
International Journal of Innovative
Computing, Information and Control ICIC International c⃝2024 ISSN 1349-4198
Volume 20, Number 1, February 2024 pp. 1–14

CONGESTION TRACKING CONTROL FOR WIRELESS TCP/AQM
NETWORK BASED ON ADAPTIVE DYNAMIC SURFACE SCHEME

Somchai Poonyanirun∗ and Adirak Kanchanaharuthai

Department of Electrical Engineering
College of Engineering
Rangsit University

52/347 Muang-Ake, Phaholyothin Road, Lak-Hok, Muang, Patumthai 12000, Thailand
adirak@rsu.ac.th

∗Corresponding author: somchai.po@rsu.ac.th

Received March 2023; revised July 2023

Abstract. In order to address the Active Queue Management (AQM) issue in a wire-
less Transmission Control Protocol (TCP) network, the goal of this study is to develop
an adaptive dynamic surface controller. This method enables the proposed control law to
be applied to the nonlinear wireless network model’s congestion tracking issue. A state-
feedback congestion controller is additionally suggested to guarantee that the queue length
can follow the target queue length despite unexpected changes and unknown parameters.
The MATLAB environment is used to validate the developed control design. Simulated
results are used to confirm the effectiveness of the suggested control, and it is contrast-
ed with an adaptive integral backstepping scheme. The simulation results show that the
proposed technique can not only give better transient performances, but also address the
required congestion tracking control problem in spite of unknown parameters.
Keywords: Congestion tracking control, Adaptive control, Wireless TCP/AQM net-
work

1. Introduction. The Internet is currently undergoing tremendous development, which
has created an inescapable network congestion control dilemma. It could also lead to net-
work collapse, lock-out behavior, and a high probability of control-loop synchronization.
As a result, there are numerous efforts to address this problem. The subject of control-
ling network congestion has received more and more attention recently. Thankfully, there
is a significant and effective technique known as the Active Queue Management (AQM)
scheme. It has been suggested to reduce the rate of packet loss, ensure the best-effort
service with minimal packet drops, and enhance network usage. Following then, a number
of AQM approaches with various design concepts have been reported. Random Early De-
tection (RED) [1] was the first AQM approach that was presented. The primary benefit of
this method is the ability to determine the probability of dropped packets based on the av-
erage queue length. On the basis of an analytical fluid-flow model for TCP/AQM systems,
a variety of strategies [2-11] for addressing network congestion issues were investigated.
To guarantee the queue length stability and robustness against external disturbances and
model perturbation using LMI technique, a combination of robust active queue manage-
ment and H∞ control theory [2] has been provided. To decrease packet loss and improve
network utilization with input saturation, Mohammadi et al. [3] developed a fuzzy-based
PID management of the AQM network for Internet routers. To counteract the effects
of nonlinear disturbance uncertainties, time-varying delay, and input constraint through
Lynpunov-Krasovskii functional, Han et al. [4] presented a nonlinear model prediction
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congestion management algorithm for networks. A minimax strategy was used to develop
an adaptive backstepping congestion management control design [5] for TCP networks
with User Datagram Protocol (UDP) flows. Since unknown UDP flows were considered
to be external disturbances, the minimax UDP flow must be calculated. In addition,
parameter estimation was implemented to limit parameter identification to a particular
interval. To address the disturbances caused by UDP flows, a coordination of integral
backstepping design and minimax technique of AQM for TCP networks was provided.
Combining integral backstepping and H∞ design, Liu et al. [6] proposed a congestion
tracking control technique for uncertain TCP/AQM networks. The resulting control law
can guarantee higher tracking performances of the queue despite the usage of a model
with external disturbances and modeling uncertainties, and all trajectories are asymptot-
ically stable. For TCP/AQM networks, an adaptive fuzzy funnel congestion controller [8]
was reported to guarantee the tracking errors’ required transient and steady-state perfor-
mances. In [9], a nonlinear TCP network congestion system with unknown parameters
and external disturbances is controlled by a backstepping sliding mode control law with
the minimax in game theory. An adaptive neural network with practically finite-time con-
gestion management [10] for TCP/AQM networks with the required performance control
was proposed to guarantee that the queue length follows the intended queue length in
finite-time. In TCP/AQM networks, sliding mode queue management [11] was created to
guarantee parameter insensitivity to noise and variance.
All of the aforementioned systems were developed for wired networks, as can be seen.

