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ABSTRACT. To deal with the Active Queue Management (AQM) problem, this paper aims
to develop a dynamic surface asymptotic control technique for a Transmission Control
Protocol (TCP) network. The designed control law for a TCP/AQM nonlinear model can
be utilized to handle the congestion tracking problem based on this technique. A nonlinear
stabilizing feedback congestion controller is also proposed, which uses the dynamic surface
asymptotic control scheme to ensure that the queue length can track the reference queue
length and that the window size is stable. In the MATLAB environment, the developed
control design is validated. The simulation results are used to verify the effectiveness
of the suggested control, which is then compared to a backstepping-like controller and
an integral sliding mode controller. Additionally, they show that the proposed technique
can handle the desired congestion tracking control problem while also improving transient
performance.

Keywords: Congestion control, Dynamic surface asymptotic control scheme, TCP/AQM
network

1. Introduction. The Internet is currently experiencing rapid growth, posing an un-
avoidable network congestion management difficulty in network traffic. It may also result
in network collapse, lock-out behavior, and an increase in the likelihood of control-loop
synchronization. Consequently, numerous efforts are being made to remedy this issue.
Recent years have witnessed a continuous rise in interest in network congestion control.
Fortunately, there is a substantial and promising technology known as the Active Queue
Management (AQM) system. It has been proposed to reduce packet losses, provide best-
effort service with low packet drops, and increase network utilization. Following that,
there are multiple AQM approaches with various design concepts. Random Early Detec-
tion (RED) was the first AQM approach proposed [1].

The key benefit of this method is that the average queue length may be used to calcu-
late the probability of packet loss. Following that, a variety of methodologies [2-11] based
on an analytical fluid-flow model were investigated for TCP/AQM systems to address
network congestion issues. To achieve queue length stability and deal with robustness
against external disturbances and model perturbation, an LMI-based controller design [2]
was proposed, which used a combination of robust active queue management and control.
To reduce packet losses and increase network utilization with input saturation, Moham-
madi et al. [3] presented a fuzzy-based PID controller of the AQM network for Internet
routers. A nonlinear model prediction congestion management strategy [4] was developed
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for networks to cope with the negative impacts of nonlinear disturbance uncertainty,
time-varying delays, and input constraints using the Lynpunov-Krasovskii functional. Li
et al. [5] presented an adaptive backstepping congestion controller for TCP networks with
User Datagram Protocol (UDP) flows based on the minimax method. It is important to
compute the minimax UDP flow due to unknown UDP flows that are viewed as external
disturbances. A nonlinear AQM controller [6] for TCP networks was published based on
a combination of integral backstepping design and a minimax method to handle the un-
desired effects of UDP flow interruptions. Using a combination of integral backstepping
and H., design, a nonlinear congestion tracking control approach [7] for the TCP/AQM
network model was created. However, even if external disturbances and modeling un-
certainties were incorporated into the network model, the obtained controller could still
guarantee adequate tracking performance of the queue, and all closed-loop system signals
are asymptotically stable. Wang et al. [8] presented an adaptive fuzzy funnel congestion
management strategy for the TCP/AQM network to reduce congestion tracking errors
in order to ensure the desired transient and steady state performance. A backstepping
sliding mode design was developed for nonlinear TCP network congestion systems, in-
cluding unknown parameters and external disturbances, using the minimax from game
theory [9]. Using a coordination of practically finite-time theory and a specified perfor-
mance control, an adaptive neural congestion control [10] was proposed for TCP/AQM
networks to ensure that the queue length follows the reference queue length in finite time.
For the TCP/AQM network, a sliding mode controller [11] was created to deal with pa-
rameter noise and variation. Recently, a backstepping-like method [12] was proposed to
handle the congestion tracking problem for the TCP/AQAM nonlinear model and ensure
that queue length can track the reference queue length. Even through these methods
[2-11] are effective, there were important disadvantages in the control strategies above.
In [2], the control law was based on the linearization techniques around the operating
point. Mohammadi et al. [3] proposed the fuzzy-based PID control scheme which relied
on tuning parameter process and focused on around an operating point. Even though the
nonlinear model predictive controller [4] was able to address many problems in congestion
management, it was difficult to suitably choose the weighting matrix of the state and the
control input, resulting in trade-off issues. In [5-10, 12], the design of the nonlinear control
system was based on backstepping and backstepping-like techniques. In each design step,
the approaches must determine the time-derivative of virtual control functions, resulting
in complexity issues. For [11], the sliding mode design can eliminate the problems of
parameter noises and variations, as well as control input chattering issues.

