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A B S T R A C T

Chemotherapy is one of the most efficient methods for treating cancer patients. Chemotherapy aims to
eliminate cancer cells as thoroughly as possible. Delivering medications to patients’ bodies through various
methods, either oral or intravenous is part of the chemotherapy process. Different cell-kill hypotheses take into
account the interactions of the expansion of the tumor volume, external drugs, and the rate of their eradication.
For the control of drug usage and tumor volume, a model based smooth super-twisting control (MBSSTC) is
proposed in this paper. Firstly, three nonlinear cell-kill mathematical models are considered in this work,
including the log-kill, Norton-Simon, and 𝐸max hypotheses subject to parametric uncertainties and exogenous
perturbations. In accordance with clinical recommendations, the tumor volume follows a predefined trajectory
after chemotherapy. Secondly, the MBSSTC is applied for the three cell-kill models to attain accurate trajectory
tracking even in the presence of uncertainties and disturbances. Compared to conventional super-twisting
control (STC), the non-smooth term is introduced in the proposed control to enhance the anti-disturbance
capability. Finally, simulation comparisons are performed across the proposed MBSSTC, conventional STC,
and proportional–integral (PI) control methods to show the effectiveness and merits of our designed control
method.
1. Introduction

Cancer has recently become the second factor of death after cardio-
vascular disease, resulting in one out of six fatalities worldwide [1,2].
Cancer may be treated with a variety of different treatment methods,
such as radiotherapy, surgery, chemotherapy, and immunotherapy, and
frequently treatment involves a combination of methods. These meth-
ods are used to eliminate or reduce cancerous cells in the human body.
With chemotherapy, however, frequently non-cancerous (healthy) cells
in the body are also impacted, whilst the drug dosage is delivered to
the cancer cells [3–5]. This, therefore, encourages the exploration of
new control techniques to enhance the effectiveness of killing cancer
cells, whilst reducing the drug’s impact on healthy cells [3–5].

Biomedical engineering researchers have investigated a number of
different methods for tumor treatment, such as back-stepping control,
sliding mode control, parameter estimation and fuzzy control [2].

∗ Corresponding author at: Faculty of Engineering, Chemical and Materials Engineering, The University of Auckland, Auckland, New Zealand.
E-mail addresses: krsetam@swin.edu.au (K. Rsetam), mohammad.al-rawi@wintec.ac.nz (M. Al-Rawi), zcao@swin.edu.au (Z. Cao),

alsadoon.abeer@gmail.com (A. Alsadoon), lwang381@hotmail.com (L. Wang).

Sarhaddi and Yaghoobi [2] introduced a sliding mode based on an
adaptive fuzzy back-stepping controller applied to a cancerous tumor
system, to address the convergence rate and to achieve robustness
against uncertainties. This system is modeled as a nonlinear fractional-
order multi-input, multi-output model using a fuzzy controller. Their
results illustrated that the proposed control reduced tumor cells to
zero with a higher convergence rate in contrast to the adaptive fuzzy
conventional back-stepping and integer-order model control schemes.
Azarbakhsh and Mazinan [6] noted that chemotherapy, whilst a stan-
dard treatment method for cancer, has disadvantageous side-effects
during transportation of the drug through the blood to the cells. There-
fore, they investigated the application of a super-twisting sliding mode
control, as applied to a nonlinear mathematical model of a brain tumor
cancer system, in order to stabilize the closed loop system, reject the
uncertainties and disturbance, reduce the chattering, and optimize the
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Fig. 1. Block diagram of tumor volume responses under. (a) Conventional STC controller. (b) MBSSTC controller.
drug dose. Their simulation results show that the injection rate could be
effective on a patient’s cells by adjusting the interleukin concentration
rate, in the presence of system uncertainties and disturbances.

Shahri, et al. [7] present a Lyapunov stability theory-based slid-
ing mode control applied to a nonlinear tumor growth model system
subject to uncertainties to identify the active dose in the application
of immunotherapy, in which recurrent neural networks are employed
for the identification process of a mathematical model of a particular
cancer. An appropriate sliding variable in the sliding mode control was
constructed to achieve the desired values of tumor size. Their results
showed that a small amount of error of the identification is helpful to
achieve precision of the proposed identification technique as applied
on a virtual patient under uncertainties to reach the desired dose,
and reduce tumor cell count to zero. Ebrahimi et al. [8] proposed a
novel, model-free, data-driven sliding mode controller for a non-linear
single input and single output based on input and output data, and an
optimization approach validated experimentally. The results of their
simulations on a given cancer model showed that uncertainties and
external disturbances acting on the model were actively addressed to
achieve a rapid speed of convergence with transient response property.

To investigate the tumor growth reduction using different math-
ematical models and to compare healthy cells with tumorous ones
requires including the effect of the immune system in these studies.
Accordingly, Itik et al. [9] presented a nonlinear cancer drug therapy
system to construct optimal control techniques, in which the system
is verified for global system dynamics and within small disturbances
about the equilibrium points. The results proved that the cancerours
cells were eradicated in a very short time with a limited amount of drug
combined with an optimal therapy administration. studies examined,
different nonlinear mathematical cell-kill models for investigating the
behavior of cancer using different treatments [5,10–12]. These studies
focused on chemotherapy treatment by proposing three mathematical
cell-kill models, including log-kill hypothesis, Norton and Simon hy-
pothesis and 𝐸max hypothesis. The mathematical models are proposed
to find the best transient time of drug injection during chemotherapy
treatment to eliminate or minimize the toxicity risk of the drug [10].
Moradi et al. [5] designed a robust adaptive control for these three
nonlinear models, log-kill, Norton and Simon and 𝐸max, to compensate
for uncertainties and the effect of the treatment period using the
Lyapunov stability theory. The results show that the amount of drug
usage in the Norton and Simon approach is less than in the log-kill
and 𝐸max models, since the control input is a relatively large quantity
around the small values of tumor volume. In addition to that, Dey
et al. [12] used a theoretical super-twisting sliding mode control (SMC)
for the cell-kill hypotheses log-kill, Norton-Simon, and 𝐸max subjected
to external perturbations to control and track a predefined trajectory of
tumor volume after application of chemotherapy for a specific period to
compensate the external disturbance and uncertainties using nonlinear
models. In their study, they took the treatment period for 15 days. The
simulation results for these cell-kill models verified their methodology
based on an in-silico environment validation. In light of the analysis
2

presented above, a novel model-based smooth super-twisting control
(MBSSTC) scheme is proposed for the cell-kill models in the cancer
chemotherapy system in this correspondence. A non-smooth term is
used to swap the function of discontinuous switching hidden over the
integration that exists in the standard STC algorithm to improve an
inadequate performance of the STC caused by this hidden discontin-
uous function behind the integration. Comparisons by simulations are
made among the commonly employed PI, traditional STC, and the
proposed MBSSTC schemes. Consequently, the following three aspects
encapsulate the major contributions of this correspondence:

1. The proposed MBSSTC replaces the discontinuous switching
function used in the conventional STC algorithm with a non-
smooth term, reducing the effect of the chattering on the track-
ing performance of the cancer chemotherapy system and making
it more useful in most cancer treatment applications.

2. By appropriately adjusting the parameters of our designed con-
troller, the error, being the difference between the tumor volume
reduction and the real tumor volume can approach to an arbi-
trarily small region, guaranteeing that the cancer chemotherapy
system exhibits superior tracking effectiveness.

3. The designed MBSSTC can be regarded as a sort of non-smooth
control method between the PI controller and the STC. The
necessary antidisturbance capability and tumor volume perfor-
mance can be obtained by choosing the suitable parameter 𝛼 for
the particular circumstances.

The current paper is organized into seven sections, commencing
with this, the Introduction section. Section 2 presents the models of
cell-kill hypotheses encapsulating cancer chemotherapy. In Section 3,
the control objective in this research is stated. The conventional STC
design is revisited in Section 4. The construction of the proposed control
algorithm, with its rigorous stability analysis, is described in Section 5.
Section 6 presents all supporting simulated results of the proposed
controller. Finally, the paper conclusion is given in Section 7.

2. Cell-Kill hypotheses models in cancer chemotherapy

In this section, we consider three models of cell-kill hypotheses:
log-kill hypothesis (named Model 1), Norton-Simon hypothesis (named
Model 2), and 𝐸max hypothesis (named Model 3). Dynamics of those
three models are expressed by the following differential equations [5]

Model 1 ∶ 𝑑𝑥
𝑑𝑡

= −𝑟𝑥 ln(𝑥) − 𝛿𝑥𝑢(𝑡) (1)

Model 2 ∶ 𝑑𝑥
𝑑𝑡

= −ln(𝑥) [𝑟𝑥 − 𝛿𝑢(𝑡)] (2)

Model 3 ∶ 𝑑𝑥
𝑑𝑡

= −𝑟𝑥 ln(𝑥) − 𝛿𝑥
𝜆 + 𝑥

𝑢(𝑡) (3)

where 𝑥 refers to the volume of tumor, 𝑟 is the rate of tumor volume
growth, 𝛿 is the model constant coefficient associated to the drug
usage magnitude, and 𝜆 stands for the constant of the model, which
is observed clinically. In addition, 𝑢(𝑡) is the concentration (density)
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of the chemotherapy drug. In the plasma compartment, if the drug
concentration is absent when 𝑢(𝑡) = 0, whereas 𝑢(𝑡) > 0 means that
the drug usage is strengthened. For the sake of simplicity, instead of
the concentration drug, the drug usage is adopted in the next formulas,
simulation results and discussions. Furthermore, the tumor volume
dynamics in (1)–(3) have the initial condition of 𝑥(0) = 𝑥0 specified
linically by the following range 0 < 𝑥0 < 1.