Because there are two key distinctions between a wired network and a wireless network,
these strategies cannot be immediately applied to the wireless network. Firstly, because
base stations and terminal devices have distinct capabilities, uplink and downlink are
asymmetric. Secondly, there are two reasons resulting in packet loss. The first is network
congestion in the router, and the second is poor wireless network performance during
wireless link transmission. There are currently promising models [14-17] being developed
to describe the dynamics of wireless networks. There have been numerous design strategies
[14-18] for addressing the congestion control issue in wireless networks in recent years, all
of which are based on the wireless model that was discussed earlier. An H∞ control
design [14] was developed for an AQM router that supports TCP flows using an LMI
technique. In [15], Yang et al. designed a three-state mode model-based linear quadratic
servo congestion controller for TCP/AQM systems. Using a parameterized set of linear
matrix inequalities, a congestion management technique for wireless networks supporting
TCP flows was presented to prevent severe congestion and improve resource utilization.
It was demonstrated that a fractional-order proportional integral controller [18] for the
AQM network was robust against system parameter variation and external disturbances.
According to the authors’ knowledge, all known wireless congestion control algorithms

were created using linearization approaches around the operational point. The described
design method mainly utilized the input/output linearization approach directly and aimed
to establish the connection between the desired controller u and the output h(x) by cal-
culating the time derivative of the output y = h(x). Consequently, altering the chosen
outputs influences the interaction between various types of controllers and outputs. Nev-
ertheless, the nonlinear controllers for nonlinear wireless network system mentioned above
possess notable disadvantages. However, the development of advanced nonlinear control
approaches based on the nonlinear wireless network model has received very little atten-
tion. Ma et al. [19] presented an adaptive integral backstepping approach for resolving
the congestion tracking issue in wireless TCP/AQM networks. The resulting controller’s
tracking performance was satisfactory. Also, adaptive update laws were developed to es-
timate the unknown uplink and downlink packet loss parameters. The adaptive integral
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backstepping strategy has a significant drawback despite being a potent control design
technique that has been successfully used on a variety of real-world systems. The “ex-
plosion of complexity” problem, which is a drawback of the repeated differentiation of
virtual control functions, is what causes it. It is difficult to compute the time derivative
of the virtual control functions at each design method since it frequently happens in large-
scale systems. This makes the ultimate control law more complicated. To alleviate this
drawback, a concept of Dynamic Surface Control (DSC) design [21, 22] is developed to
eliminate the problem of repeated differentiations of the virtual control variables. In or-
der to circumvent this issue, these virtual control variables are passed through a low-pass
filter at each design stage to prevent their derivatives.

This research continues this line of investigation and extends all currently available
wireless congestion controllers based on the nonlinear wireless network model in the pre-
sence of unknown parameters. It does so by using an advanced control strategy known
as an adaptive dynamic surface control technique. The controller proposed in this study
can address the “explosion of complexity” problem brought on by backstepping and has a
step-by-step design procedure. Another benefit of employing DSC is that it significantly
relaxes the requirements for the desired signal and the smoothness of plant functions.
As a result, simplified nonlinear feedback stabilizing as well as adaptive controllers for
uncertain nonlinear systems have been synthesized using the DSC technique. Additionally,
a variety of practical systems [23-25] have successfully used the DSC control concept. The
proposed method’s control goal is to determine an adaptive feedback controller that not
only ensures all signals of the closed-loop system are semi-global uniformly and ultimately
bounded, but also achieves the desired closed-loop system performance in the presence of
unknown parameters.

As mentioned above, the following are the primary contributions of this work: (i)
The congestion tracking control problem for wireless TCP/AQM networks, which has
not before been studied, is proposed using an adaptive control approach based on a
nonlinear wireless TCP/AQM dynamic model in the presence of unknown parameters; (ii)
Despite having sudden changed parameters, all trajectories of the closed-loop dynamics
are semi-global uniformly and ultimately bounded in spite of having sudden changes;
(iii) The developed design process is less complex but still efficient when compared to
the adaptive integral backstepping method. Additionally, the controller displays excellent
dynamic performance, including small overshoot and rapid oscillation reduction.