According to the aforementioned research, all nonlinear controller design strategies are
quite difficult and complex. This research therefore follows this line of investigation but
provides an advanced nonlinear controller design to tackle the congestion tracking control
problem for the TCP/AQM network model. A dynamic surface asymptotic control ap-
proach [13] is used to design the controller in this paper. The dynamic surface asymptotic
control method’s control goal is to find a stabilizing feedback controller. The obtained
controller in this research can deal with the “explosion of complexity” problem that aris-
es in backstepping and backstepping-like controllers. Furthermore, the presented control
outperforms traditional dynamic surface control because it can achieve bounded-error tra-
jectory tracking with asymptotic tracking with zero error, whereas traditional dynamic
surface control cannot.

As the above discussion, the followings are the main contributions of this work: (i)
A dynamic surface asymptotic control technique is proposed to tackle the congestion
tracking control problem for TCP/AQM networks, which has yet to be investigated,
using a nonlinear TCP/AQM dynamic model; (ii) With the help of Lyapunov theory,
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the closed-loop system’s signals are all bounded, and the semi-global asymptotic tracking
is achieved; (iii) The developed design technique is not complicated but effective when
compared to backstepping-like and integral sliding mode controllers. In addition, the
suggested controller shows superior dynamic performance, such as less overshoot and
faster oscillation reduction.

The rest of this paper is organized as follows. Section 2 is a brief presentation of dynamic
model of the TCP/AQM network system and the problem statement. Nonlinear dynamic
surface asymptotic control design is provided in Section 3. In Section 4, the simulation
results are given to show the effectiveness of the developed design. Finally, the paper is
concluded in Section 5.

2. TCP/AQM System Model. A dynamic model used in this paper depends on the
fluid model of TCP congestion-avoidance method reported in [14, 15]. In accordance with
the result reported in [16, 17], a nonlinear TCP/AQM model can be expressed as

(W) = )~ R
i) = = €l )
- 20

where W (t) € [Wiin, Winax] denotes the TCP window size, R(t) represents the round-trip
delay, p(t) denotes the ratio of packeks marked as dropping in the queue that satisfies
0 <p(t) <1,q(t) € [qmin, dmax) denotes the queue length, C(¢) represents the link capacity,
and 7, denotes the propagation delay. For this work, we assume that C(t) is assumed as
the constant, denoted by C.

Remark 2.1. The possible application of the TCP/AQM system model considered in (1)
can be extended to a nonlinear wireless TCP/AQM model [18], which can be expressed as

(0) = 10— pa(t) — (- pa) ST s Ry

with R(t) = T, + 2 C(t) where pg € [0,1] is the downlink packet loss while p, € [0,1]
15 the uplink packet loss. It can be observed that the major difference between wireless
TCP/AQM system in (2) and the TCP/AQM system models considered in this work is
the uplink and downlink packet losses together with a neglected system delay. Thus, when
both such losses (pu = pa = 0) disappear, the TCP/AQM model in (2) will become the
TCP/AQM system model used in this work.

In order to simplify the state-space equation of the system (1), let us introduce the
following state variables: z; = ¢ — ¢, 1o = —C + %. Additionally, to ensure that
the queue length ¢ can track the desired queue length ¢,, let us define another state
variable to guarantee the zero error between the queue length and the desired queue
length as xg = fo —q,)dt. Therefore, we have the vector of the state variables used in

this design procedure as & = [z, 11, T2)" [fo —q.)dr,q — q-,—C + T] . After
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differentiating the state variables above, the dynamic model of the nonlinear TCP/AQM
dynamic model can be expressed as an affine nonlinear system as follows:

&= f(z) +g(x)u(z) (3)
with
fo(zo) 2 Zo
flz) = fi(zo, 1) = , T= ] T
N Lo
i fo(wo, 21, T2) 2
i 0
O ; () = p(t @)
g(z) = 0 = N (ot O . u(x) =pt
| 92(x) —<§;+—7ﬁ7—)

Additionally, the region of operation is defined in the set D = { € R x R x R}. The
open loop operating equilibrium is denoted by z. = [zo, Z1e, [L’ge]T = [0, 0, O]T.