Note that the mathematical models of the cell-kill hypothesis pre-
ented in (1)–(3) are used in several studies in [5,12–14] to investigate
he performance of rate reduction of tumor volume, in which the model
arameters based on the aforementioned hypothesis are realistically
erified via clinical observations on different cancer types [15]. The
erification was performed by using different drug doses for tumor
eduction of ovarian and breast cancers.

. Control objective

Clinical observations suggest that when a patient receives chemo-
herapy, the tumor volume should decrease until it reaches a safe level.
he standard practice recommends a particular length of treatment to
chieve this. Therefore, for the three cell-kill models (1)–(3), the main
bjective of the control is to maintain a target tumor growth trajectory,
𝑑 (𝑡), despite perturbations and parametric uncertainties.

. Design of conventional STC with its analysis

For the three cancer cell-killing models (1)–(3) mentioned above,
he generalized form of the chemotherapy process can be expressed as

̇ (𝑡) = 𝑓 (𝑥) + 𝑏(𝑥)𝑢(𝑡) (4)

here 𝑥(𝑡) ∈ R is the tumor size and 𝑢(𝑡) ∈ R represents the control
nput. If 𝜁 (𝑡) ∈ R, represents an unidentified non-vanishing disturbance,
hich affects the aforementioned system. Then, the dynamics (4) can
e reformulated as

̇ (𝑡) = 𝑓 (𝑥) + 𝑏(𝑥)𝑢(𝑡) + 𝜁 (𝑡) (5)

ith
odel 1 ∶ 𝑓 (𝑥) = −𝑟𝑥 ln(𝑥); 𝑏(𝑥) = 𝛿𝑥

odel 2 ∶ 𝑓 (𝑥) = −𝑟𝑥 ln(𝑥); 𝑏(𝑥) = 𝛿 ln(𝑥)

Model 3 ∶ 𝑓 (𝑥) = −𝑟𝑥 ln(𝑥); 𝑏(𝑥) = − 𝛿𝑥
𝜆 + 𝑥

.

ssumption 1. 1: The non-vanishing disturbance 𝜁 (𝑡) in the dynamical
odels (5) is differentiable. The time derivative of the disturbance 𝜁̇ (𝑡)
as its upper bound given by |𝜁̇ | ≤ 𝐷, where 𝐷 is the known positive
onstant.

Let us now introduce the tracking error of the tumor volume as

(𝑡) = 𝑥(𝑡) − 𝑥𝑑 (𝑡) (6)

here 𝑥𝑑 is the desired reference of tumor growth, which is assumed
o differentiable up to one.

From the first derivative of (5) and (6), we obtain

̇(𝑡) = 𝑓 (𝑥) + 𝑏(𝑥)𝑢(𝑡) + 𝜁 (𝑡) − 𝑥̇𝑑 (𝑡). (7)

For the dynamics in (7), the control law 𝑢 can be given by the
ollowing conventional STC algorithm

𝑢 = 𝑏(𝑥)−1
[

−𝑓 (𝑥) − 𝑘1 |𝑒|
1∕2 sign(𝑒) + 𝑢1 + 𝑥̇𝑑

]

,
𝑢̇1 = −𝑘2 ⋅ sign(𝑒)

(8)

here 𝑘1 and 𝑘2 ∈ R+ are the adjustable gains. In the control law
ormula (8), if we also choose 𝑘1 large enough, in addition, the 𝑘2 >

is a necessary condition for convergence, controller (8) ensures a
inite-time convergence of 𝑒 = 𝑒̇ = 0.

Based on [16,17], the Lyapunov theorem and geometric approach,
espectively, have been utilized in proving the finite-time convergence
3

a

and stability of the STC algorithm. Thus, the proof of the closed-loop
stability (7)−−(8) is skipped over in this section. The structure of the
conventional STC is displayed in Fig. 1(a).

5. Applicability and design procedure of MBSSTC method

5.1. Applicability of the proposed control

The clinical applicability of the proposed control scheme is shown
in the closed-loop control systems of the chemotherapy treatment
in Fig. 1(a) and (b), typically having three elements: an actuator, a
sensor, and an active control strategy. The essential components of a
closed-loop drug delivery system usually comprise a pump, biosensor,
controller, and supercomputer. The control action 𝑢(𝑡) of the proposed
scheme (uploaded on the supercomputers) actuates an infusion pump
that is an electronically controlled personal mechanical pump through
an integrated wireless mechanism. The amount of the cancer drug is
stored in an integrated reservoir of the infusion pump implemented in
the patient’s body, which is delivered to the patients via catheters with
a low flow rate and high precision. This drug amount administered
depends on the coil current of the infusion pump generated by the
proposed controller. The controlled current automatically opens the
pump valve to inject, with the proper flow rate of the drug to patients.

Moreover, a biosensor may be implanted along with the infusion
pump either locally or remotely in location, which is used in designing
the closed-loop cancer drug system to measure the actual output data of
tumor parameters from patients. The signal recorded from the sensor is
fed back to the pump to confirm whether the drug action has produced
enough reduction or not. For reducing the risk of sensor damage, long-
term implantable sensors are preferable. In this general configuration,
the controlled system acts as an intermediate connection between the
biosensor and the drug infusion pump mechanism. For more details,
one can refer to the review paper in [18] and the thesis in [19]. The
procedure of the proposed control design and its stability shall be stated
and examined in the subsequent sections.

The proposed MBSSTC scheme with finite time property works
based on the ideal cancer mathematical model hypothesis and the
feedback recorded from an implementable biosensor, leading to the
tracking error difference between the desired tumor volume reduction
predefined in advance by doctors and the actual volume reduction. The
tracking error is aimed at converging quickly to zero in a finite time
even in the application of some uncertainties compared to the ideal
models. The amount of drug delivery under the proposed control will
be calculated based on the tracking difference.

5.2. Control design of MBSSTC scheme

To alleviate the inevitable chattering problem in the sliding mode
control (SMC), the discontinuous function in the following term 𝑘2 .
sign(𝑒) is put behind the integration, although the control chattering
still exists in the traditional STC approach (8). This will not only cause
some unwanted chattering, but it will also have an impact on the cancer
chemotherapy system’s steady-state performance. Therefore, it is an
urgent matter to figure out how to substitute a continuous term for
the discontinuous term in the traditional STC algorithm.

For removing the discontinuous function influence in the term of
𝑘2 . sign(𝑒) in the standard STC scheme, the MBSSTC approach is
designed as follows

⎧

⎪

⎨

⎪

⎩

𝑢 = 𝑏(𝑥)−1
[

−𝑓 (𝑥) − 𝑘1⌊𝑒⌉
1+𝛼 + 𝑢1 + 𝑥̇𝑑

]

𝑢̇1 = −𝑘2⌊𝑒⌉
1+2𝛼

(9)

where 𝑘1 and 𝑘2 stand for the tunable positive gains and 𝛼 ∈ (− 1
2 , 0) is

onstant. Fig. 1(b) displays the block diagram of the proposed MBSSTC
lgorithm.
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Substituting the MBSSTC controller (9) into error dynamics (7), one
has
{

𝜂̇1 = 𝜂2 − 𝑘1⌊𝜂1⌉
1+𝛼

𝜂̇2 = −𝑘2⌊𝜂1⌉
1+2𝛼 + 𝜁̇ (𝑡)

(10)

where 𝜂1 = 𝑒 and 𝜂2 = 𝜁 (𝑡) − 𝑘2 ∫
𝑡
0 ⌊𝜂1⌉

1+2𝛼𝑑𝜇.

5.3. Useful definition and lemmas

To complete the stability analysis of the MBSSTC algorithm, a
definition and four useful lemmas are given as follows:

Definition 1 ([20]). Let fixed states variables (𝑣1, 𝑣2,… , 𝑣𝑛) ∈ 𝑅𝑛 and
given real numbers 𝜀𝑖 > 0, 𝑖 = 1,… , 𝑛. One possesses 𝛹 (𝑒𝜀1𝑣1, 𝑒𝜀2𝑣2,… ,
𝑒𝜀𝑛𝑣𝑛) = 𝑒𝜌𝛹 (𝑣1, 𝑣2,… , 𝑣𝑛), if a real number 𝜌 ∈ 𝑅 exists such that for
∀𝑒 > 0 and ∀𝑣 ∈ 𝑅𝑛{0}. Then, the function 𝛹 ∶ 𝑅𝑛 → 𝑅 is known as
homogeneous of degree 𝜌, where (𝜀1, 𝜀2,… , 𝜀𝑛) are the weights of the
states.