The rest of this paper is organized as follows. Section 2 gives a brief presentation of
dynamic model of wireless TCP/AQM network and the problem statement. Section 3
introduces adaptive dynamic surface control design. Simulation results are discussed in
Section 4 and finally the paper is concluded in Section 5.

2. System Model for Wireless Access Networks. A dynamic model used in this
paper is based on the fluid-flow model of TCP congestion-avoidance method and stochastic
differential equation analysis presented in [12, 13]. Further, this model was confirmed
via simulation results and can capture accurately the dynamics of TCP. The model is
described by the following coupled, nonlinear differential equations:

Ẇ (t) =
1

R(t)
− W (t)

2

W (t−R(t))

R(t−R(t))
p(t−R(t)) (1)

q̇ =


−C +

1

R(t)
W (t), q > 0

max 0,−C +
1

R(t)
W (t), q = 0

(2)
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with R(t) = Tp +
q(t)
C(t)

, where W (t) ∈ [Wmin,Wmax] denotes the TCP window size, R(t)

represents the round-trip delay, p(t) denotes the ratio of packets marked as dropping in
the queue that satisfies 0 ≤ p(t) ≤ 1, q(t) ∈ [qmin, qmax] denotes the queue length, C(t)
represents the link capacity, and Tp denotes the propagation delay. Note that the first
differential equation in (1) relates to the TCP window control dynamics. In particular,
the 1/R term in (1) models the window’s additive increase, and the W/2 term models the
window’s multiplicative decrease in response to packet marking p. Further, the second
differential equation in (2) represents the queue dynamics which models the bottleneck
queue length as simply an accumulated difference between packet arrival rate W/R and
the link capacity C(t). Although the fluid-flow model in (1) and (2) was effective, the
approach reported in [14] has indicated that the model above was not suitable to be used
as the wireless network model.
Therefore, this model must be expanded in order to account for the wireless network,

which creates an inescapable issue. When the model is used, for instance, the router
detects packet losses. Congestion would be considered to exist. The router will then drop
certain packets to lessen the impact of congestion. However, it is possible that the wireless
link could have packet losses. Practically speaking, the router does not have to drop the
packet. Due to the packet losses in wireless uplink and wireless downlink, the dynamic
model is further enhanced. The model for wireless networks is more accurate than in [12]
due to the addition of uplink and downlink packet losses.
According to the result presented in [14, 19], a nonlinear wireless TCP/AQM model

can be expressed as

Ẇ (t) =
1

R(t)
(1− pdl(t))− (1− pdl(t))

W (t)

2

W (t−R(t))

R(t−R(t))
p(t−R(t))

− pdl(t)(W (t)− 1)
W (t−R(t))

R(t−R(t))
p(t)

q̇(t) =
W (t)

R(t)
(1− pul(t))− C(t)

R(t) = Tp +
q(t)

C(t)

(3)

where pdl ∈ [0, 1] is the packet loss of downlink while pul ∈ [0, 1] is the packet loss of
uplink. For this work, we assume that C(t) is assumed as the constant, denoted by C.
Further, both pdl and pul are considered as the constants.
In order to simplify the state-space equation of the system (3), let us introduce the

following state variables: x1 = q − qr, x2 = W . Additionally, to ensure that the queue
length q can track the desired queue length qr, let us define another state variable to
guarantee the zero error between the queue length and the desired queue length as x0 =∫ t

0
(q(τ)− qr(τ))dτ. Therefore, we have the vector of the state variables used in this design

procedure as x = [x0, x1, x2]
T =

[∫ t

0
(q(τ)− qr(τ))dτ, q − qr,W

]T
. By neglecting system

delay and differentiating the state variables above, the dynamic model of the nonlinear
wireless TCP/AQM model can be expressed as an affine nonlinear system as follows:

ẋ0 = x1

ẋ1 = f1(x1) + [g10(x1) + g11(x1)θ1]x2

ẋ2 = f2(x1, x2) + [g20(x1, x2) + g21(x1, x2)θ2]u (4)
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with

f1(x1) = −C, g10(x1) =
NC

x1 + qr + CTp

, g11(x1) =
−NC

x1 + qr + CTp

f2(x1, x2) =
C

x1 + qr + CTp

g20(x1, x2) = − C

x1 + qr + CTp

(
x2
2

2

)
, g21(x1, x2) = − C

x1 + qr + CTp

(
x2
2

2
− x2

)
u = p(t), θ1 = pul, θ2 = pdl.