Problem statement: The objective of this paper is to design a nonlinear controller p
capable of solving the queue tracking problem for congestion control scheme with the
help of dynamic surface asymptotic control method. The developed controller satisfies
the following desired requirements: (i) the queue length ¢ is able to track the desired
queue length ¢,; (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) the overall closed-loop system
is asymptotically stable at the only equilibrium z, and all the resulting closed-loop signals
are bounded.

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

Assumption 2.1. All state variables xy, x1, 12 € R, are assumed to be measurable.

Lemma 2.1. [16] If the constants p > 1 and ¢ > 1 are such that (p —1)(¢—1) =1, then
for all € > 0 and all (x,y) € R? we have

< Sl + —lyle )
x —|x —
=0 get”
If choosing p = q = 2 and €® = 2k, the inequality above becomes
1
< g2 L 2 6
Ty < KTT + 4Ky (6)
For simplicity, provided that k = %, it is straightforward to obtain the following inequality
22 P
< — 4= 7
Ty S 5+ 5 (7)

Lemma 2.2. [17| The following inequality holds for any € > 0 and for any z € R
2

z

0<|z| ——=<ce¢ 8

- e ®)

For the developed design procedure in the next section, the dynamic surface asymptotic

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.
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3. Nonlinear Control Design. In this section, the control law for congestion track-
ing control scheme is developed. The main control development can be achieved in the
following two subsections. The first subsection is a presentation of dynamic surface as-
ymptotic control scheme used in this paper. The second subsection is to focus on the
stability analysis of the overall closed-loop system.

3.1. Dynamic surface asymptotic control design. The proposed control procedure
is developed step by step as follows.

Step 1: First, let us define the first error surface Sy = xg, and the time derivative of .S
is defined as

S() = l"() =T (9)
then a Lyapunov function candidate is chosen as
1
Vo = 553 (10)

Then the time derivative of V{ along the first subsystem in (3) and (4) becomes
Vo = 5050 = Sol@1 — @14 + @14 — a0 + ag) = So(S1 + €1 + ag) (11)

where S; = x1 —x14 denotes the error surface and e; = x14—«y is the boundary layer error.
In addition, let us introduce a state variable x14 and let ag pass through a first-order filter
with time constant 7; to obtain x4

) R
_ T M?e
T 14 + T1g = Qg — - 12 - — 715, 714(0) = ap(0)
\/<M161) +O’2(t)
N (12)
M
Brg = —— — Lt — 5o
D) ~ 2
\/(M161> +O'2(t)

where Ml denotes the estimation of M;, which will be mentioned in the next subsection.
Additionally, o(¢) is any positive uniform continuous and bounded function satisfying two

conditions:
t

lim o(r)dr <oy < 400, |6(t)] <oy < +00 (13)
t—=+o0 [

where 0, and o, denote any positive constants.
We assume that o is a virtual control variable corresponding to the first subsystem of
(3) to drive Sy to zero

Qn = —C()So (14>

where ¢g is a positive design constant.
Step 2: Let us consider the second surface as follows:

Sl = T1 — T14 (15)
We choose the Lyapunov function candidate as
1
Vi = 5512 (16)

By calculating the derivative of (16), we have
Vi = 5151 = Si(w2 — g + @20 — o1 + 1) = S1(S2 + €2 + 1) (17)
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where Sy = x5 —1x94 denotes the error surface and e; = 95—y is the boundary layer error.
M, denotes the estimation of Ms, which will be mentioned in the next subsection. Once
again, let us consider a state variable xo4; therefore, we pass «; through the first-order
filter, with time constants 75 to obtain xyg.