Lemma 1 ([21]). The function 𝛷(𝑣) ∶ 𝑅𝑛 → 𝑅 and the positive-definite
function 𝛹 (𝑣) ∶ 𝑅𝑛 → 𝑅 are supposed to have the same homogeneity
of degree with respect to the same dilation weight. Then, one can obtain
a constant 𝑁 > 0, such that 𝛷(𝑣) ≤ 𝑁𝛹 (𝑣). Moreover, if 𝛷(𝑣) is
positive-definite, one has 𝑁𝛹 (𝑥) ≤ 𝛷(𝑣), where 𝑁 is a positive constant.

Lemma 2 ([22]). Assume that 0 < 𝑐 ≤ 1, then for ∀𝑣,𝑤 ∈ 𝑅,
|

|

⌊𝑣⌉𝑐 − ⌊𝑤⌉

𝑐
|

|

≤ 21−𝑐 |𝑣 −𝑤|

𝑐 .

Lemma 3 ([21]). For 𝑐1 > 0 and 𝑐2 > 0 and let ℎ(𝑣,𝑤) > 0 is a function
of v and w. Then, for ∀𝑣,𝑤 ∈ 𝑅, we have

𝑣|𝑐1 |𝑦|𝑐2 ≤
𝑐1

𝑐1 + 𝑐2
ℎ(𝑣,𝑤)|𝑣|𝑐1+𝑐2 +

𝑐2
𝑐1 + 𝑐2

ℎ(𝑣,𝑤)
− 𝑐1

𝑐2
|𝑤|

𝑐1+𝑐2

Lemma 4 ([23]). Let 𝑛 ≥ 1. Then the following holds for ∀𝑣,𝑤 ∈ 𝑅

1. |⌊𝑣⌉𝑛 − ⌊𝑤⌉

𝑛
| ≤ 𝑏(2𝑛−2 + 2)(|𝑣 −𝑤|

𝑛 + |𝑣 −𝑤||𝑤|

𝑛−1).
2. |⌊𝑣⌉𝑛 − ⌊𝑤⌉

𝑛
| ≥ 21−𝑛|𝑣 −𝑤|

𝑛.

5.4. Stability proof

We will design the Lyapunov function in this subsection to verify
that the states of the system 𝜎1 and 𝜎2 will approach to the following
region:

𝛺 =

{

(𝜎1, 𝜎2) ∶ |𝜎1| ≤ 𝜅
1

2+𝛼
2

( 2
1 + 𝛼

)

1
2
(

𝜅1𝐷
𝑘1(1 − 𝜙)

)
1

1+2𝛼

+ 2
1
2 𝜅

1
2+𝛼
2

(

𝜅1𝐷
𝑘1(1 − 𝜙)

)
1

1+2𝛼

|𝜎2| ≤ 𝑘1𝜅
1+𝛼
2+𝛼
2

( 2
1 + 𝛼

)

1+𝛼
2

(

𝜅1𝐷
𝑘1(1 − 𝜙)

)
1+𝛼
1+2𝛼

}

(11)

where 𝜅1 and 𝜅2 are positive constants and 𝜙 ∈ (0, 1) is a constant that
as to be sufficiently small.

emark 1. It is obvious that the system state 𝜎1 is bounded by the

alue [𝜅
1

2+𝛼
2

(

2
1+𝛼

)
1
2 + 2

1
2 𝜅

1
2+𝛼
2 ]

(

𝜅1𝐷
𝜅1(1−𝜙)

)
1

1+2𝛼 , i.e., the tumor volume
rror 𝑒 is bounded. The tumor volume error 𝑒 can be reduced to an
rbitrarily small number by appropriately adjusting the parameters 𝑘1
nd 𝛼, ensuring the accuracy of the cancer chemotherapy process.

Defining 𝑥1 = 𝜎1 and 𝑥2 = 1
𝑘1
𝜎2, system dynamics (10) can be

reformulated as
⎧

⎪

⎨

⎪

𝑥̇1 = 𝑚1

(

𝑥2 − ⌊𝑥1⌉
1+𝛼

)

𝑥̇2 = −𝑚2⌊𝑥1⌉
1+2𝛼 + 𝜁̇ (𝑡)

𝑚

(12)
4

⎩

1

where 𝑚1 = 𝑘1 and 𝑚2 =
𝑘2
𝑘1

.
For the purpose of simplification, let

𝑧1 = 𝑥2 − ⌊𝑥1⌉
1+𝛼 , 𝑧2 = −⌊𝑥2⌉

2𝛼+1
𝛼+1

𝑧3 = ⌊𝑥2⌉
2𝛼+1
𝛼+1 − ⌊𝑥1⌉

1+2𝛼 , 𝑧4 = ⌊𝑥2⌉
1

𝛼+1 − 𝑥1.
(13)

Next, the reconstruction of the system dynamics (12) is
{

𝑥̇1 = 𝑚1𝑧1,
𝑥̇2 = 𝑚2

(

𝑧2 + 𝑧3
)

+ 𝜁̇ (𝑡)
𝑚1

. (14)

The reliance on Lemma 2 and the fact 0 < 1+2𝛼
1+𝛼 < 1 leads to the

conclusion that

|

|

𝑧3|| ≤ 2
−𝛼
1+𝛼 |

|

𝑧1||
1+2𝛼
1+𝛼 . (15)

Lemma 4 (a) is used to result in

|𝑧4| = −𝑥1 +
|

|

|

|

⌊𝑥2⌉
1

1+𝛼
|

|

|

|

≤ 1
1 + 𝛼

(

2 + 2
1

1+𝛼 −2
)

×
(

|

|

|

𝑥2 − ⌊𝑥1⌉
1+𝛼|

|

|

|𝑥2|
1

1+𝛼 −1 + |

|

|

𝑥2 − ⌊𝑥1⌉
1+𝛼|

|

|

1
1+𝛼

)

= 𝛤
(

|𝑧1| ⋅ |𝑥2|
−𝛼
1+𝛼 + |𝑧1|

1
1+𝛼

)

(16)

where 𝛤 = 1
1+𝛼 (2

−1−2𝛼
1+𝛼 + 2).

Motivated by [24], to ensure the system stability (14), the Lyapunov
function is selected as follows

𝑉 (𝑥1, 𝑥2) = 𝑀1(𝑥1, 𝑥2) +𝑀2(𝑥2) (17)

where 𝑀1(𝑥1, 𝑥2) =
1
2

(

𝑥1 − ⌊𝑥2⌉
1

1+𝛾
)2

and 𝑀2(𝑥2) =
1+𝛾
2 |𝑥2|

2
1+𝛾 . Mean-

hile, along system (14), 𝑉 (𝑥1, 𝑥2) is differentiated with respect to time
s follows

̇ (𝑥1, 𝑥2)|(14) = 𝑀̇2(𝑥2)|(14) + 𝑀̇1(𝑥1, 𝑥2)|(14). (18)

sing 𝜕𝑀2(𝑥2)
𝜕𝑥2

= −⌊𝑧2⌉
1−𝛾
1+2𝛾 and selecting 𝑚2 ≥ 2 yield

̇ 2(𝑥2)|(14)

=
𝜕𝑀2(𝑥2)

𝜕𝑥2
𝑥̇2|(14)

= −⌊𝑧2⌉
1−𝛼
1+2𝛼

(

𝑚2𝑧2 + 𝑚2𝑧3
)

+
𝜕𝑀2(𝑥2)

𝜕𝑥2
⋅
𝜁̇ (𝑡)
𝑚1

≤ −2|𝑧2|
2+𝛼
1+2𝛼 − 𝑚2⌊𝑧2⌉

1−𝛼
1+2𝛼 𝑧3 +

𝜕𝑀2(𝑥2)
𝜕𝑥2

⋅
𝜁̇ (𝑡)
𝑚1

. (19)

By means of Lemma 3 and (15), we obtain

𝑚2
|

|

|

|

⌊𝑧2⌉
1−𝛼
1+2𝛼 𝑧3

|

|

|

|

≤ 𝑚2|𝑧2|
1−𝛼
1+2𝛼 2

−𝛼
1+𝛼

|𝑧1|
1+2𝛼
1+𝛼

= 𝑚22
−𝛼
1+𝛼

|𝑧2|
1+𝛼
1+2𝛼 ⋅

1−𝛼
1+𝛼

|𝑧1|
1+2𝛼
1+𝛼

≤ 1
2
|𝑧2|

2+𝛼
1+2𝛼 + 𝛾1|𝑧1|

2+𝛼
1+𝛼 (20)

where 𝛾1 > 0 is a constant.
Eq. (20) is substituted into (19), obtains

𝑀̇2(𝑥2)|(14) ≤ −3
2
|𝑧2|

2+𝛼
1+2𝛼 + 𝛾1|𝑧1|

2+𝛼
1+𝛼 +

𝜕𝑀2(𝑥2)
𝜕𝑥2

⋅
𝜁̇ (𝑡)
𝑚1

. (21)