The following assumption, definition, and lemmas are established in order to satisfy
these required objectives above.

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

Remark 2.1. In practice, Assumption 2.1 is unreasonable. For the purpose of simplicity
in designing the adaptive DSC nonlinear controller in this paper, we made this assumption
that all states are measured. In future work, we intend to introduce an output feedback
controller through the adaptive DSC control design.

Definition 2.1. Consider the nonlinear system

ẋ(t) = f(x, t)

where x(t) ∈ Rn is the state vector. Its solution is said to be Semi-Global Uniformly and
Ultimately Bounded (SGUUB) if, for x(0) ∈ Ωx where is a compact set, there exist two
constants σ and T (σ, x(0)), such that ∥x(t)∥ ≤ σ is held for all t > t+ T (σ, x(0)).

Lemma 2.1. [20] If the constants p > 1 and q > 1 are such that (p− 1)(q− 1) = 1, then
for all ϵ > 0 and all (x, y) ∈ R2 we have

xy ≤ ϵp

p
|x|p + 1

qϵq
|y|q (5)

If choosing p = q = 2 and ϵ2 = 2κ, the inequality above becomes

xy ≤ κx2 +
1

4κ
y2 (6)

For simplicity, provided that κ = 1
2
, it is straightforward to obtain the following inequality

xy ≤ x2

2
+

y2

2
(7)

Lemma 2.2. [20] Let V(t) ∈ R be a non-negative function of time on [0,+∞) which
satisfies the differential inequality

V̇ ≤ aV + b (8)

where a ∈ R and b ∈ R are positive constants. Then the function V(t) satisfies the
following inequality:

V(t) ≤ e−atV(0) + b

a

(
1− e−at

)
, ∀t ∈ [0,+∞) (9)

Additionally, when time approaches infinity, V(t) will become b
a
.

Problem statement: The objective of this paper is to design an adaptive nonlinear
controller capable of solving the queue tracking problem for wireless congestion control
scheme with the help of dynamic surface method, which can be formulated as follows: an
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adaptive control law and a parameter update law in (4) are expressed in the following
form:

u = ϕ
(
x, θ̂
)
,
˙̂
θ = ϖ

(
x, θ̂
)

(10)

where θ̂ is the estimate of θ = [θ1, θ2]
T . The developed controller satisfies the followings:

(i) the queue length q is able to track the desired queue length qr; (ii) the window size
W is stable and bounded; (iii) the ratio of packets marked as dropping in the queue is as
small as possible; (iv) despite having unknown parameters, the overall closed-loop system
is semi-global uniformly and ultimately bounded.
For the developed design procedure in the next section, the adaptive DSC control

design will be developed to obtain a feedback stabilizing nonlinear control. In the following
section, the developed control is designed step by step to achieve the desired performances.

3. Adaptive Nonlinear Control Design. This section introduces the ideas behind an
adaptive dynamic surface control approach and the closed-loop system stability.
The proposed control procedure is developed as follows. In our design procedure, let

us define the following error surfaces:

S0 = x0 (11)

Sj = xj − xjd, j = 1, 2 (12)

where xjd denotes new state variables.
Additionally, let the virtual control function αj−1 pass through a first-order filter with

a time constant τj to obtain the dynamics of xjd as follows:

τjẋjd + xjd = αj−1, xjd(0) = αj−1(0) ⇒ ẋjd = −xjd − αj−1

τj
(13)

With the help of adaptive dynamic surface scheme, the virtual controller functions are
designed as follows:

α0 = −k0S0 (14)

α1 =
1

g10(x1) + g11(x1)θ̂1

(
−f1(x1)− k1S1 −

x1d − α0

τ1

)
=

x1 + qr + CTp

NC
(
1− θ̂1

) (C − k1S1 −
x1d − α0

τ1

)
(15)

with kj−1 (j = 1, 2) as positive design constants, and the proposed controller u and the

update laws θ̂ =
[
θ̂1, θ̂2

]T
are selected as

u =
1

g20(x1, x2) + g21(x1, x2)θ̂2

(
−f2(x1, x2)− k2S2 −

x2d − α1

τ2

)
= − 1

C

x1 + qr + CTp(
x2
2

2
+
(

x2
2

2
− x2

)
θ̂2

) (− C

x1 + qr + CTp

− k2S2 −
x2d − α1

τ2

)
(16)

