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Integral Sliding Mode Control with Dual-
Hormone for an Artificial Pancreas 

Saoussane Mahour, Mohamed Tadjine, and Messaoud Chakir 

Abstract−Low concentration of glucose, “hypoglycemia” is the most critical complication for type 1 diabetes patients, 
may lead to coma or death. For this purpose, a dual-hormonal control of glycaemia is required, using insulin to recover 
the period of hyperglycemia and glucagon to treat hypoglycemia. In this study, an extended mathematical model of 
blood glucose is presented, taking into account the dynamics of the glucagon hormone. An Integral Sliding Mode 
Control ISMC was developed using a hysteresis switch between two hormones, “insulin and glucagon”.The numerical 
simulation results show that the proposed controllers have many advantages, such as robustness to parameter variance, 
change in the initial condition, and external disturbance.   
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NOMENCLATURE 

I. INTRODUCTION 

Diabetes is a chronic metabolic illness caused by a lack 
production or deficient action of insulin (concentration of 
glycemia above 180 mg/dl) .Type 1 diabetes is the one of this 
disease, the human body’s does not aptitude to secret the 
insulin by the beta cells of pancreas, which causes several 
risks to these patients’ health [1] .The symptoms of this 
diabetes includes urination, thirst ,losing weight  ,hunger 
increased appetite and  feeling tired [2].Control blood glucose  
decreases the risk of long-term diabetes-related complications, 
such as kidney disease, heart disease, blindness, and 
peripheral vascular and nerve damage [1]. The two methods of 
treatment for type 1 diabetes patients are multiple daily 
injections or continuous subcutaneous infusion via a portable 
pump. In recent years, the development of a novel device to 
build automated insulin delivery systems and to manage the 
blood glucose, known as the artificial pancreas[3]. however, 
intensive insulin treatment, including the artificial pancreas, 
can raise the risk of hypoglycemia with potentially severe 
complications, including coma or death [4]. Moreover, a 
closed-loop system retaining the dual hormone insulin 
infusion and glucagon has confirmed its efficacy in avoiding 
and treating hypoglycemia[5], [6] ; bihormonal systems would 
better emulate the endocrine pancreas function [7]. Several 
authors[5], [8], [9]have stated that a bihormonal closed-loop 
algorithm could provide asafe blood glucose regulation and 
significantly reduce the risk and time spent in hypoglycemic 

episodes [10] compared to usual insulin therapy. However, the 
dual-hormone systems have shown better results during 
exercise studies [10].  Besides, recent studies[11] have 
demonstrated that adding glucagon delivery to the closed-loop 
system with automatic exercise detection reduces 
hypoglycemia after aerobic exercise. To maintain the BGL in 
the normal range, approximately between 70-120 mg/dl for a 
healthy human and deal with hypoglycemia and 
hyperglycemia conditions, several control strategies have been 
designed and tested for the artificial pancreas: neural 
control[12], H∞ control[13], PID control[14], model 
predictive control[15], sliding control[16]. Among these 
controllers, Sliding Mode Control has received much attention 
in biomedical studies due to its unique features such as strong 
robustness, fast convergence rate, and simplicity[17], [18]. 
Sliding mode control is an efficient approach to dealing with 
the model uncertainties, nonlinearities, and bounded external 
disturbance[4]. The control technique has a number of 
advantages when compared with other nonlinear controllers. It 
has been implemented on photo-voltaic system [19] Leukemia 
therapy [20] and blood glucose regulation[4], [16]. 
This study aims to develop a control algorithm that maintains 
the blood glucose concentration in subjects with T1DM in a 
safe range using an integral sliding mode control and adopting 
a dual hormone strategy by adding glucagon administration to 
insulin delivery. Numerical simulations illustrate the 
contribution of glucagon to achieving control goals, with no 
hypoglycemic or hyperglycemic events observed. The 
remainder of this paper is organized as follows: Section 2 
describes the nonlinear model of the insulin-glucose-glucagon 
system and synthesizes the dual hormone controller applying 
to the integral slide mode method; section 3 discusses the 
obtained results; Section 4 concludes the paper.  

II. MATERIALS AND METHODS 

Mathematical model  

Many researchers have studied the glucose-insulin-glucagon 
endocrine and metabolic regulatory system. Therefore, 
different models for the glucoregulatory system are available 
[21], [22], [23] with different structures and degrees of 
complexity. The model developed by Ben Abbes et al (2013) 
[24]and extended by Mahour et al. (2022) [25]was chosen for 
this study to represent the diabetic patient (virtual subject). 