Similarly, one can rewrite 𝑀̇1(𝑥1, 𝑥2)|(14) that is the second term in
(17) as follows

𝑀̇1(𝑥1, 𝑥2)|(14)

= − 1
1 + 𝛼

|

|

𝑥2||
−𝛼
1+𝛼

(

−⌊𝑥2⌉
1

1+𝛼 + 𝑥1

)

𝑥̇2 +
(

−⌊𝑥2⌉
1

1+𝛼 + 𝑥1

)

𝑥̇1

= 1
1 + 𝛼

|

|

𝑧2||
−𝛼

1+2𝛼 𝑚2
(

𝑧3 + 𝑧2
)

𝑧4 +
(

−⌊𝑥2⌉
1

1+𝛼 + 𝑥1

)

𝑚1𝑧1

+
𝜁̇ (𝑡)
𝑚1

⋅
𝜕𝑀1(𝑥1, 𝑥2)

𝜕𝑥2
. (22)
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One can simply calculate the following

|𝑧4| ≤ 𝛤 |𝑧1|
1

1+𝛼 + 𝛤 |𝑧1| ⋅ |𝑥2|
−𝛼
1+𝛼

≤ 𝛤 |

|

𝑧1||
1

1+𝛼 + 𝛤 |𝑧1| ⋅ |𝑧2|
−𝛼
1+2𝛼 . (23)

Based on Lemma 3, we get
1

1 + 𝛼
|

|

𝑧2||
−𝛼

1+2𝛼 𝑚2𝑧2𝑧4

≤ 1
1 + 𝛼

𝑚2 𝛤 |

|

𝑧1||
1

1+𝛼 ×1 ⋅ |
|

𝑧2||
1

1+2𝛼 ⋅(1+𝛼)

+ 1
1 + 𝛼

𝑚2 𝛤 |

|

𝑧1||
1

1+𝛼 ⋅(1+𝛼) ⋅ |
|

𝑧2||
1

1+2𝛼 ×1

≤ 𝛾2|𝑧1|
2+𝛼
1+𝛼 + 1

4
|𝑧2|

2+𝛼
1+2𝛼 (24)

here 𝛾2 > 0 is a constant.
Similarly, we find

1
1 + 𝛼

|𝑧2|
−𝛼
1+2𝛼 𝑚2𝑧3𝑧4

≤ 1
1 + 𝛼

|𝑧2|
−𝛼

1+2𝛼 2
−𝛼
1+𝛼

|𝑧1|
1+2𝛼
1+𝛼

× 𝑚2 𝛤
(

|𝑧1|
1

1+𝛼 + |𝑧1| ⋅ |𝑧2|
−𝛼

1+2𝛼

)

=
2

−𝛼
1+𝛼 𝑚2 𝛤
1 + 𝛼

|𝑧2|
1

1+2𝛼 ⋅(−𝛼)
|𝑧1|

1
1+𝛼 ⋅(2+2𝛼)

+
2

−𝛼
1+𝛼 𝑚2 𝛤
1 + 𝛼

|𝑧2|
1

1+2𝛼 ⋅(−2𝛼)
|𝑧1|

1
1+𝛼 ⋅(2+3𝛼)

≤ 1
4
|𝑧2|

2+𝛼
1+2𝛼 + 𝛾3|𝑧1|

2+𝛼
1+𝛼 (25)

here 𝛾3 > 0 is a constant.
Furthermore, by Lemma 4(b) and with the assistance of the fact 1

1+𝛼 ,
t is clear that
(

−⌊𝑥2⌉
1

1+𝛼 + 𝑥1

)

𝑚1𝑧1

= 𝑚1

(

−⌊𝑥2⌉
1

1+𝛼 + 𝑥1

)

(

𝑥2 − ⌊𝑥1⌉
1+𝛼

)

= −𝑚1
|

|

|

|

⌊𝑥2⌉
1

1+𝛼 − ⌊𝑥1⌉
(1+𝛼)⋅ 1

1+𝛼
|

|

|

|

⋅ ||
|

𝑥2 − ⌊𝑥1⌉
1+𝛼|

|

|

≤ −𝑚12
𝛼

1+𝛼 |

|

|

𝑥2 − ⌊𝑥1⌉
1+𝛼|

|

|

2+𝛼
1+𝛼

= −𝑚12
𝛼

1+𝛼 |

|

𝑧1||
2+𝛼
1+𝛼 . (26)

Putting (24), (25), and (26) into (22) results in

̇ 1(𝑥1, 𝑥2)|(14) ≤
1
2
|𝑧2|

2+𝛼
1+2𝛼 +

(

𝛾2 + 𝛾3 − 𝑚12
𝛼

1+𝛼
)

|𝑧1|
2+𝛼
1+𝛼

+
𝜕𝑀1(𝑥1, 𝑥2)

𝜕𝑥2
⋅
𝜁̇ (𝑡)
𝑚1

. (27)

Based on (21) and (27), one can rewrite (18) by

𝑉̇ (𝑥1, 𝑥2)|(14)

≤ −|𝑧2|
2+𝛼
1+2𝛼 +

(

𝛾3 + 𝛾2 + 𝛾1 − 𝑚12
𝛼

1+𝛼
)

|𝑧1|
2+𝛼
1+𝛼

+
𝜁̇ (𝑡)
𝑚1

⋅
𝜕𝑉 (𝑥1, 𝑥2)

𝜕𝑥2
. (28)

Moreover, the constant 𝑚1 can be selected according to

𝑚1 ≥ 2
−𝛼
1+𝛼 (𝛾1 + 𝛾2 + 𝛾3 + 1). (29)

Putting (29) into (28) obtains

𝑉̇ (𝑥1, 𝑥2)|(14) ≤ −𝐺(𝑥1, 𝑥2) +
𝜁̇ (𝑡)
𝑚1

⋅
𝜕𝑉 (𝑥1, 𝑥2)

𝜕𝑥2
(30)

where 𝐺(𝑥1, 𝑥2) = |𝑧2|
2+𝛼
1+2𝛼 + |𝑧1|

2+𝛼
1+𝛼 .

Assumption 1, one obtains

̇ (𝑥1, 𝑥2)|(14) ≤ −𝐺(𝑥1, 𝑥2) +
𝐷

⋅
|

|

|

𝜕𝑉 (𝑥1, 𝑥2) |
|

|

. (31)
5

𝑚1 |
𝜕𝑥2 |
The region 𝛺 that will then be approached in a finite amount of
time is proved by using the next two steps.

Step 1. we will prove that 𝑉̇ (𝑥1, 𝑥2)|(14) is a negative function in
his step, if (𝑥1, 𝑥2) ∉ 𝑅1 and the region 𝑅1 is constructed as

𝑅1 =

⎧

⎪

⎨

⎪

⎩

(𝑥1, 𝑥2) ∶ |𝑧2|
2+𝛼
1+2𝛼 + |𝑧1|

2+𝛼
1+𝛼 ≤

(

𝜅1𝐷
𝑚1(1 − 𝜙)

)
2+𝛼
1+2𝛼

⎫

⎪

⎬

⎪

⎭

.

Because of (𝑥1, 𝑥2) ∉ 𝑅1, we have

|𝑧1|
2+𝛼
1+𝛼 + |𝑧2|

2+𝛼
1+2𝛼 >

(

𝜅1𝐷
𝑚1(1 − 𝜙)

)
2+𝛼
1+2𝛼

.

Now, we obtain both 𝐺
1−𝛼
2+𝛼 (𝑥1, 𝑥2) and |

|

|

𝜕𝑉 (𝑥1 ,𝑥2)
𝜕𝑥2

|

|

|

are homogeneous
of degree 1 − 𝛾 with regard to the dilation weight (1, 1 + 𝛼).

By using Lemma 1, one can conclude that
|

|

|

|

𝜕𝑉 (𝑥1, 𝑥2)
𝜕𝑥2

|

|

|

|

≤ 𝜅1𝐺
1−𝛼
2+𝛼 (𝑥1, 𝑥2). (32)

Eq. (32) is substituted into (31) to obtain

𝑉̇ (𝑥1, 𝑥2)|(14) ≤ −𝐺(𝑥1, 𝑥2) +
𝜅1𝐷
𝑚1

𝐺
1−𝛼
2+𝛼 (𝑥1, 𝑥2). (33)

According to the fact 𝐺(𝑥1, 𝑥2) = |𝑧1|
2+𝛾
1+𝛾 + |𝑧2|

2+𝛾
1+2𝛾 >

(

𝜅1𝐷
𝑚1(1−𝜙)

)
2+𝛾
1+2𝛾 ,

Eq. (33) can be reformulated as

𝑉̇ (𝑥1, 𝑥2)|(14) < −𝛼𝐺(𝑥1, 𝑥2) < 0.

