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Research Paper
Intelligent Blood Glucose Control in Diabetic Patients 
by Designing and Simulating an Artificial Pancreas 
With a Predictive Sliding Mode Control Method

Background: Diabetes mellitus (DM) is a common chronic disease with various 
complications. About 10% of the world’s population suffers from this disease. For smart 
control of the blood glucose in DM patients, an artificial pancreas was designed and simulated 
by a predictive sliding mode controller considering the time delay of insulin effect.

Methods: In this method, one of the time-delay glucose-insulin models was first selected. 
Then, using the predictive sliding mode control model, the stability of the blood glucose 
and insulin concentration was considered as the target. The performance and efficiency 
of the design were then verified by simulating the parameters of the proposed model in 
MATLAB software.

Results: Using the proposed method, despite considering a 25-minute delay from insulin 
injection to its effect, the glucose and insulin concentrations reached stability in 60 and 50 
minutes, respectively.

Conclusion: The results of this study indicate that the combined controller of the predictive 
sliding mode model control can control blood glucose more effectively than previous 
controllers and therefore can help reduce disease complications, improve patients’ quality 
of life, and reduce costs and individual and health systems.
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1. Introduction

iabetes mellitus (DM) is one of the most 
common chronic diseases with various 
complications. The number of patients 
with DM in the world is estimated to be 
415 million. This disease is responsible 
for 5 million deaths annually [1]. Insulin 

secreted from beta cells of the pancreas is required to 
transfer glucose into the cells. In type I diabetes, the im-
mune system invades the insulin-producing cells and 
destroys them. Therefore, insulin delivery to obtain a 
normal glucose level is a key factor in the treatment of 
diabetes [2]. DM has no definite treatment and the pa-
tients have to cope with this disease throughout their 
lives. In this regard, a program should be designed to 
combat its complications. The malignant nature of DM 
is that it can threaten the health of other organs if not 
properly diagnosed and controlled [3].

Regulation of blood glucose levels in DM patients 
is one of the major aspects of medicinal systems. Re-
searchers have recently attempted to resolve the tech-
nical problems to produce an artificial pancreas to 
substitute the performance of the normal and real en-
docrine glands of the pancreas [4]. The development of 
subcutaneous glucose sensors has opened new paths in 
controlling blood glucose levels. An artificial pancreas 
is composed of a series of sensors, a controller, and 
a subcutaneous insulin pump. The main component 
of this system is the control strategy adopted by the 
controller [5]. In this regard, the most prominent part 
of the artificial pancreas design is to develop a proper 
controller to enhance accuracy and safety.

To design a suitable controller in a system, we first 
need to design a model that can provide a proper de-
scription of the system. Recently, many mathemati-
cians and researchers have modeled the medical sys-
tem with differential equations [6]. These models 
include AIDS [7], COVID-19 [8], and blood glucose 
[9]. After designing the model, it is necessary to select 
a suitable control method and apply it to the model to 
achieve the desired control goals.

Various controllers have been proposed to control the 
insulin-blood glucose system. proportional-integral-
derivative (PID) controllers [10], fuzzy PID [11], pole 
placement [12], resistant HH∞  control [13], predictive 
controller [14, 15], predictive backstepping controller 
[16], and adaptive control [17-19] have been employed 
to control the linear blood glucose systems. Numerous 
nonlinear strategies have been also reported based on the 

nonlinear models. For example, integral sliding mode 
control [20], type-two fuzzy backstepping control based 
on sliding mode observer [21], a combination of the slid-
ing mode and backstepping [22], and predictive adap-
tive control [23] can be mentioned. A limited number of 
studies have addressed fractional-order controllers for 
blood glucose control among which, a fractional back-
stepping controller [2] and a combinational sliding mode 
and backstepping fractional controller [24] can be men-
tioned. Concerning the perturbed fractional controllers, 
scarce studies can be found. Disturbance and uncertainty 
imply glucose uptake from the foods; while time delay 
stands for the time taken from the insulin injection to its 
effects on the regulation of the blood glucose level. 