 

AP Artificial Pancreas  
BGL  Blood Glucose Level  
ISMC  Integral Sliding Mode Control  
PID  Proportional-Integral-Derivative 
TIDM  Type 1 Diabetes Mellitus  
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The mathematical description of the system is given as 
follows: 

 

 

𝑥𝑥1̇(𝑡𝑡) = −𝑃𝑃1𝑥𝑥1(𝑡𝑡) − 𝑃𝑃2𝑥𝑥1(𝑡𝑡)𝑒𝑒𝑆𝑆1𝑖𝑖2(𝑡𝑡)

+ 𝐾𝐾𝑔𝑔𝑔𝑔 𝑚𝑚4(𝑡𝑡) + 𝑃𝑃3𝑔𝑔6(𝑡𝑡) (1) 

 𝑖𝑖2̇(𝑡𝑡) = −𝑊𝑊𝑖𝑖𝑖𝑖2�𝑖𝑖2(𝑡𝑡) − 𝑖𝑖3(𝑡𝑡)� (2) 

 𝑖𝑖3̇(𝑡𝑡) = −𝑊𝑊𝑖𝑖𝑖𝑖1�𝑖𝑖3(𝑡𝑡) − 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖 (𝑡𝑡)� (3) 

 𝑚𝑚4̇ (𝑡𝑡) = −𝑊𝑊𝑔𝑔2�𝑚𝑚4(𝑡𝑡) − 𝑚𝑚5(𝑡𝑡)� (4) 

 𝑚𝑚5̇ (𝑡𝑡) = −𝑊𝑊𝑔𝑔1 �𝑚𝑚5(𝑡𝑡) − 𝑈𝑈𝑔𝑔𝑒𝑒𝑟𝑟 (𝑡𝑡)� (5) 

 𝑔𝑔6̇(𝑡𝑡) = −𝑊𝑊𝑔𝑔2�𝑔𝑔6(𝑡𝑡) − 𝑔𝑔7(𝑡𝑡)� (6) 

 𝑔𝑔7̇(𝑡𝑡) = −𝑊𝑊𝑔𝑔1 �𝑔𝑔7(𝑡𝑡) − 𝑈𝑈𝑔𝑔(𝑡𝑡)� (7) 

 𝑦𝑦(𝑡𝑡) = 𝑥𝑥1(𝑡𝑡) (8) 
 
 
x1 : Glycemia concentration, 
i2,i3 :Insulin concentration in distant compartments, 
m4 ,m5:  Quantity of ingested carbohydrate.  
g6, g7 :Glucagon concentration in distant compartments, 
P1:  Constant expressing the decline of glucose affected by 
glucose uptake by cells, independent of the insulin blood 
concentration, 
P2: Gain in the double action of the pair insulin– glucose on 
glucose 
P3: Glucagon action on glucose production, 
S1: Gain in the action of insulin on glucose.  
Kgr : Carbohydrates action on glucose production. 
Uins ,Urep , 𝐔𝐔𝐠𝐠:Injected insulin; ingested carbohydrates and 
injected glucagon,  
Win1, Win2: Values related with the distribution of insulin, 
Wr1, Wr2: Constants related with the distribution of 
carbohydrates,  
𝑾𝑾𝒈𝒈𝒈𝒈, 𝑾𝑾𝒈𝒈𝒈𝒈:  Constants related with  glucagon diffusion, 
 
 

Controller design  
Consider system described by (1)-(8) is presented as follows 

form:  

 
�̇�𝑥(𝑡𝑡) = 𝑓𝑓�𝑡𝑡, 𝑥𝑥(𝑡𝑡)� + 𝑔𝑔1(𝑡𝑡)𝑢𝑢1(𝑡𝑡)

+ 𝑔𝑔2(𝑡𝑡)𝑢𝑢2(𝑡𝑡); (9) 

 
Where x(t) is a measurable states, 𝑢𝑢1and 𝑢𝑢2 are the control 
inputs, f (x, t) and g(x, t) are unknown nonlinear time-variant 
functions. 
 
 
 

 
 Reference trajectory of x(t) is a known bounded  xr=1g/l.  
This value was chosen so that the blood glucose level of the 
patient with T1DM would remain within safe limits by the 
medical community: 80 and 100 mg /dL .The dual hormone 
control has two-control actions: 𝑢𝑢1 is represented by the 
injection of insulin in the bloodstream, and 𝑢𝑢2 is represented 
by the amount of glucagon administered in the bloodstream. A 
simple switching logic with hysteresis is applied to choose 
which hormone is active at each moment. In the algorithm, 
when the blood glucose is under 0.8 g/l, the glucagon 
controller is switched on so that the glucose concentration 
increases to the desired value of 1 g/l; then, the blood glucose 
exits the safe range. The insulin controller is switched on, and 
the glucagon controller is deactivated. 
 