But, once ∀(𝑥1, 𝑥2) ∈ 𝑅1, 𝑉̇ (𝑥1, 𝑥2)|(14) < 0 will not be ensured, that
is, the system coordinate may go away from the neighborhood 𝑅1.

Thus, a larger region 𝑅2 should be determined. For any initial state
(𝑥1(0), 𝑥2(0)) ∈ 𝑅2, this region ensures that a finite time 𝑇 exists such
that (𝑥1, 𝑥2) ∈ 𝑅2, ∀𝑡 ≤ 𝑇 . The region 𝑅2 is designed as

𝑅2 =

{

(𝑥1, 𝑥2) ∶ 𝑉 (𝑥1, 𝑥2) ≤ 𝐻 ; 𝐻 = 𝜅
2

2+𝛼
2

(

𝜅1𝐷
𝑚1(1 − 𝜙)

)
2

1+2𝛼
}

⊃ 𝑅1.

Step 2. Based on the analysis above, provided that it can be demon-
trated that 𝑅1 is a subset of 𝑅2, the result 𝑉̇ (𝑥1, 𝑥2)|(14) < 0, (𝑥1, 𝑥2) ∉
2 is deduced.

Considering Definition 1, one finds both 𝐺(𝑥1, 𝑥2) and 𝑉
2+𝛼
2 (𝑥1, 𝑥2)

re homogeneous of degree 2 + 𝛼 with regard to the dilation weight
1, 1 + 𝛼). With using Lemma 1, one can conclude that
2+𝛼
2 (𝑥1, 𝑥2) ≤ 𝜅2𝐺(𝑥1, 𝑥2). (34)

As 𝐺(𝑥1, 𝑥2) >
(

𝜅1𝐷
𝑚1(1−𝜙)

)
2+𝛼
1+2𝛼 , (𝑥1, 𝑥2) ∈ 𝑅1,(34) is reformulated as

2+𝛼
2 (𝑥1, 𝑥2) ≤ 𝜅2 ⋅

(

𝜅1𝐷
𝑚1(1 − 𝜙)

)
2+𝛼
1+2𝛼

≤
⎛

⎜

⎜

⎝

𝜅
2

2+𝛼
2

(

𝜅1𝐷
𝑚1(1 − 𝜙)

)
2

1+2𝛼 ⎞
⎟

⎟

⎠

2+𝛼
2

= 𝐻
2+𝛼
2 . (35)

Thus, it can be concluded from (35) that (𝑥1, 𝑥2) ∈ 𝑅2, that is,
1 ⊂ 𝑅2.

Alternatively stated, a finite time 𝑇 exists, such that 𝑉 (𝑥1, 𝑥2) ≤ 𝐻
or ∀𝑡 ≥ 𝑇 .

Once 𝑡 ≥ 𝑇 , one obtains

2(𝑥2) =
1 + 𝛼
2

|𝑥2|
2

1+𝛼 ≤ 𝑉 (𝑥1, 𝑥2) ≤ 𝐻. (36)

As 𝑥2 =
1
𝑘1
𝜂2 and 𝑚1 = 𝑘1, from (36), one has

|𝜂2| ≤ 𝑘1𝜅
1+𝛼
2+𝛼

( 2 )

1+𝛼
2

(

𝜅1𝐷
)

1+𝛼
1+2𝛼

. (37)
2 1 + 𝛼 𝑘1(1 − 𝜙)
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On the contrary, once 𝑡 ≥ 𝑇 , we get

𝑀1(𝑥1, 𝑥2) =
1
2

(

−⌊𝑥2⌉
1

1+𝛼 + 𝑥1

)2
≤ 𝑉 (𝑥1, 𝑥2) ≤ 𝐻.

Keeping 𝑥1 = 𝜂1 in mind, one consequently obtains that

|𝜂1| ≤
|

|

|

|

⌊𝑥2⌉
1

1+𝛼
|

|

|

|

+
|

|

|

|

−⌊𝑥2⌉
1

1+𝛼 + 𝑥1
|

|

|

|

≤ 𝜅
1

2+𝛼
2

( 2
1 + 𝛼

)

1
2
(

𝜅1𝐷
𝑘1(1 − 𝜙)

)
1

1+2𝛼

+ 2
1
2 𝜅

1
2+𝛼
2

(

𝜅1𝐷
𝑘1(1 − 𝜙)

)
1

1+2𝛼
. (38)

Thus, it can simply deduced from (37) and (38) that the system
coordinates 𝜂1 and 𝜂2 will be driven and approach to the region 𝛺 in
n instance of finite-time.

emark 2. It is worthy to mention that the fraction power parameter
can be chosen from −1

2 to 0, excepting −1
2 and 0. The MBSSTC scheme

educes to the standard STC scheme when 𝛼 = −1
2 . At 𝛼 = 0, the

BSSTC scheme degenerates into the PI control. In light of this, our
esigned MBSSTC can be regarded as a sort of non-smooth control
etween the conventional STC and the PI control.

emark 3. The traditional STC controller, which has a discontinuous
witching function, theoretically has a strong capability of disturbance
ejection. However, the switching function causes the inescapable chat-
ering phenomena that may negatively impact the cancer chemother-
py system’s long-term performance. Additionally, the antidisturbance
roperty of the STC may not be superior to the non-smooth controller in
ctual situations because of the impact of sampling time on the digital
pplication of the control method. Due to the careful selection of the
arameter 𝛼, the proposed MBSSTC controller not only has a smaller
rug usage oscillation than a standard STC but also displays stronger
ntidisturbance performance.

emark 4. It is worth mentioning that the proposed control could be
better candidate for different potential clinical applications of various
iseases such as Leukemia, Type 1 diabetes, COVID-19, anesthesia,
IV/AIDS, hepatitis B virus (HBV), Androgen deprivation, SEIAR in-

luenza, p53 protein, etc. [25–40]. In the existing literature, many
ontrol feedback control strategies have been employed for clinical
herapies, treatments, and trials of the aforementioned diseases such as
ID, fractional-order PID, optimal controls, model predictive controls,
ackstepping controls, sliding mode controls, and super-twisting con-
rols. However, the two main drawbacks of the aforementioned control
chemes are: First, slow convergence of the output of those clinical
reatments with respect to the desired/reference input prescribed by
octors or physicians specialized in those treatments. Second, the non-
moothness drug delivery is generated by bioactuators activated by the
bove controllers. These two drawbacks can be tackled by the proposed
ontrol that can have possible clinical uses for different diseases. Unlike
he aforementioned control methods, the fast convergence rate and
he smoothness of the drug delivery are the main contributions of the
urrent work, which are guaranteed by using the continuous terms with
he fraction power in (9).

emark 5. It is worth mentioning that the suggested control gains
hould be carefully chosen for the safe implementation of the consid-
red cancer chemotherapy treatment, as the drug regulation perfor-
ance is usually influenced by control drug delivery smoothness, can-

er model uncertainties, initial conditions, and external disturbances.
he corresponding gains selection criteria of the proposed control given

n (9) are: (i) Generally, the control parameters 𝑘1 and 𝑘2 should be
arge positive values to compensate for the influence of the lumped
6

isturbance and uncertainty. Too large control parameters could cause 𝑥
Table 1
Nominal system parameters of log-kill, Norton-Simon, and 𝐸max hypothesis represented
by Model 1, Model 2, and Model 3, respectively.

Symbol Model 1 Model 2 Model 3

r 0.1 0.1 0.1
𝛿 0.45 4 0.225
𝜆 0.25

Table 2
Control parameters of the proposed, STC, and PI scheme for Model 1, Model 2, and
Model 3.

Method Model Parameters

Model 1 𝑘1 = 6, 𝑘2 = 17.6, 𝛼 = −0.38
MBSSTC (9) Model 2 𝑘1 = 34.04, 𝑘2 = 566.5, 𝛼 = −0.33

Model 3 𝑘1 = 11.1243, 𝑘2 = 60.5, 𝛼 = −0.36

Model 1 𝑘1 = 2.1213, 𝑘2 = 2.2
STC (8) Model 2 𝑘1 = 5.8095, 𝑘2 = 16.5

Model 3 𝑘1 = 3.3541, 𝑘2 = 5.5

Model 1 𝑘1 = 21.319, 𝑘2 = 222.2
PI (Go to Remark 2) Model 2 𝑘1 = 134.2898, 𝑘2 = 8.8165e+03

Model 3 𝑘1 = 67.1658, 𝑘2 = 2.2055e+03

the control chattering of the infusion pump, leading to non-smooth drug
delivery, while too small parameters slow down the convergence rate of
the tumor volume reduction concerning the required volume; (ii) the
fractional power 𝛼 should be within the range as defined in (9) and
have two special reduction cases as stated in Remark 2. The proper
value of 𝛼 should regard the trade-off between the convergence speed
of the tumor size reduction and the drug usage smoothness.

