s)
=

C2

2N
e−sRo

(s +
2N

Ro
2C

) (s +
1
Ro

)
 (3) 

 

where, Ro =
𝑞𝑜

𝐶𝑜
+ 𝑇𝑝 , Po =

2𝑁2

Ro
2𝐶2  and W0 =

Ro𝐶

𝑁
, 𝑇𝑝  is the 

propagation delay. The symbol 𝛿 signifies a minor deviation 

in the variables relative to their nominal values used during the 

linearization process.  

 

 
 

Figure 1. Bidirectional relationship of a TCP/AQM system 

 

 

3. CONTROLLER DESIGN  

 

The main goal of designing a PI controller is to ensure 

system stability and drive the output toward the desired 

setpoint. The controller's output (u) is formed by combining 

two components: the proportional and the integral terms, as 

illustrated in Figure 2(a). The process output (y) is measured 

and compared with the reference value (yr) to compute the 

error (e). The proportional part modifies u In proportion to the 

error using the gain Kp, while the integral part adjusts u based 

on the accumulated error over time, scaled by the gain Ki. The 

PI controller’s transfer function is expressed as follows [26]:  

 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡  (4) 

 

To address the shortcomings of the traditional PI controller, 

various improved structures have been introduced. In this 

study, a NPI controller as shown in Figure 2(b) is proposed by 

substituting the standard error integration in Eq. (4) with the 

integration of the arctangent function of the error. The arctan 

function can aid in stabilizing systems with time delays. It also 

provides a smooth transition in control action, which can be 
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advantageous in systems requiring gradual changes to avoid 

abrupt responses. The control law of the NPI controller is 

expressed as follows [27]:  

 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑡𝑎𝑛−1(𝜆𝑒(𝑡)) 𝑑𝑡  (5) 

 
where, the terms λ is a design coefficient. 

 

 
 

Figure 2. (a) System with the PI controller; (b) System with 

the NPI controller 

 

 

4. MULTI-VERSE OPTIMIZER 

 

Swarm optimization methods are a class of optimization 

algorithms capable of dealing with complex and challenging 

engineering problems. These algorithms are motivated by 

natural processes, social dynamics, and improve version of the 

heuristic strategies [28-30]. In the field of control systems, 

tuning controller parameters to produce effective control 

signals that achieve the desired system behavior is a non-trivial 

task. Many researchers use swarm-based optimization 

algorithms instead of the traditional trial-and-error techniques 

because these algorithms offer more efficient and reliable 

solutions for find the optimal controller settings [31-33]. 

The MVO is a swarm-based algorithm inspired by the 

multi-Verse theory in cosmology. Three key concepts are used 

to describe the algorithm, which are white holes, black holes, 

and wormholes. These three concepts used to establish the 

balance exploration, exploitation, and local search within the 

optimization process. MVO has shown promising results in 

addressing both standard benchmark functions and practical 

engineering optimization challenges [34]. 

Within the concept of the MVO algorithm, each agent 

search process represents a universe, where in terms of 

optimization concept represents a possible solution. The 

quality a universe is measured by its inflation rate. Under this 

assumption, higher inflation rates indicate better quality. 

Universes with higher inflation rates contain white holes, 

enabling them to transfer variables (objects) to others, whereas 

those with lower rates feature black holes, making them more 

likely to receive these variables. To mathematically describe 

this exchange mechanism, a roulette wheel selection is used. 

During each iteration, white hole is determined by the 

universes with the high inflation rate and is selected using the 

roulette wheel. The procedure continues as follows, assuming 

that: 

 

𝑈 =

[
 
 
 
𝑥1

1 𝑥1
2 …

𝑥1
1 𝑥2

2 ⋯
⋮ ⋮ ⋮

𝑥1
𝑑

𝑥2
𝑑

⋮
𝑥𝑛

1 𝑥𝑛
2 ⋯ 𝑥𝑛

𝑑]
 
 
 

 

 

where, d represents the total number of design parameters (or 

decision variables), and n denotes the number of universes, 

which correspond to the candidate solutions: 
 

𝑥𝑗
𝑖 = {

𝑥𝑗
𝑘         𝑖𝑓 𝑟1 < 𝑁𝐼(𝑈𝑖)

𝑥𝑗
𝑖                 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (6) 

 

In Eq. (6), 𝑥𝑗
𝑖 refers to the 𝑗 parameter of the 𝑖 universe, 𝑈𝑖 

denotes the 𝑖  universe itself, and 𝑁𝐼(𝑈𝑖)  is the normalized 

inflation rate of that universe. The term 𝑟1 refers to a randomly 

generated value within the interval [0, 1], while 𝑥𝑗
𝑘 signifies 

the 𝑗  parameter of a universe 𝑘 , which is chosen using a 

roulette wheel selection method. This selection strategy 

enables stronger solutions to guide the evolution of weaker 

ones, while preserving diversity among the candidate 

solutions. 