Integral sliding mode Controller design  
 
Control problem of blood glucose concentration in diabetes 
patients requires the tracking of the normal glucose level. For 
the first state of the system to track their reference value, we 
define the error and integral of error as follows: 
 

 𝑒𝑒(𝑡𝑡) = 𝑥𝑥1(𝑡𝑡) − 𝑥𝑥𝑔𝑔  (𝑡𝑡) ;                           (10) 

 𝑒𝑒𝐼𝐼(𝑡𝑡) = ∫ 𝑒𝑒(𝑡𝑡)𝑑𝑑𝑡𝑡; (11) 
 
 
Now, consider a third order sliding surface that incorporate 
the tracking error: 
 

 
𝑆𝑆(𝑡𝑡) =  �̈�𝑒(𝑡𝑡) + 𝛽𝛽1�̇�𝑒(𝑡𝑡) + 𝛽𝛽2𝑒𝑒(𝑡𝑡) +  𝛼𝛼 𝑒𝑒𝐼𝐼(𝑡𝑡);  (12) 

 

 

𝑆𝑆(𝑡𝑡) =     𝑥𝑥1̈ (𝑡𝑡) + 𝛽𝛽1 𝑥𝑥1̇(𝑡𝑡)
+ 𝛽𝛽2�𝑥𝑥1(𝑡𝑡) −  𝑥𝑥𝑔𝑔  (𝑡𝑡)�

+   𝛼𝛼 �(𝑥𝑥1(𝑡𝑡) −  𝑥𝑥𝑔𝑔  (𝑡𝑡))𝑑𝑑𝑡𝑡 ; (13) 

Differentiation of (13) with respect to time can be calculated 
by  

 
�̇�𝑆(𝑡𝑡) =  𝑥𝑥1⃛(𝑡𝑡) + 𝛽𝛽1  𝑥𝑥1̈ (𝑡𝑡) + 𝛽𝛽2  𝑥𝑥1̇ (𝑡𝑡)

+  α  𝑥𝑥1(t); 
(14) 

 

The overall control law for blood glucose regulation of patient 
can be written as: 

 

 

𝑈𝑈1 =  1
𝜑𝜑1

�𝑔𝑔1 + 𝛽𝛽1 �−𝑃𝑃1�̇�𝑥1(𝑡𝑡) −
𝑃𝑃2𝑥𝑥1𝑡𝑡𝑒𝑒𝑆𝑆1𝑖𝑖1𝑡𝑡−𝑃𝑃2𝑆𝑆1𝑥𝑥1𝑡𝑡𝑖𝑖1𝑡𝑡𝑒𝑒𝑆𝑆1𝑖𝑖1𝑡𝑡+𝐾𝐾𝑔𝑔𝑔𝑔𝑚𝑚1𝑡𝑡
+𝑃𝑃3𝑔𝑔1𝑡𝑡+𝛽𝛽2−𝑃𝑃1𝑥𝑥1𝑡𝑡−𝑃𝑃2𝑥𝑥1𝑡𝑡𝑒𝑒𝑆𝑆1𝐼𝐼1𝑡𝑡+𝐾𝐾𝑔𝑔𝑔𝑔𝑚𝑚
1𝑡𝑡+𝑃𝑃3𝑔𝑔1𝑡𝑡+𝛼𝛼 (𝑥𝑥1𝑡𝑡− 𝑥𝑥𝑔𝑔 𝑡𝑡)+𝑘𝑘𝑖𝑖𝑖𝑖𝑔𝑔𝑖𝑖𝑖𝑖 ; 

 

 

(15) 
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𝑈𝑈2 =  
1

𝜑𝜑2
�𝑔𝑔2 +  𝛽𝛽1 �−𝑃𝑃1�̇�𝑥1(𝑡𝑡)

− 𝑃𝑃2�̇�𝑥1(𝑡𝑡)𝑒𝑒𝑆𝑆1𝑖𝑖1(𝑡𝑡)

− 𝑃𝑃2𝑆𝑆1𝑥𝑥1(𝑡𝑡)𝑖𝑖1̇(𝑡𝑡)𝑒𝑒𝑆𝑆1𝑖𝑖1(𝑡𝑡)

+ 𝐾𝐾𝑔𝑔𝑔𝑔 �̇�𝑚1(𝑡𝑡) + 𝑃𝑃3�̇�𝑔1(𝑡𝑡)�

+ 𝛽𝛽2 �−𝑃𝑃1𝐺𝐺𝑥𝑥1(𝑡𝑡)
− 𝑃𝑃2𝑥𝑥1(𝑡𝑡)𝑒𝑒𝑆𝑆1𝑖𝑖1(𝑡𝑡)