˙̂
θ1 = γ1g11(x1)S1 =

−γ1NCS1

x1 + qr + CTp

(17)

˙̂
θ2 = γ2S2u (18)

where k2 is a positive design constant while γj denote positive constants.
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Theorem 3.1. Under Assumption 2.1, consider the closed-loop dynamics consisting of
the wireless TCP/AQM network (4), the virtual control (14) and (15) and the control law
(16), and the update laws (17) and (18) together with the following Lyaponov function
candidate

V =
2∑

i=0

1

2
S2
i +

2∑
j=1

1

2
y2j +

2∑
j=1

1

2γj
θ̃2j , γj > 0 (19)

Given a positive number p, for all initial conditions of V satisfying V (0) ≤ p, if there
exists a set of suitable design parameters kj, ck (j = 0, 1, 2, k = 1, 2) satisfying

k̄0 = k0 − 1 > 0, k̄1 = k1 > 0, k̄2 = k2, c̄1 =
1

τ1
− B̄2

1

2π1

− 1

2
> 0, c̄2 =

1

τ2
− B̄2

2

2π2

(20)

such that all signals of the overall closed-loop dynamics are semi-globally uniformly and
ultimately bounded. Additionally, the error surfaces Si converge to a small residual set
that can be made arbitrarily small by appropriate selecting of the above-mentioned design
parameters.

Proof: The proof can be divided into two parts. One is the adaptive dynamic surface
control scheme which is applied to finding out the control law and the update laws capable
of accomplishing the control performances. The other is the closed-loop system stability
analysis to ensure that the error surfaces Si will converge into a small residual set and all
trajectories are bounded. First, the proposed control procedure is developed step by step
as follows.

Step 1: First, we focus on the first subsystem (4). In order to accomplish stability for
the error surface S0, differentiating S0 with respect to time yields

Ṡ0 = ẋ0 = x1 (21)

From (21), x1 is viewed as a virtual control input; therefore, we have the desired feedback
control α0 as given in (14).

Step 2: Define the second error surface as given in (12), and then by calculating the
derivative of S1, we have

Ṡ1 = f1(x1) + [g10(x1) + g11(x1)θ1]x2 − ẋ1d

= f1(x1) +
[
g10(x1) + g11(x1)

(
θ̃1 + θ̂1

)]
x2 − ẋ1d

= f1(x1) +
[
g10(x1) + g11(x1)θ̂1

]
x2 − ẋ1d + g11(x1)θ̃1 (22)

where θ̂1 is an estimate of θ1 and θ̃1 = θ1 − θ̂1. Similarly, from (22), x2 is viewed as a

virtual control input; therefore, the virtual control law α1 and the update law for θ̂1 are
given in (15) and (17).

Step 3: Finally, after defining the third surface as S2, we have the following time
derivative of S2 along the system trajectories:

Ṡ2 = f2(x1, x2) + [g20(x1, x2) + g21(x1, x2)θ2]u− ẋ2d

= f2(x1, x2) +
[
g20(x1, x2) + g21(x1, x2)

(
θ̃2 + θ̂2

)]
u− ẋ2d

= f2(x1, x2) +
[
g20(x1, x2) + g21(x1, x2)θ̂2

]
u− ẋ2d + g21(x1, x2)θ̃2u (23)

where θ̂2 is an estimation of θ2 and θ̃2 = θ2 − θ̂2.
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Therefore, a suitable selection of the control law u = p and the update law θ2 to achieve
the closed-loop system stability is given as (16) and (18). In order to analyze the closed-
loop stability of TCP/AQM system, let us consider the surface and boundary layer errors’
time derivatives and the update laws as follows:

Ṡ0 = −k0S0 + S1 + y1

Ṡ1 = −k1S1 + g11(x1)θ̃1

Ṡ2 = −k2S2 + g21(x1, x2)θ̃2u

ẏj = −yj
τj

+Bj(S0, S1, S2, y1, y2), j = 1, 2

˙̂
θ1 = γ1g11(x1)S1

˙̂
θ2 = γ2S2

(
1

g20(x1, x2) + g21(x1, x2)θ̂2

(
−f2(x1, x2)− k2S2 −

x2d − α1

τ2

))
(24)

where yj = xjd − αj−1 denotes the boundary layer error. Bj(·) is a continuous function
defined as follows: 