Wormholes facilitate exploitation by allowing objects to 

randomly teleport across universes, independent of inflation 

rates. This ensures that the best solutions guide the search 

without restricting the exploration capability. The wormhole 

update rule is given by [35]: 

 

𝑥𝑗
𝑖 = {

{
𝑥𝑗 + 𝑇𝑅𝐷 ∗ (𝑢𝑏𝑗 − 𝑙𝑏𝑗) ∗ 𝑟4 + 𝑙𝑏𝑗        if 𝑟3 < 0.5 

𝑥𝑗 − 𝑇𝑅𝐷 ∗ (𝑢𝑏𝑗 − 𝑙𝑏𝑗) ∗ 𝑟4 + 𝑙𝑏𝑗          otherwise
      𝑟2 < 𝑊𝐸𝑃  

𝑥𝑗
𝑖                                                                                             otherwise 

 (7) 

 

where, 𝑥𝑗 denotes the current solution, and Traveling Distance 

Rate (TRD) compute the magnitude of the step size. The terms 

𝑢𝑏𝑗  and 𝑙𝑏𝑗  represent the upper and lower bounds of the 

variable 𝑗 respectively. Moreover, 𝑟2,𝑟3, 𝑟4 are random values 

distributed uniformly between [0, 1]. To balance the searching 

process between the exploration search and exploitation 

search, MVO integrates two adaptive parameters. One of these 

is the Wormhole Existence Probability (WEP), which defines 

the chance of performing a wormhole-based teleportation: 

 

𝑊𝐸𝑃 = 𝑚𝑖𝑛 +
𝑙∗ (𝑚𝑎𝑥−𝑚𝑖𝑛)

𝐿
  (8) 

 

where, 𝑙 is the current iteration and 𝐿 is the total number of 

iterations. The TRD controls the movement precision towards 

the best solution [36]: 

 

𝑇𝑅𝐷 = 1 − (
𝑙
1
𝑝

𝐿
1
𝑝

)  (9) 

 

where, 𝑝  determines how quickly the focus shifts from 

exploration to exploitation. The effectiveness of MVO is 

derived from exploration via white and black holes, ensuring 

global search, exploitation via wormholes, guiding local 

search around promising solutions, and adaptive parameter 
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tuning, ensuring a smooth transition from exploration to 

exploitation. 

The MVO is employed to optimize the tuning parameters of 

PI and NPI controllers based on minimizing the Integral of 

Absolute Error (IAE) between the controller's output and the 

desired reference signal. 

 

 

5. SIMULATION RESULTS AND DISCUSSION 

 

The value of the physical element of the TCP/AQM system 

is reported in Table 1. The implementation of the TCP/AQM 

system with proposed controllers was simulated in 

MATLAB/Simulink program, utilizing the “ode45” solver for 

numerical integration. The initial value of the queue size was 

set to 0 packets, and the desired size was set to 300 packets. 

The results of the optimization process based on the MVO 

algorithm for the design variables of each controller are given 

in Table 2. The tracking performance of the TCP/AQM system 

in reaching the target packet size is shown in Figure 3. Figure 

4 and Figure 5 present the control signals and error signals 

generated by the respective controllers. A comparison of the 

system’s performance using the NPI and conventional PI 

controllers is provided in Table 3. 