Remark 6. Due to the rapid convergence, smoothness, and robustness
properties, the fractional power of the proposed cancer chemother-
apy controller plays a pivotal role in improving clinical significance
including maximum tumor cell killing (best tumor size reduction), min-
imum toxicity (smallest required drug doses usage), and short period
of treatment. However, the selection of the fractional power should
be careful, having a trade-off between convergence and smoothness,
affecting clinical tumor size reduction and the amount of toxicity,
respectively. To be specified, the low value of the exponent leads to
the maximum tumor cell killing and short treatment schedule, but at
the level of toxicities and damage to the drug infusion pump used in
the chemotherapy treatment. Thus, it is desirable to ensure an optimal
trade-off between those clinical specifications.

6. Simulation results

Realistic model parameters are used from [15] for simulating and
investigating the effect of the proposed MBSSTC algorithm, and are
provided in Table 1. Those parameters, which were established through
experimental tests of various types of cancers, are scaled as non-
dimensional numbers (in which for the reduction of ovarian and breast
cancer, different drugs like Taxol have been employed). With the
theoretical analysis mentioned in the previous section, the MBSSTC al-
gorithm and comparative controllers (STC and PI schemes) for the gen-
eralized cell-kill hypothesis are constructed in the MATLAB/Simulink
environment. To ensure fairness in the comparison, the proposed and
comparative controls parameters are adjusted as listed in Table 2 such
that the control performance should be better for all those controls.

For all three cell-kill hypotheses, the results of simulative tests
are provided in this section. In all models mentioned previously, the
volume of the tumor is normalized so that 0 ≤ 𝑥 ≤ 1. In the simulation
results, two treatment durations are considered: 𝑡𝑓1 = 15 and 𝑡𝑓2 = 30
ays. As recommended by a cancer doctor, there are two ideal scenarios
or tumor reduction that can be expressed as
𝑑 = (𝑥0 − 𝑏) exp(−𝑎𝑡) + 𝑏 (39)
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Fig. 2. Tracking responses of log-kill hypothesis with initial condition of 𝑥0 = 0.9 (Sim 1). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.
Fig. 3. Tracking responses of Norton-Simon hypothesis with initial condition of 𝑥0 = 0.9 (Sim2). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.
here 𝑥𝑑 is the desired reference of tumor volume reduction, 𝑥0 is
nitial condition of tumor volume, 𝑎 refers to the convergence rate of
he reduction of the tumor volume in cancer chemotherapy, and 𝑏 is

the desired final value of the steady state for tumor size, which should
be set by the cancer doctor as the final value.

It should be noted from (39) that the function of exponent for
decreasing the tumor size is taken into account, which are consistent
with the cases employed in the prior optimal controllers such as [13,
15,41,42]. Without losing generality, other functions can be used to
reduce the desired tumor volume. For examining the proposed control
scheme, in the following, we will study four cases for tumor reduction
of the three models of chemotherapy system.

6.1. The effect of carrying capacity on the control performance (Case 1)

In this case, the initial condition of three models used to charac-
terize the cell-kill hypothesis as modeled in Section 2 is changed from
𝑥0 = 0.9 and 𝑥0 = 0.5 by varying the carrying capacity from 90 and 50%
in (39). Accordingly, we test the proposed control efficiency for the
chemotherapy system with three models under two desired references
of tumor volume reduction and system initial conditions, comparing
with PI controller and STC scheme. Under the variations of the desired
reference and carrying capacity, the simulative results for three models
are shown in Figs. 2 to 7, are labeled by Sim 1 to Sim 6, respectively.
For initial condition 𝑥0 = 0.9 as 90% of carrying capacity, Figs. 2 to 4
show the tracking curves of log-kill, Norton-Simon, and 𝐸max models
which are represented as nominal cases of those models in Sim 1, Sim
2, and Sim 3. More clearly, the left, middle, and right side of the figures
represent the tumor volume profile, tracking error of tumor reduction,
and control input of drug usage, respectively.

It can be seen that the tracking trajectory of the tumor volume
reduction of the three models under the proposed control scheme is
fastest in the transient, compared to PI and STC schemes. Also, the
tracking error of the proposed control has the smallest value of 0.2 day,
in contrast to those comparative controllers. Furthermore, the proposed
control can smooth out the durg delivery, whereas the STC scheme
sufferers from the control chattering in Sim 1, Sim 2, and Sim 3 for
both the transient and steady state regions.

For 50% of carrying capacity (initial condition 𝑥0 = 0.5), simulation
7

results of the three models are shown in Figs. 5,6 and 7 labeled by Sim
4, Sim 5, Sim 6. As observed, the proposed control in three models of
the cancer chemotherapy can rapidly track the desired reduction of the
tumor volume trajectory. For all three models in Sim 4, 5, and 6, the
proposed control still exhibits the smallest tracking error and converges
to zero quickly in the transient, and has the highest precision in the
steady state. The control input of drug usage for the three models under
the proposed control scheme is smoother than the counterpart STC
that generates non-smooth drug usage due to having a discontinuous
switching function.

6.2. The effect of tumor reduction rate on the control performance (Case
2)

In Case 2, the rate of tumor reduction in (39) is readjusted from
nominal value of 0.4 to 0.15, whilst keeping the rest parameters of the
desired reference of tumor size reduction such as 𝑥0 = 0.9, and 𝑏 =
0.01. Accordingly, the new desired scenario of tumor size is obtained
from (39), which is considered in Case 2 to show the influence of the
variety of desired reference changed by the value of a. The Case 2 is
implemented for the three models, and the simulation results of those
models under the variation of a are shown in Fig. 8, 9, and 10.

The simulation results show that tracking time response of tumor
volume in the three models is faster than the STC and PI scheme. In
contrast to the STC and PI methods, the tracking error of the proposed
control scheme converges to zero quickly and exhibits high precision
in the steady state region. The continuity of the proposed control can
be ensured due to the adoption of smooth term, but the STC causes
chattering in the control signal.

6.3. The influence of parametric system uncertainties on the control effi-
ciency of cell-kill models (Case 3)

In this subsection, as a real scenario, the impact of parametric
uncertainties of the three models plants is investigated to show the
robustness performance of the proposed control methodology. Case 3
is tested on log-kill, Norton-Simon, and 𝐸max as labeled by Sim 10, 11,
and 12. In this Case, the uncertain system parameters are varied with
50% of the nominal corresponding values as

𝑟 < 𝑟 < (1 + 𝜑)𝑟
(1 − 𝜑) 𝑖 𝑖 𝑖
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Fig. 4. Tracking responses of 𝐸max hypothesis with initial condition of 𝑥0 = 0.9 (Sim3). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.

Fig. 5. Tracking responses of log-kill hypothesis with initial condition of 𝑥0 = 0.5 (Sim4). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.

Fig. 6. Tracking responses of Norton-Simon hypothesis with initial condition of 𝑥0 = 0.5 (Sim5). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.

Fig. 7. Tracking responses of 𝐸max hypothesis with initial condition of 𝑥0 = 0.5 and (Sim6). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.

Fig. 8. Tracking responses of log-kill hypothesis with initial condition of 𝑥0 = 0.9 and 𝑎 = 0.15 (Sim7). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.

Fig. 9. Tracking responses of Norton-Simon hypothesis with initial condition of 𝑥0 = 0.9 and 𝑎 = 0.15 (Sim8). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.
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Fig. 10. Tracking responses of 𝐸max hypothesis with initial condition of 𝑥0 = 0.9 and 𝑎 = 0.15 (Sim9). (a) Tumor volume. (b) Tumor volume error. (c) Required drug usage.
Fig. 11. Tracking responses of log-kill hypothesis with initial condition of 𝑥0 = 0.9 and system uncertainties (Sim10). (a) Tumor volume. (b) Tumor volume error. (c) Required
rug usage.
Fig. 12. Tracking responses of Norton-Simon hypothesis with initial condition of 𝑥0 = 0.9 and system uncertainties (Sim11). (a) Tumor volume. (b) Tumor volume error. (c)
Required drug usage.
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(1 − 𝜑)𝛿𝑖 < 𝛿𝑖 < (1 + 𝜑)𝛿𝑖, 𝑖 = 1, 2, 3 and 𝜑 = 0.5 (40)

(1 − 𝜑)𝜆𝑖 < 𝜆𝑖 < (1 + 𝜑)𝜆𝑖

here 𝑟𝑖, 𝛿𝑖, and 𝜆𝑖 are the nominal values of the respective parameter
iven in Table 1. In Case 3, the uncertain parameters of the actual
odels 𝑟𝑖, 𝛿𝑖, and 𝜆𝑖 are assumed to be equal to (1 +𝜑)𝑟𝑖, (1 +𝜑)𝛿𝑖, and

1 + 𝜑)𝜆𝑖, respectively, while keeping the initial desired tumor volume
s 𝑥0 = 0.9.

Accordingly, in the presence of a given amount of parametric
ncertainties (50% uncertainty) introduced by (40), simulation re-
ults, including tracking tumor volume reduction, tracking error, drug
onsumption, for the three cell-kill models are shown in Figs. 11,
2, and 13. The simulation results show that, based on our control
bjective stated in Section 3 and in the presence of 50% uncertainty,
he proposed control can track the desired tumor quickly in comparison
o the STC and PI scheme.