B1(·) = −α̇0 = −∂α0

∂x1

ẋ1 −
∂α0

∂x1d

ẋ1d

B2(·) = −α̇1 = −∂α1

∂x1

ẋ1 −
∂α1

∂x1d

ẋ1d −
∂α1

∂θ̂1

˙̂
θ1

(25)

Based on the Lyapunov direct method, the time derivative of V along trajectories (24)
is as follows:

V̇ =
2∑

i=0

SiṠi +
2∑

j=1

yj ẏj −
2∑

j=1

1

γj
θ̃j

˙̂
θj

= S0(−k0S0 + S1 + y1)− k1S
2
1 − k2S

2
2 +

2∑
j=1

yj

(
−yj
τj

+Bj

)
+ θ̃1

(
S1g11(x1)−

1

γ1

˙̂
θ1

)
+ θ̃2

(
S2g21(x1, x2)u− 1

γ2

˙̂
θ2

)
(26)

For i = 0, 1, 2, j = 1, 2 and p > 0, the set Ω :=
∑2

i=0 S
2
i +

∑2
j=1 y

2
j +

∑2
j=1

1
γj
θ̃2j ≤ 2p is

compact set in R7. According to the property of continuous function, we know that Bj(·)
has a bound on Ω, such that |Bj(·)| ≤ B̄j. Based on the Young’s inequality (Lemma 2.1),
we have the following inequalities:

S0S1 ≤
S2
0

2
+

S2
1

2

S0y1 ≤
S2
0

2
+

y21
2

yj

(
−yj
τj

+Bj

)
≤ −

(
1

τj
−

B̄2
j

2πj

)
y2j +

πj

2

(27)

From the inequalities above, one has

V̇ ≤ −(k0 − 1)S2
0 − k1S

2
1 − k2S

2
2 +

(
1

τ1
− B̄2

1

2π1

− 1

2

)
y21 −

(
1

τ2
− B̄2

2

2π2

)
y22 +

2∑
j=1

πj

2
(28)
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After selecting k̄0 = k0 − 1 > 0, k̄1 = k2 > 0, k̄2 = k2 > 0, c̄1 = 1
τ1

− B̄2
1

2π1
− 1

2
> 0,

c̄2 =
1
τ2
− B̄2

2

2π2
> 0, we obtain

k = min
{
k̄0, k̄1, k̄2, c̄1, c̄2

}
> 0 (29)

After that, the following inequalities hold.

V̇ ≤ −kV +Π (30)

where Π =
∑2

j=1
πj

2
. After solving Inequality (30) and using Lemma 2.2, we obtain

0 ≤ V (t) ≤
(
V (0)− Π

c

)
e−ct +

Π

c
(31)

From (31), it can be inferred that limt→+∞ V (t) ≤ Π
c
. This means that the error surface Si

can converge to an arbitrarily small residual set by selecting c sufficiently large. Similarly,
it can be also concluded that all the trajectories of the closed-loop dynamics are semi-
globally uniformly ultimately bounded. In particular, it implies that Si and yj are all
semi-globally uniformly ultimately bounded. This completes the proof.

Remark 3.1. The incremental contribution discussed in Section 3 focuses on the devel-
oped design procedure and presents the distinctions between our research and the existing
controllers of literature. Specifically, we highlight our innovative method of developing a
congestion tracking controller for wireless TCP/AQM networks using an adaptive dynamic
surface strategy, a novel approach that has not been explored before. Moreover, our study
introduces a new technique for handling the unknown parameters that arise in the wire-
less TCP/AQM model. It is worth noting that, unlike the adaptive integral backstepping
control mentioned in prior works [19, 20], our proposed control law does not require the
use of analytical differentiators.

4. Simulation Results. In this section, the effectiveness of the proposed controller is
evaluated and verified in MATLAB environment under the following parameters of the
networks.