 

Table 1. The parameters of TCP/AQM system 

 
Parameter Value Unit 

N 60 - 

C 3750 packet/s 

Ro 0.253 - 

 

Table 2. The proposed values of the design parameters for 

NPI and PI by the MVO algorithm 

 
Controller 𝒌𝒑 𝒌𝒊 𝜆 

NPI 3e-05 3.2598e-04 40 

PI 3e-05 1.77e-05 - 

 

 
 

Figure 3. AQM system responses for the proposed 

controllers 

 

The performance assessment relies on key metrics including 

settling time (ts), maximum overshoot (Mp%), steady-state 

error (Ess) and the value of the IAE index. Form Table 3, it 

can be observed that the TCP/AQM system based on the NPI 

is able to follow the desired input step with zero Ess as 

compared to  the PI where the Ess is 0.748. Besides, the value 

of ts for the NPI controller (3.14 s) is less than PI controller 

(5.4 s). Moreover, the PI controller has a larger MP% value 

(7.96%) as compared to NPI controller which has a MP% 

value (4.1%). Furthermore, the PI controller has a larger 

IAE value (386.5) as compared to NPI controller which has a 

IAE value (296.3). 

 

 
 

Figure 4. The behavior of control action 

 

 
 

Figure 5. The behavior of error signal 

 

Table 3. Evaluation of controlled TCP/AQM system using 

NPI and PI based on constant packet size 

 

Performance 
Controller 

NPI PI 

ts(s) 3.14 5.4 

MP% 4.1 7.96 

Ess 0 0.748 

IAE 312.3 386.5 

 
To test the controller robustness, analysis study based on 

simulation was adopted by subjected the system to a 

disturbance signal after 10 s of the simulation with an 

amplitude of 10% of the set point input. External disturbance 

examination is crucial for evaluating the proposed control 

system performance because they reveal how the controlled 

system can maintain its desired behavior in the face of 

unpredictable environmental factors. The performance 

evaluation is conducted based on the recovery time (tr), the 

output response range (δ), defined as the difference between 

the maximum and minimum values, and the value of the IAE 

index. These results are summarized in Table 4. 

The response for disturbance rejection test is shown in 

Figure 6. The control signal is shown in Figure 7 and the error 

signal is shown in Figure 8. Table 4 shows the system 
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performance under disturbance scenario using both NPI and PI 

controllers. Based on Figure 6 and Table 4, when a disturbance 

occurs, the PI controller exhibits a δ of 16 packets and takes 

approximately 4.5 seconds to return to its desired state. In 

contrast, the NPI controller experiences a smaller deviation of 

12.5 packets and recovers within 3.5 seconds. Furthermore, 

the PI controller has a larger IAE value (403.7) as compared 

to NPI controller which has a IAE value (296.3). 

These findings clearly demonstrate that the NPI controller 

offers enhanced performance and greater robustness in 

optimizing the TCP/AQM system. 

 

 
 

Figure 6. Responses of the AQM system under disturbance 

using the proposed controllers 

 

 
 

Figure 7. The behavior of control action with disturbance 

 

 
 

Figure 8. The behavior of error signal with disturbance 

Table 4. Evaluation of controlled TCP/AQM system based 

on proposed controllers with +20% model uncertainty 

 

Performance 
Controller 

NPI PI 

tr 3.5 4.5 

δ 12.5 16 

IAE 312.3 403.7 

 

 

6. CONCLUSION 

 

The paper examines the performance of nonlinear PI 

controller for improving the performance of the AQM system. 

On the basis of comparison, the classical PI controller is 

introduced. A swarm-based optimization technique named 

Multi-Verse Optimizer (MVO) is employed to fine-tune the 

design parameters of the two controllers. MATLAB is used to 

perform the performance assessment of the two controllers. 

The simulation experiment under standard operating 

conditions is evaluated the controller effectiveness with 

respect to settling time, steady-state error, and overshoot. The 

results of this simulation reveal that the nonlinear PI controller 

outperforms the classical PI controller in terms of efficiency. 

Furthermore, robustness evaluation demonstrates that the 

nonlinear PI controller is better in terms of handling the 

external disturbances, offering a more stable and reliable 

system response. The outcomes of this paper in terms of 

optimized the NPI controller can be further evaluated by 

another dynamic system. 
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NOMENCLATURE 

 

𝑊  expected TCP window size in packets 

𝑞  queue length in packets 

𝑅  round-trip time in seconds 

𝑁  number of active TCP sessions 

𝐶  link capacity in packets per second 

𝑃  packet marking or dropping probability 

𝐾𝑝  proportional gain 

𝐾𝑖  integral gain 

𝑢  control law 

𝑒  Error 

𝑋  potential solution 

𝐿  total number of iterations 

 

Greek symbols 

 

δ 
minor deviation in the variables relative to their 

nominal values 

λ design parameter 
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