In addition, the tracking error of tumor volume under the proposed
ontrol design converges to zero quickly in the transient region and can
e achieved with high precision in the steady state region compared
ith other comparative controllers. It should be noted that with 50%
ncertainty in the model parameters, the tracking error gets worse in
ontrast to nominal cases as investigated in Sim 1, 2 and 3. Fortunately,
he proposed scheme can attain the smallest tracking error.

Furthermore, to compensate 50%, a remarkable increase in the drug
onsumption is required compared with Sim 1, 2 and 3, which is better
ith the proposed controller in Sim 10, 11, and 12. Thus, the proposed

ontroller in Sim 10, 11, and 12 is smoother in terms of chattering
ontrol input and robust against the parameters variations compared
ith the STC and PI controllers.
9

6.4. The effect of system external disturbances on the control performance
of cell-kill models (Case 4)

In this subsection, the effectiveness of the proposed control is ex-
amined with the existence of bounded disturbance in all three cancer
chemotherapy models to resemble a realistic process of chemotherapy.
For the sake of brevity, the robustness against the external disturbance
is presented with the initial desired volume of patient tumor 𝑥0 = 0.9.
n Case 4, the bounded disturbances acting on all three models studied
n this work is as 𝜁 (𝑡) = 0.01 − 0.01𝑠𝑖𝑛(𝑡) for ensuring a robustness
erformance of the proposed method over those disturbances.

To analyze the influence of the external disturbance, simulation
esults of the cell-kill models subject to the external disturbance are
hown in Fig. 14, 15, and 16 labeled by Sim 13, 14, and 15, respec-
ively. The results show that for all three models, the desired tumor
roposed control can be tracked quickly, compared with the STC and
I. This is indicated by the fact that the tracking error of the actual
umor reduction volume under the proposed work is faster to converge
o zero with high accuracy. However, the tracking error of the PI
ontrol suffers from high deviations around zero, while the STC is
ffected by the chattering control input of drug usage. Note that, due to
he existence of the disturbances, the tracking error of the three models
n Sim 13, 14, and 15 is compared to the nominal cases in Sim 1, 2 and
.

According to the summary of the simulation results, the proposed
trategy can offer outstanding clinical benefits as follows:

1. The close and precise tracking performance is accomplished as
the desired tumor size rate reduction that oncology clinicians
require even in different scenarios of the initial percentage of



Computers in Biology and Medicine 169 (2024) 107957K. Rsetam et al.

u

d

R

Fig. 13. Tracking responses of 𝐸max hypothesis with initial condition of 𝑥0 = 0.9 and system uncertainties (Sim12). (a) Tumor volume. (b) Tumor volume error. (c) Required drug
sage.
Fig. 14. Tracking responses of log-kill hypothesis with initial condition of 𝑥0 = 0.9 and external disturbance (Sim13). (a) Tumor volume. (b) Tumor volume error. (c) Required
rug usage.
Fig. 15. Tracking responses of Norton-Simon hypothesis with initial condition of 𝑥0 = 0.9 and external disturbance (Sim14). (a) Tumor volume. (b) Tumor volume error. (c)
equired drug usage.
Fig. 16. Tracking responses of 𝐸max hypothesis with initial condition of 𝑥0 = 0.9 and external disturbance (Sim15). (a) Tumor volume. (b) Tumor volume error. (c) Required drug
usage.
tumor carrying capacity and parametric uncertainties of the
three cell-kill models.

2. Due to the finite time rate convergence property, the reduction
rate of tumor size of patients becomes fast, leading to a short
interval period of the chemotherapy treatment to which patients
are exposed.

3. A lower level of drug delivery is generated by the infusion pump,
generally used in chemotherapy treatments, that is actuated by
the proposed technique.

4. Patient safety under the proposed clinical application of drugs in
chemotherapy treatment, is a prime concern for clinicians and
doctors, can which can be improved to a large extent due to
the continuity of the proposed control that generates smooth ac-
tuation of drug delivery. However, the discontinuous actuation
of the infusion pump may damage the pump itself and shorten
10
its life. Furthermore, it will require energy consumption of the
power supply used in this electronic pump-based control, which
will be another significant challenge.

The main new direction extracted from the current application of
the chemotherapy treatment is the patient safety improvement against
any pump malfunctions that could generate another side effect on
patients.

Remark 7. Generally, the standard super-twisting control abbreviated
by the STC is designed according to the fundamental control theory
concepts, including finite time convergence and chattering reduction
properties. Inspired by these properties, from the existing outcomes
of the chemotherapy control applications, the STC algorithm has been



Computers in Biology and Medicine 169 (2024) 107957K. Rsetam et al.

t
a
d
w
i
t
s
p
t
e
a
d
m
h
c

c
t
i
c
d
i
g
F
o
e

C

I
–
g
V
a
t

W

D

c
i

already applied to the cancer chemotherapy models in [6,12] for reg-
ulation problems of tumor volume reduction and dose delivery. Thus,
we are inspired by these fundamental concepts to design the proposed
controller by improving the finite-time convergence rate of tumor size
reduction and the chattering suppression of the drag usage injected
from the infusion pump. Correspondingly, the primary contribution
extracted from this research is to construct a smooth STC (SSTC), in
which its working principle is to inject an appropriate and smooth
dose by the proposed controller that enforces the initial tumor size of
patients from any value to follow the desirable reduction advised by
cancer doctors. As a result of the conducted simulative outcomes, the
continuity and smoothness of the dose injection can ensure the safety
factor for both patients and infusion actuators.

7. Conclusions

In this paper, to effectively treat cancer patients with chemother-
apy, a composite model-based smooth super-twisting control (MBSSTC)
scheme observer has been newly designed for the three cell-kill models
under the parametric system uncertainties and external disturbances.
This paper concerns the three mathematical models of the cell-kill
system based on log-kill, Norton-Simon, and 𝐸max hypotheses. Utilizing
he model-based STC controller to form the composite controller, can
void unsatisfactory transient and steady performance caused by the
iscontinuous switching function existing in the standard STC. Also,
ith the proposed controller techniques presented, the variation of

nitial and steady-state parameters of the desired reduction rate of
umor volume has been adequately addressed. In addition, parametric
ystem uncertainties and unknown external disturbances are well com-
ensated for, compared with the conventional STC and PI. Furthermore,
he continuity of chemotherapeutic drugs over time intervals in the
xisting treatment is guaranteed, definitely guiding cancer physicians
nd doctors to decide on drug dosage and delivery following a specified
uty cycle. Thus, the drug diagnostics in cancer chemotherapy treat-
ent are enhanced by the proposed algorithm. The simulation results
ave verified that the proposed controller is more effective than the
onventional STC and PI.

Our future vision for developing the proposed closed-loop
hemotherapy control drug delivery is to overshadow the time delay
hat may be induced by transmission channels of infusion pump used
n the chemotherapy treatment, from toxicity absorption of tumor
ells, from wireless communication used in smart drug delivery pump
evices, or from other causes. Since this time delay exhibits adverse
mpacts on any closed control system, the effectiveness of our sug-
ested control chemotherapy system can be limited by these impacts.
urthermore, the optimal time derivation of tuning optimal parameters
f the proposed controller will be investigated in the coming work by
mploying an appropriate optimization technique.
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[7] A.P. Shahri, S. Haghighatnia, R.K. Moghaddam, H.R. Kobravi, Control the tumour
growth via sliding mode control, Int. J. Med. Eng. Inf. 9 (2) (2017) 101–109.

[8] N. Ebrahimi, S. Ozgoli, A. Ramezani, Model-free sliding mode control, theory
and application, Proc. Inst. Mech. Eng. I 232 (10) (2018) 1292–1301.

[9] M. Itik, M.U. Salamci, S.P. Banks, Optimal control of drug therapy in cancer
treatment, Nonlinear Anal. TMA 71 (12) (2009) e1473–e1486.

[10] P. Khalili, S. Zolatash, R. Vatankhah, S. Taghvaei, Optimal control methods for
drug delivery in cancerous tumour by anti-angiogenic therapy and chemotherapy,
IET Syst. Biol. 15 (1) (2021) 14–25.

[11] M. Nazari, M. Nazari, M.H.N. Skandari, Fuzzy pseudo-spectral method for
controlling the drug dosage in cancer, Authorea Prepr. (2020).

[12] B.S. Dey, M.K. Bera, B.K. Roy, Super twisting sliding mode control of cancer
chemotherapy, in: 2018 15th International Workshop on Variable Structure
Systems, VSS, IEEE, 2018, pp. 343–348.

[13] H. Moradi, G. Vossoughi, H. Salarieh, Optimal robust control of drug delivery in
cancer chemotherapy: a comparison between three control approaches, Comput.
Methods Programs Biomed. 112 (1) (2013) 69–83.