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

Further, both uplink and downlink packet loss ratios are as follows:

θ1 =



0.005, if 0 ≤ t ≤ 4,
0.001, else if 4 < t ≤ 10
0.01, else if 10 < t ≤ 16
0.05, else if 16 < t ≤ 22
0.01, else if 22 < t ≤ 28
0.05, else

, θ2 =



0.008, if 0 ≤ t ≤ 4,
0.002, else if 4 < t ≤ 10
0.02, else if 10 < t ≤ 16
0.06, else if 16 < t ≤ 22
0.01, else if 22 < t ≤ 28
0.05, else

The tuning parameters of the proposed controller are c0 = c1 = c2 = 10, τ1 = τ2 = 0.001,
γ1 = γ2 = 0.0000001.

Remark 4.1. According to the tuning parameters of the suggested control law above,
using the trial-and-error method in this work, it is discovered that selecting such control
parameters that are too large or too small may result in unsatisfactory transient responses.
As a result, it is difficult to determine which design parameters are optimal for achieving
asymptotic tracking and good dynamic performance. However, an optimization strategy is
likely to be an effective means of addressing this issue.
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The time domain simulations are carried out via the computer simulation. To inves-
tigate the system dynamic performance of the designed controller, as given in (16)-(18),
in the system under study, the performance of the proposed controller (adaptive dynam-
ic surface controller) is compared with that of adaptive integral backstepping controller
[19, 20], as follows.

• Adaptive Integral Backstepping Control (AIBSC)

u(t) =
1

g20(x1, x2) + g21(x1, x2)θ̂2

(
− c2z2 − z1

(
g11(x1) + g11(x1)θ̂1

)
− f2(x1, x2) +

∂α1

∂z0
ż0

+
∂α1

∂z1

[
f1(x1) +

(
g10(x1) + g11(x1)θ̂1

)
x2 − α̇0

]
+

∂α1

∂θ̂1

˙̂
θ1 +

∂α1

∂qr
q̇r +

∂α1

∂q̇r
q̈r

)
(32)

˙̂
θ1 = γ1

(
z1 − γ−1

1

∂α1

∂z1

)
g11(x1)x2 (33)

˙̂
θ2 = γ2g21(x1, x2)z2u (34)

where z0 = x0, z1 = x1−α1, z2 = x2−α2, α0 = −c0z0, α1 = − c1z1+z1−f1(x1)+α̇0

g10(x1)+g11(x1)θ̂1
, α̇0 =

−c0ż0 = −c0x1. The controller parameters of the adaptive integral backstepping
control law are chosen as follows: ci = 0.0001, i = 0, 1, 2, γ1 = γ2 = 0.0000001.

• Adaptive Backstepping Control (ABSC)

u(t) =
1

g20(x1, x2) + g21(x1, x2)θ̂2

(
− c2z2 − z1

(
g11(x1) + g11(x1)θ̂1

)
− f2(x1, x2)

+
∂α1

∂z1

[
f1(x1) +

(
g10(x1) + g11(x1)θ̂1

)
x2

]
+

∂α1

∂θ̂1

˙̂
θ1 +

∂α1

∂qr
q̇r +

∂α1

∂q̇r
q̈r

)
(35)

˙̂
θ1 = γ1z1g11(x1)x2 (36)

˙̂
θ2 = γ2g21(x1, x2)z2u (37)

where z1 = x1, z2 = x2 − α1, α1 = (−c1z1−f1(x1))

g10(x1)+g11(x1)θ̂1
. The controller parameters of

the adaptive backstepping control law are chosen as follows: ci = 0.0001, i = 1, 2,
γ1 = γ2 = 0.0000001.

Remark 4.2. Observed from (32)-(37) is that the AIBSC and the ABSC and the update

law θ̂1 are significantly dependent on the time derivative of the virtual control function
α1, whereas the proposed control law is based on the linear filter ẋ2d with the constant τ2.
This makes the DSC design approach more efficient and straightforward.