. .
. T Mze
ToZoq + Taqg = O — L 22 2 — 1351, 224(0) = a4 (0)
\/(Mgeg) +O'2(t)
o (18)
M
Lod = - 22 =5
T2 ~ 2
\/<M2€2> + 02(t>

\

where M2 denotes the estimation of Ms, which will be mentioned in the next subsection.
We choose the virtual control variable oy to drive S; — 0 as follows:

Mz
o = —151 + T1g = —151 — o e — S (19)

T2 ~ 2
(M161> + 02 (t)
where ¢; is a positive constant.

Step 3: Let us define the third surface error to be

Sg = T9 — T4 (20)
Then, the Lyapunov function candidate is chosen as
1
Vo= 5522 (21)
Then the time derivative of V5 along the system trajectories turns into the following:
Vo = o (2 — dq) = Sa (fo(@o, 1, 22) + ga(0, T1, Ta)u — dag) (22)
Thus, a suitable control law u is selected as follows:
1 .
u = (@) (—caSy — fa(wo, 1, 72) + T24)
1 e M2e
= 7@ —c2S2 — fa(xo, 1, T2) — 2 22 -5 (23)

B \/ (M2eg)2 +o2(h)

3.2. Stability analysis. In this subsection, the stability analysis for the presented scheme
is investigated. The objective of this part is to indicate that all signals of the closed-loop
system are semi-globally bounded. First, consider the time derivative of the surface errors
S; and the boundary layer errors e, as follows:

where ¢, is a positive design parameter.

( SO = _COSO + Sl + e
Sl = —0151 + SQ + €9
52 = —0353 ( )
. 24
. €1 MZ2eq
bp=—L— M g4 B(S
! 1 (M161)2+U2(t) 0 1( 0)
. €2 M262 9 .
6:———+—S—|—B (S,S,e,M,at,at)
\ 2 T (M262>2+02(t) 1 2 0,1, €1 1 ( ) ( )



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.19, NO.1, 2023 79

where Bj(-) and Bsy(+) are continuous functions defined as follows:

. oy |
Bi() = —&p = —a;;oxo
’ (25)
Bo() = —y = 205, Oy O g Oon, | Oon
2 B e 8:60 0 81’1 ! aMl ! 861 ! 8a(t)

Therefore, the main result of this work can be summarized in the following theorem.

Theorem 3.1. Under Assumption 2.1, we consider the closed-loop dynamics consisting
of the TCP/AQM dynamic model (3) and (4), the control law (23), and linear filters (12)
and (18). If there exists a set of suitable design parameters ¢;, 7, (i = 0,1,2, k = 1,2)
satisfying

1
51201—0.5>0, EQICQ—1>0, 53203—0.5>0, c,=—>0 (26)
Tk

such that all trajectories of the overall closed-loop dynamics are semi-globally bounded and
the tracking error q — q, settles to zero asymptotically.

Proof: Let us define the following compact set: Q = {V(¢) < p} and o(t) and &(t) are
bounded. Additionally, there exist positive constants M} such that |By(:)] < My on Q. It
is observed from (25) that the explicit values of My are unknown, which can be estimated

by My, k=1,2.
Let us define the Lynapunov function as

1 2 2 M2
V=§<ZS§+Z<62+—’“>> (27)
=0 k=1 Pr

where Mk = Mk — Mk
The time derivative of V' along trajectories (24) is as follows:

= S(](—C(]S(] + Sl + 61) + Sl(—clSl + 52 + 62) — 02522

2 LM, MM
fey | -2 - i —So+Bi(So) | - —— - =2

T \/<M161) 2 o) B Ba

M2 N
boo| -2 PR 54 B (Sh S Mo(0).60) | (29)

E \/ (¥es)” +0%(1)
iz

For i =0,1,2, k = 1,2 and p > 0, the set ) := Z?:ovi"‘22=1% (e%—l—E) < pis

the compact set. According to the property of continuous function, we know that By(+)
has a bound on €, such that |Bg(-)| < My, k = 1,2. Based on Lemma 2.1, we have the
following inequalities:

S St St S
<20 421 <214 22
SoS1 < 5 + 5 5152 < 5 + 5 (29)
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From the inequalities above, one has

V < —(co—0.5)52 — (¢1 — 1)S? — (¢3 — 0.5) 52

~

2 2 2,2 T
> |E-— el + Myfex| — % (30)
k=1 \/<Mkek> + o2(t)
According to Lemma 2.2, it is straightforward to compute
. - M2e? ~
Mylex| = Myleg| + Mylex| < kzk + o(t) + My|ex| (31)
(MwQ + o2(t)
Subsequently, one obtains
' 2 2,2 20 .
V<=3 et -3 % 3 N (W~ Belenl) + 20(1) (32)
i=0 =T o P

2 2
Ve-Yas? -3 % o0 (33)

i=0 k=1 '*
By integrating the expression above over [0, t], we have

V(t) < V(0) — /t (Z ciS? + Z %) + 2/t0(7')d7'

From (34), it implies that S;, ex and M, are bounded. This means that by definition
x;, o;, and u are all bounded. This completes the proof.

Remark 3.1. From the presented design, the following are the primary differences between
the proposed control design and the literature: (i) the proposed scheme is directly derived
from nonlinear control theory regardless of the system operating points, (ii) the control law
given here can address the explosion of complexity issues that arise in backstepping and
backstepping-like methods, and (ii1) the developed control is designed step by step, while
the sliding mode is determined by selecting the appropriate sliding surface.

Remark 3.2. Theorem 3.1 is significant since under Assumption 2.1, it provides a con-
clusion on how to construct the proposed control law to ensure that all signals in the overall
closed-loop dynamics are semi-globally bounded and that the tracking errors xo, x1 and x-
are zero. Theorem 3.1 can be implemented directly by utilizing a set of appropriate design
parameters ¢; and 1, (i = 0,1,2, k = 1,2) that satisfy Equation (26) in the revised man-
uscript. The open source network simulator (NS-3) may, however, be used to practically
apply Theorem 8.1, which will be taken into consideration in the future.

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, T, =0.1s, ¢ =100 packets
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The tuning parameters of the proposed controller are 5; = [ = 20, 7 = 7 = 0.01,
co=c; = cy = 10 and o(t) = 0.1e7%!. The initial parameters used in the simulations are
q0:99, W():4,[L’0:1.

The time domain simulations are carried out via MATLAB environment. To investigate
the system dynamic performance of the designed controller, as given in (23), in the system
under study, the performance of the proposed controller is compared with that of the
following controllers:

e Backstepping-Like Controller (BSLC) [12]
1

92(170, X1, 932)

Q + P+ + c1z0 + &1 P+ fi(zo, 21) + §1(z0, 215

91(930>£E1)

u:p:—

+f2($0,931,$2)] (35)

where
P=cozg+z, P=cozmi+z3, Q=mx0+com+alP+ fi(wo, 21) + g1 (w0, 71) T2
The controller parameters of the backstepping-like control law are chosen as follows:
c;=05,1=0,1,2.

e Integral Sliding Mode controller (ISDM)

u=p=— (Ksign(S) + c2(f1 (2o, 1) + g1 (20, 1) @2) + 2 fo(@0, T1, 2)) (36)
Cc292(0, 1, T2)
where S(z) = ¢1x1 + caxe. The controller parameters of the integral sliding mode

control law are chosen as follows: ¢ = 2, ¢y = 1.

Based on the following issues, the simulation results are used to demonstrate the use-
fulness of the designed method: The tracking error between the queue length and the
target queue length approaches zero; the window size is bounded, and the queue’s packet
loss ratio must be low and lies in the interval [0, 1].

Below are the simulation findings, which are presented and discussed. Figures 1 and 2
illustrate time histories of the integral of error between queue length and desired queue
length xy, the queue length ¢, the window size W', the state variable z, and the packet loss
ratio p, the surface errors Sy, S; and S, and the adaptive parameters M, and M, using
the proposed technique. Figure 3 shows time histories of the integral of error between
queue length and desired queue length z(, the queue length ¢, the window size W, the
state variable x5, and the packet loss ratio p under the BSLC design. Figure 4 shows time
responses of the integral of error between queue length and desired queue length z(, the
queue length ¢, the window size W, the state variable x4, the packet loss ratio p, and the
sliding surface S(x) under the ISDM design.