To resolve the drawbacks of the previous devices, a 
controller should be designed that can control the frac-
tional-order models in addition to showing resistance 
against the dietary disturbance (i.e. glucose absorption) 
and considering the delay from the insulin injection time 
until its uptake. Among the developed controllers, model 
predictive controllers (MPC) can forecast the future. A 
combination of MPC models with sliding mode control 
(SMC) can promote the model’s resistance to distur-
bances and uncertainty. In this context, considering the 
inherited features and memorial properties of fractional 
calculations and the advantages of MPC and SMC, the 
present study aims to present a hybrid controller that is 
a combination of sliding mode and nonlinear predictive 
controllers with fractional calculations to control the 
blood glucose considering the time delay. 

2. Methods

Integer and fractional models for the blood glu-
cose system

To control blood glucose in diabetic patients, the 
Bergman model or minimal fraction model is one of 
the best models of the blood glucose system, which 
consists of two parts. The first part describes the con-
centration of glucose in blood plasma and is indepen-
dent of circulating insulin. The second part describes 
the concentration of insulin in the blood plasma and 
the middle part shows the effect of insulin on the dis-
appearance of glucose. The minimal glucose-insulin 
model 1 is considered here as Equation 1 [25]:
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The description of model 1 parameters is given in 
Table 1. In model 1, d(t) shows the amount of glu-
cose absorption from the stomach (mg/dL/min) which 
is considered a perturbation. This input can be consid-
ered as  d(t)=Ae-(wt); w≥0; in which parameters of A 
and w have positive values. In most studies, A=0.5 and 
w=0.05. For the practical implementation of this model, it 
must be noted that the input of the model is the subcutane-
ously injected level of insulin which cannot be a negative 
value. Moreover, status variables such as glucose and insulin 
contents are physical parameters that are also non-negative.

In this study, Bergman’s model was used. Despite its 
simplicity, some of its complexities require the applica-
tion of advanced smart control methods. Creation of a neat 
delay (neat delay has been also considered for converting 
insulin from the initial state to its absorbable form), the 
non-linearity of the insulin impact on the glucose, frac-
tional order (which enhanced the modeling precision), in-
creased uncertainty of the model (insulin uptake from the 
subcutaneous tissues into the blood is not a completely 
certain phenomenon) [26, 27], and disturbances (either 
due to the food consumption or disturbances in subcuta-
neous sensor) are some of these important features.

Although Bergman’s model has been able to provide a 
good description of a glucose-insulin system, due to the 

uncertainty of insulin absorption phenomenon and un-
certainty of blood glucose range, it is not possible to ac-
curately estimate the patient’s blood glucose parameters. 
To design this phenomenon, we consider this uncertainty 
of insulin uptake and blood glucose range in P1, P2 and P3  
parameters as follows (Equation 2):

2. 
1 1 1

2 2 2

3 3 3

P p p
P p p
P p p

= + ∆
= + ∆
= + ∆

Intelligent control method

Various methods have been developed for intelligent 
blood glucose control which can be implemented in 
the present method. As this model is fractional, it can 
provide high precision compared to integer-order sys-
tems. On the other hand, this method included the dis-
turbance due to food consumption and delay in insulin 
absorption. Hence the presented method is a predictive 
sliding mode control approach.

In SMC, the desired dynamic behavior can be 
achieved by selecting a proper sliding level; in this 
way, the nonlinear system can be controlled in the 
presence of uncertainties and disturbances. On the 
other hand, MPC is one of the proper techniques for 

Table 1. Parameters of glucose-insulin model

UnitMedical DescriptionsParameters

(mg/dL)Plasma glucose concentrationx1(t)

(1/min)The effect of insulin on the disappearance of the glucose networkx2(t)

(μU/mL)Insulin concentration in blood plasmax3(t)

(mg/dL)Glucose base pre-injection surfaceGb

(1/min)Insulin-independent constant rate of glucose uptake into muscles and liverP1

(1/min)Reduction rate in the ability of glucose to be absorbed in tissuesP2

([μU/mL]-1 min-2)Insulin-independent increase in tissue glucose uptake ability per unit of insulin con-
centration above baselineP3

(1/min)The body’s natural tendency to move toward basal glucose levelsP1Gb

(mg/dL/min)Absorption of blood glucose from the stomachd(t)

minDelay from the time of insulin injection to the time of its effectτ  

-Derivative of the functionDa

(1/min)The first-order reduction rate for insulin in the bloodn

(1/min)Insulin injection rateu(t)
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controlling fractional-order, nonlinear, and delayed 
systems. In this method, the future behavior of the sys-
tem can be predicted based on its previous behavior 
and its current MPC against the controlling inputs. The 
current controlling inputs can be then determined ac-
cording to this prediction and comparing it with the 
control objective, i.e. stabilizing the glucose level at 
a specific level. This technique is specifically suitable 
for delayed systems. The main feature of this method 
is the application of an external model to predict the 
effect of control operation on some system outputs.