Based on the following issues, the simulation results are used to demonstrate the use-
fulness of the developed method: 1) the tracking error between the queue length and the
desired queue length converges to zero; 2) despite unknown rapid changed parameters,
the window size becomes stable and the packet loss ratio in the queue is small.
The findings of the simulation are shown and discussed below. Figures 1 and 2 illustrate

the time histories of the integral of error between the queue length and desired queue
length, the queue length, the window size, the estimation of θ1 and θ2, and the packet
loss ratio under the proposed method and the AIBSC method and ABSC method.
It is clear that the designed control law outperforms the AIBSC law and the ABSC law

in terms of better dynamic performances. In particular, it has been found that using the
suggested strategy causes the tracking error to rapidly converge or the queue length to
go closer to the desired queue length (qr = 100). Furthermore, all trajectory rising and
settling times are obviously shortened, which improves transient performances as well as
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Figure 1. Controller performance – x0 =
∫ t

0
(q(τ) − qr)dτ , queue (q) and

desired queue length (qr = 100) and window size (W ) (Solid: Proposed con-
trol (Adaptive dynamic surface control), Dashed: Adaptive integral back-
stepping control, Dash-dotted: Adaptive backstepping control)

Figure 2. Controller performance – The estimation of θ1 and θ2 and the
packet loss ratio u = p(t) (Solid: Proposed control (Adaptive dynamic
surface control), Dashed: Adaptive integral backstepping control, Dash-
dotted: Adaptive backstepping control)

oscillation overshoot magnitude. Additionally, it has been found that while time responses
under the AIBSC and ABSC schemes exhibit good dynamic performances, they perform
worse than the developed one in transient situations.

The expected time responses of θ1 and θ2 estimation after unknown rapid changes
in both the uplink and downlink packet loss parameters are also shown in Figure 2.
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Figure 3. Time histories – x0, queue length q and window size W under
parameter variation of the link capacity C

Furthermore, it can be observed that the packet loss ratio u = p(t) is seen to belong to
the required interval [0, 1].
In practical applications, obtaining accurate model parameters for the considered sys-

tem is challenging. Hence, one of the key challenges that requires investigation is ensuring
the robustness of the developed control law in the presence of parameter variations and
uncertainties in the wireless TCP/AQM network. Subsequently, the performance of the
developed control strategy is assessed with respect to uncertainties. Specifically, a sys-
tem parameter, such as the link capacity C, is uncertain due to the difficulty in precisely
estimating its value. Therefore, it is crucial to evaluate the robustness of the resulting con-
troller against variations in the link capacity. To assess the system’s performance under
such circumstances, a robustness test was conducted by introducing a variation of ±30%
in the value of C from its nominal value. Figure 3 clearly demonstrates that, despite the
variation in the system parameter, the proposed design consistently delivers effective con-
trol performance. The tracking error converges to zero, and there is no degradation in the
system’s performance, indicating the robustness of the developed control method in the
face of parameter variations. Additionally, the window size W remains stable as expected.
Consequently, the resulting controller exhibits commendable tracking performance and a
strong ability to handle parameter variations.
From the previously mentioned simulation findings, it is clear that when the devised

system is used for the congestion tracking control for wireless TCP/AQM networks, the
following improvements over the AIBSC method and the ABSC method are realized:
(i) The proposed controller is synthesized to steer all the trajectories of the closed-loop
dynamics to be semi-global uniformly and ultimately bounded; (ii) Despite unknown rapid
changes in both the uplink and downlink packet loss parameters, the developed control
technique can give clearly superior transient performances, as evidenced by the rapid
suppression of system oscillations across all time trajectories, and the robustness against
parameter variation.

5. Conclusions. The queue tracking problem for wireless congestion control is addressed
in this study utilizing the adaptive dynamic surface control approach, despite the fact that



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.20, NO.1, 2024 13

the parameters are unknown. The simulation results have demonstrated that the uplink
and downlink packet loss ratios, which are unknown, are used to evaluate the developed
control mechanism. It can cause the window size and all the trajectories of the closed-loop
dynamics to be semi-global uniformly and ultimately bounded, in addition to making the
tracking error between the queue and the target queue lengths quickly converge to zeros. It
can enhance better transient control performance than the adaptive integral backstepping
control and the adaptive backstepping control thanks to the created design technique.
Additionally, the comparative results support the effectiveness of the proposed controller,
which is capable of resolving the congestion tracking problem and enhancing transient
performances in the closed-loop system dynamics, despite unknown uplink and downlink
packet loss parameters. To validate the robustness of the proposed control method against
parameter variations and uncertainties, the simulations have demonstrated that even with
a 30% variation in the link capacity, the overall time trajectories remain insensitive to the
parameter variation. The application of this strategy to a robust adaptive control scheme
will be the subject of a subsequent investigation. Moreover, further studies will focus on
how to extend the proposed approach to wireless TCP/AQM systems with event-triggered
communications [26].
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