[14] R.F. Bandpey, A.A. Kalat, An observer-based adaptive fuzzy control for prescrib-
ing drug dosage in cancer treatment, Biocybern. Biomed. Eng. 42 (4) (2022)
1137–1148.

[15] J.C. Panetta, K.R. Fister, Optimal control applied to competing chemotherapeutic
cell-kill strategies, SIAM J. Appl. Math. 63 (6) (2003) 1954–1971.

[16] J.A. Moreno, M. Osorio, Strict Lyapunov functions for the super-twisting
algorithm, IEEE Trans. Automat. Control 57 (4) (2012) 1035–1040.

[17] Y. Shtessel, C. Edwards, L. Fridman, A. Levant, et al., Sliding mode control and
observation, Vol. 10, Springer, 2014.

[18] A. Cobo, R. Sheybani, H. Tu, E. Meng, A wireless implantable micropump for
chronic drug infusion against cancer, Sensors Actuators A 239 (2016) 18–25.

[19] R. Sheybani, Wireless Electrochemical Drug Delivery Micropump with Fully Inte-
grated Electrochemical Dose Tracking Feedback System (Ph.D. thesis), University
of Southern California, 2015.

[20] L. Rosier, Homogeneous Lyapunov function for homogeneous continuous vector
field, Systems Control Lett. 19 (6) (1992) 467–473.

[21] C. Qian, J. Li, Global output feedback stabilization of upper-triangular nonlinear
systems using a homogeneous domination approach, Int. J. Robust Nonlinear
Control: IFAC-Affiliated J. 16 (9) (2006) 441–463.

[22] S. Ding, J.H. Park, C.-C. Chen, Second-order sliding mode controller design with
output constraint, Automatica 112 (2020) 108704.

[23] K. Mei, S. Ding, HOSM controller design with asymmetric output constraints,
Sci. China Inf. Sci. 65 (2022) 1–2.

[24] H. Du, C. Qian, S. Yang, S. Li, Recursive design of finite-time convergent
observers for a class of time-varying nonlinear systems, Automatica 49 (2) (2013)
601–609.

[25] H. Khan, S. Ahmed, J. Alzabut, A.T. Azar, A generalized coupled system of
fractional differential equations with application to finite time sliding mode
control for leukemia therapy, Chaos Solitons Fractals 174 (2023) 113901.

[26] S. Ahmad, N. Ahmed, M. Ilyas, W. Khan, et al., Super twisting sliding mode
control algorithm for developing artificial pancreas in type 1 diabetes patients,
Biomed. Signal Process. Control 38 (2017) 200–211.

[27] H.M. Paiva, W.S. Keller, L.G.R. da Cunha, Blood-glucose regulation using
fractional-order PID control, J. Control Automat. Electr. Syst. 31 (1) (2020) 1–9.

[28] R. Franco, A.F. de Loza, H. Ríos, L. Cassany, D. Gucik-Derigny, J. Cieslak, D.
Henry, L. Olçomendy, Output-feedback sliding-mode controller for blood glucose
regulation in critically ill patients affected by type 1 diabetes, IEEE Trans. Control
Syst. Technol. 29 (6) (2021) 2704–2711.

http://refhub.elsevier.com/S0010-4825(24)00041-6/sb1
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb1
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb1
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb2
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb2
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb2
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb2
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb2
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb3
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb3
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb3
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb4
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb4
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb4
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb5
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb5
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb5
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb5
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb5
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb6
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb6
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb6
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb7
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb7
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb7
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb8
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb8
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb8
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb9
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb9
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb9
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb10
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb10
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb10
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb10
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb10
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb11
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb11
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb11
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb12
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb12
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb12
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb12
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb12
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb13
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb13
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb13
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb13
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb13
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb14
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb14
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb14
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb14
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb14
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb15
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb15
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb15
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb16
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb16
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb16
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb17
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb17
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb17
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb18
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb18
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb18
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb19
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb19
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb19
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb19
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb19
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb20
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb20
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb20
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb21
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb21
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb21
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb21
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb21
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb22
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb22
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb22
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb23
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb23
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb23
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb24
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb24
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb24
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb24
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb24
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb25
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb25
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb25
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb25
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb25
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb26
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb26
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb26
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb26
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb26
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb27
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb27
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb27
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb28
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb28
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb28
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb28
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb28
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb28
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb28


Computers in Biology and Medicine 169 (2024) 107957K. Rsetam et al.
[29] Y. Islam, I. Ahmad, M. Zubair, K. Shahzad, Double integral sliding mode control
of leukemia therapy, Biomed. Signal Process. Control 61 (2020) 102046.

[30] Y. Islam, I. Ahmad, M. Zubair, A. Islam, Adaptive terminal and supertwisting
sliding mode controllers for acute leukemia therapy, Biomed. Signal Process.
Control 71 (2022) 103121.

[31] N. Rosales, H. De Battista, F. Garelli, Hypoglycemia prevention: PID-type con-
troller adaptation for glucose rate limiting in artificial pancreas system, Biomed.
Signal Process. Control 71 (2022) 103106.

[32] M. Boroujerdi Alavi, M. Tabatabaei, Control of depth of anaesthesia using
fractional-order adaptive high-gain controller, IET Syst. Biol. 13 (1) (2019)
36–42.

[33] M. Ilyas, J. Iqbal, S. Ahmad, A.A. Uppal, W.A. Imtiaz, R.A. Riaz, Hypnosis
regulation in propofol anaesthesia employing super-twisting sliding mode control
to compensate variability dynamics, IET Syst. Biol. 14 (2) (2020) 59–67.

[34] S. Nuñez, F.A. Inthamoussou, F. Valenciaga, H. De Battista, F. Garelli, Potentials
of constrained sliding mode control as an intervention guide to manage COVID19
spread, Biomed. Signal Process. Control 67 (2021) 102557.

[35] A. Ibeas, M. Shafi, M. Ishfaq, M. Ali, et al., Vaccination controllers for SEIR
epidemic models based on fractional order dynamics, Biomed. Signal Process.
Control 38 (2017) 136–142.
12
[36] P. Di Giamberardino, D. Iacoviello, Epidemic modeling and control of HIV/AIDS
dynamics in populations under external interactions: a worldwide challenge, in:
Control Applications for Biomedical Engineering Systems, Elsevier, 2020, pp.
197–249.

[37] O. Aghajanzadeh, M. Sharifi, A. Falsafi, Robust control strategy for HBV
treatment: Considering parametric and nonparametric uncertainties, in: Control
Applications for Biomedical Engineering Systems, Elsevier, 2020, pp. 127–147.

[38] P. Dubey, S. Kumar, Higher-order sliding mode control for androgen deprivation
therapy, J. Electr. Eng. Technol. 18 (1) (2023) 527–537.

[39] A.H.A. Mehra, I. Zamani, Z. Abbasi, A. Ibeas, Observer-based adaptive PI
sliding mode control of developed uncertain SEIAR influenza epidemic model
considering dynamic population, J. Theoret. Biol. 482 (2019) 109984.

[40] S. Bano, M.R. Azam, A.A. Uppal, S.B. Javed, A.I. Bhatti, Robust p53 recovery
using chattering free sliding mode control and a gain-scheduled modified utkin
observer, J. Theoret. Biol. 532 (2022) 110914.

[41] R.B. Martin, Optimal control drug scheduling of cancer chemotherapy,
Automatica 28 (6) (1992) 1113–1123.

[42] J.C. Panetta, K.R. Fister, Optimal control applied to cell-cycle-specific cancer
chemotherapy, SIAM J. Appl. Math. 60 (3) (2000) 1059–1072.

http://refhub.elsevier.com/S0010-4825(24)00041-6/sb29
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb29
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb29
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb30
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb30
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb30
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb30
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb30
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb31
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb31
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb31
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb31
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb31
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb32
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb32
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb32
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb32
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb32
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb33
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb33
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb33
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb33
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb33
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb34
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb34
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb34
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb34
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb34
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb35
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb35
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb35
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb35
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb35
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb36
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb36
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb36
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb36
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb36
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb36
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb36
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb37
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb37
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb37
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb37
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb37
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb38
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb38
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb38
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb39
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb39
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb39
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb39
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb39
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb40
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb40
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb40
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb40
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb40
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb41
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb41
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb41
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb42
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb42
http://refhub.elsevier.com/S0010-4825(24)00041-6/sb42

	Model based smooth super-twisting control of cancer chemotherapy treatment
	Introduction
	Cell-Kill hypotheses models in cancer chemotherapy
	Control objective
	Design of Conventional STC with its Analysis
	 Applicability and Design Procedure of MBSSTC Method 
	 Applicability of the proposed Control
	Control Design of  MBSSTC scheme
	Useful Definition and Lemmas
	Stability Proof

	Simulation results
	The effect of carrying capacity on the control performance (Case 1)
	The effect of tumor reduction rate on the control performance (Case 2)
	The influence of parametric system uncertainties on the control efficiency of cell-kill models (Case 3)
	The effect of system external disturbances on the control performance of cell-kill models (Case 4)

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	References