A combination of a predictive controller and a sliding 
mode control system can promote resistance against 
disturbances or uncertainties. Regarding the inherited 
and memorial features of the fractional calculations 
and the considered delay, the model provides the re-
quired predictions about the suitable amount of insulin 
for the patient. The combination of these two control-
lers to control the blood glucose level of diabetic pa-
tients has resulted in a novel unique intelligent control-
ling approach. In other words, in the sliding mode, the 
system can be controlled by selecting the appropriate 
sliding level depending on the dietary disturbances and 
nonlinearities of the blood glucose pattern; in the pre-
dictive controlling, however, the blood glucose control 
system is trained during the controlling process and 
prediction is also achieved at the same time.

Stabilization method

Stability is a crucial issue in a closed-loop control system; 
especially when faced with a fractional-order model with 
nonlinearity and uncertain parameters. Uncertainty in the pa-
rameters implies that human is a complicated system; such 
complex systems are not always in a single mode with definite 
specifications, which causes uncertainties in their parameters. 
Moreover, since this system is intended for human use, its in-

stability (pulsatile or drastic insulin injection) can lead to non-
compensable consequences. As a result, the control algorithm 
should be designed in a stable space to provide at least one 
intelligent observer and corrector to maintain the stability of 
the system. One of the ways of stability in systems is Lyapu-
nov stability which is mentioned in [28] stability condition.

Design of the intelligent insulin injection system

The goal here is to regulate blood glucose levels to a cer-
tain level. Therefore, based on the error between the process 
output (glucose level) and the desired output (normal glucose 
level), a suitable input (required insulin) should be entered 
into the model. In the controller design, the body must also 
determine the amount of insulin injected by mathematical 
calculations. Today, these calculations are performed by 
simulation software.

Also, in this section, due to the uncertainty of blood glucose 
range and insulin absorption, to design a more robust pre-
dictive slip controller, we consider the uncertainty within the 
system with ∆p1=∆p2=∆p3=20%. Although the results may 
deviate from the desired point, the modeling will be more re-
alistic and therefore a more accurate intervention. The blood 
glucose control system diagram is given in Figure 1.

Sliding mode controller

To design a slip mode controller according to the slip 
mode control equations in [9], we design a sliding mode 
controller with u control, and then by applying the pa-
tient parameters, we obtain the level of glucose concen-
tration and blood insulin concentration level.

Combination of a predictive controller with a 
sliding mode controller

To improve the performance of the sliding mode con-
troller, with the help of predictive control that can predict 

Figure 1. Diagram of the blood glucose control system
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the patient’s body behavior in the future, we provide a 
combined sliding mode control and model predictive 
control (SMCMPC) that has the characteristics of both 
controllers. (Interested researchers can contact the re-
sponsible author to obtain proofs and mathematical cal-
culations of the controllers.)

3. Results

The simulations were carried out using MATLAB software.

Ordinary sliding mode controller for fractional-
order blood glucose model (SMC)

In this situation, a sliding mode controller was em-
ployed to control the blood glucose. The initial condi-
tions are given in model 3 (Equation 3).

3. X10=380, X20=0.0001, and x30=210.

Model 4 parameters were also considered (Equation 4):

4. 
1 2 3, 20%P p p p p p= + ∆ ∆ = ∆ = ∆ =

6 4
1 2 380, 10*10 , 0.001, 0.23, 6.3*(10 )b bG I p p p− −= = = = =

, where, n=0.16 and=25 min.

In the Bergman model, a fractional order model is used 
to control blood glucose with time delay. In the simula-
tion, a time delay of 25 minutes is considered, which is 
applied in Equation 3 of the model in x3.