From these figures, it is clear that the provided control law improves dynamic perfor-
mance more than the other methods. It can be observed, for example, that the tracking
error can fast converge to zero (¢ — ¢,) using the proposed method and the BSLC method
except for the ISDM one. This indicates that the queue length follows the target queue
length in a smooth manner. For the other time responses, also enhanced are dynamic
(transient) performances, such as the reduction of oscillatory overshoot and the time it
takes to rise and settle. It is observed from Figure 2 that the surface errors Sy, S; and
Sy settle down to zero while the adaptive parameters Ml and Mg eventually converge
to unknown constant values. It is worth noting that, although the other controllers can
meet the conditions outlined in the paper’s objective, they have poor transient perfor-
mance when compared to the proposed controller. It is seen from Figure 3 that even if
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and

time responses of the BSLC scheme are faster than those of the ISDM one, they are slower
than those of the proposed controller. Figure 4 shows that due to chattering effects, the
tracking error between the queue length and the desired queue length cannot converge to
zero. Aside from that, the ISDM method’s sliding surface does not reach zero but oscil-
lates around zero instead. This, however, is because of the undesired chattering effects
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arising in the control input (packet loss ratio). Moreover, it can be seen from Figures 2-4
that under the proposed controller, the BSLC controller, the ISDM controller, the packet
loss ratio u = p(t) belongs to the interval [0, 1], as required.
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In practice, it is well-known that a perfect dynamic model of the system considered is
unavailable. As a result, it needs to investigate the robustness of the proposed controller
with system parameter variations. The system parameter variations need to be considered
for robustness investigation of the developed controller. Especially, the parameter of the
system can be uncertain, i.e., the link capacity C'; moreover, it is difficult to find precisely
this value. It is, therefore, necessary to assess the robustness of the resulting controller
over this variation.

A robustness test has been carried out by introducing a changing of the parameter from
its nominal value, i.e., the link capacity C. In particular, a +30% of variation in the value
of C' is considered for this study. In comparison with the system responses under normal
conditions, it can be seen in Figure 5 that in spite of the system parameter variation the
proposed scheme can still give consistent control performance. In particular, the state
variables xg, x; and x5 converge to zero, and the window size W and the packet loss
ratio p are stable. Therefore, the developed controller is not sensitive to the parameter
variation.
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In summary, the simulation results show that the provided method outperforms the
BSLC and the ISDM methods. It is evident that according to the desired requirements,
it is evident that the queue length ¢ rapidly tracks the desired queue length ¢, and
the window size W is stable with the suggested control strategy. Furthermore, the state
variables xq, x1, and x5 reach zero faster than the other controllers, and the packet loss
ratio falls within the interval [0, 1]. Compared with the BSLC, the proposed design can
deal with the explosion of complexity arising in both backstepping and backstepping-like
methods. It can be observed that the developed controller is systematically designed while
the integral sliding mode control depends on selecting the suitable sliding surface. It also
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has better dynamic properties, as evidenced by the quick dampening of oscillations across
all time trajectories.

5. Conclusion. To solve the queue tracking problem for congestion tracking control, a
nonlinear controller has been developed using the dynamic surface asymptotic control
technique in this study. The simulation results indicate that the proposed control method
performs well. It can also keep the window size and all closed-loop system trajectories
stable and bounded, as well as make tracking errors between the queue and the reference
queue lengths converge to zeros quickly. The presented design process performs better
than the backstepping-like and the integral sliding mode methods in terms of transient
control performance. Furthermore, the results show that the suggested controller is suc-
cessful at alleviating the congestion tracking problem and enhancing transient perfor-
mance in closed-loop system dynamics according to the desired objective. The extension
of this approach to an adaptive control approach for TCP/AQM networks in the presence
of unknown parameters and a model reference shape asymptotic tracking control [19] will
be the focus of future research.
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