Predictive sliding mode controller, sliding mode 
control and model predictive control (SMCMPC) 

In this section, in addition to the sliding model param-
eters, predictive control parameters to the control algo-
rithm in MATLAB program were considered to predict 
the patient’s future behavior, the prediction horizon was 
considered 50. Regarding the time step of 0.5 and simu-
lation time of 500 minutes for 1000 samples, and the 
predictive controller loop is executed 20 times; hence 
the controller is computed 20 times. After 20 times, the 
parameters are all changed and the controller is calcu-
lated from the scratch. However, in the sliding mode 
control, the parameters are often constant. Uncertainty 
of blood glucose and injectable insulin range in each 
controlling area is considered to be 20%. A particle 
swarm optimization (PSO) algorithm was employed to 
optimize the objective function of the predictive con-
troller (including mean square error and mean square of 
controlling attempts of u [t]) due to its proper precision. 
The results of both SMC and SMCMPC are presented 
in Figures 2 and 3. The results of both SMC and SMC-
MPC are discussed in the following.

4. Discussion

This study aimed to design an intelligent fractional-
order predictive sliding mode controller in the pres-
ence of time delay to control blood glucose in diabetic 
patients. In the controller design, the performance of 
the glucose-insulin model should be stabilized by the 
controller. In the Bergmann model, the stability of glu-
cose and insulin concentration was explored accord-
ing to the system dynamics. The results showed that in 
the presence of a 25-minute delay, i.e. the delay from 
the time of insulin injection to its effect, the glucose 

0 50 100 150 200 250 300 350 400 450 500

time(min)

50

100

150

200

250

300

350

400

glu
co

se
 co

nc
en

tra
tio

n

SMC

SMCMPC

Figure 2. Diagram of glucose concentration obtained by SMC and SMCMPC
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and insulin concentration stabilized in about 60 and 50 
minutes, respectively which is desirable.

For further comparison, in addition to the SMCMPC 
design, a conventional sliding-mode controller was de-
signed. The conventional sliding mode controller could 
control the blood glucose level to the desired value, but 
showed huge chattering in the diagrams, reflecting insta-
bility and disturbance of glucose and insulin levels at the 
beginning of insulin injection. The proposed predictive 
sliding mode controller was able to reduce the blood glu-
cose concentration to about 80 mg/dL in a shorter time 
compared to the ordinary SMC. The rate of reaching 
zero was higher in the SMCMPC, implying faster blood 
glucose regulation in diabetic patient.

Due to the uncertainty of the blood glucose and cir-
culating insulin limits, this uncertainty in the design of 
controllers was considered to be 20% like the system, 
which results in a control design resistant to the above 
uncertainties, although the possible results are better 
without considering this uncertainty, we have designed a 
more accurate controller with the above design

This research was compared with those addressing glu-
cose-insulin model stabilization with PID controllers [10], 
fuzzy PID [11], pole placement [12], resistant H∞ control 
[13], predictive control [14, 15], predictive backstepping 
control [16], and adaptive control [17-19] to control linear 
glucose-insulin systems. Despite the satisfactory results of 
the mentioned methods, the linear approximation cannot 

fully describe the nonlinear region while the glucose-insu-
lin system is nonlinear. Thus, the results of these control-
lers are not reliable and accurate. Concerning the nonlin-
ear glucose-insulin models, such as integral sliding mode 
controllers [20], type-II fuzzy backstepping control based 
on sliding mode observer [21], a combination of sliding 
mode and backstepping controllers [22], and adaptive pre-
dictive control [23], it can be concluded that in all these 
controllers, the stability of blood glucose concentration 
was presented in longer than 80 minutes while this study 
presented a stability time of 60 minutes. Moreover, the cur-
rent research considered food disturbance and delay. Other 
studies were on the designed controllers or resistant to food 
disturbance; the time delay was also included in a few cas-
es. Therefore, the proposed system was more successful in 
controlling blood glucose concentration.

The intelligent blood glucose controller designed in 
this study has several advantages, including the use of 
a fractional-order model which leads to more accurate 
calculations and system memory. Moreover, it consid-
ered the time delay from insulin injection to its effect 
and explored the effect and status of hydrocarbon up-
take due to food consumption. Despite the mentioned 
superiorities, the considered delay was a fixed value; 
controlling other diabetes models with the proposed 
controller can be considered as a future research topic 
by considering time-varying delays.
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5. Conclusion

The combined controller of the predictive sliding 
model designed in this study, which is the vital part 
of an artificial pancreas, provides better results than 
previous controllers in terms of speed to normal blood 
glucose levels and reduces the effects of fluctuations 
in its amount. Better control of diabetes mellitus can 
reduce the complications of the disease, improve the 
quality of life of patients and reduce the costs for the 
individual and the health system.
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