+ 𝐾𝐾𝑔𝑔𝑔𝑔 𝑚𝑚1(𝑡𝑡) + 𝑃𝑃3𝑔𝑔1(𝑡𝑡)�
+ α (𝑥𝑥1(𝑡𝑡) −  𝑥𝑥𝑔𝑔 (𝑡𝑡))   
+ 𝑘𝑘𝑖𝑖𝑖𝑖𝑔𝑔𝑖𝑖(𝑖𝑖)� ;   

(16) 

III. RESULTS AND DISCUSSION  

In this section, we analyzed the behavior of   proposed 
nonlinear controller under critical conditions, such as 
hypoglycemia (low blood glucose concentration) and 
hyperglycemia (high blood glucose concentration). Table .1 
lists the value of the parameters have been used of the 
simulation in MATLAB.  
 
The simulation in fig.1 shows a virtual patient confronted with 
hyperglycemia and external disturbance. Initially, the blood 
glucose concentration is around 4 g/l and the patient consumes 
80 g of carbohydrates at 12:00 p.m . The blood sugar levels 
remain within the acceptable range of 0.9 to 1.20 g/L, 
avoiding critical periods of hyperglycemia or hypoglycemia. 
The blood sugar converges towards the target value of 1 g/L. 
The external disturbance does not impact the system's 
response, demonstrating the controller's robustness to such 
changes 
The integral action integrated with the sliding mode technique 
results in a significant reduction in steady-state error. 
Fig.2the control inputs Uins  and Ug (insulin and glucagon 
injections) in the case of ISMC. This method exhibits 
unwanted chattering and fluctuations in the control inputs 
curve. It can be seen that the level of insulin administered into 
the body is at its maximum after the intake of carbohydrates, 
reaching a value of 13 U/min. To compensate for the high 
quantity of insulin and to avoid a hypoglycemic episode, the 
controller injects the  glucagon. This approach ensures a safer 
management of blood glucose levels by preventing both 
hyperglycemia and hypoglycemia. 
 

Table 1. 
Parameters used during the simulation. 

Parameter Value Units 
P1 
P2 
P3 
S1 

Kgr 
Wg1 
Wg2 
Win2 
Win1 
Wr2 
Wr1 

0.003 
0.0008 

0.04 
60 

0.04 
0.2 

0.02 
0.009 
0.006 
0.02 

0.008 

min-1 
min-1 
min-1 

pmol/min 
mg/(dl/min) 

min-1 
min-1 
min-1 
min-1 
min-1 
min-1 

 
 

 
 

Fig.1: Concentration of blood glucose with hyperglycemia and 
external disturbance 

 
 

 
Fig 2: Control input (insulin and glucagon injected) 

 
The effect of different initial conditions was simulated to 
check the robustness of the ISMC controller. Fig.3 presents 
the results obtained. Three different simulation scenarios were 
assumed. In the first scenario, the blood sugar level is initial 
X01= 0.3g/l; in the second scenario, it is X01= 0.4 g/l; and in 
the third scenario, it is X03=0.5 g/l. It can be noted that the 
blood glucose curves follow the same shape and converge to 
the desired value with the lowest error in beginning. 
Fig.4 displays the control inputs by the controller for various 
initial conditions during a hypoglycemia episode. It is clear 
that the amount of administered glucagon varies based on the 
patient's initial conditions. 

Fig.5 presents the tracking error in the presence of 
hypoglycemia with different initial conditions. Initially, the 
error is at maximum, indicating a significant difference 
between the real glucose level and the reference value. The 
error reduces to zero after injecting glucagon into the different 
patients using ISMC. 
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Fig.3: Concentration of blood glucose with different initial 
conditions.  

 

 

Fig.4: Control inputs by the ISMC 

 

Fig.5: Tracking error under different initial conditions 

Fig.6 shows the level of sugar in blood of three different 
patients with hypoglycemia, and Table.2 summarizes the 

parameters. It can be noted that all three patients’ blood 
glucose levels were stabilized to reference value, validating 
the rejection of parameter uncertainty and robustness to 
parameter variations by the controller ISMC.   
Fig.7 illustrates the control inputs (injected glucagon) of the 
three different patients using ISMC. It can be noted that the 
amount of administered glucagon is different for different 
patients depending on the parameters of patients in beginning. 
 

Table 2. 
Parameters used for three different patients. 
Parameters  Patient 1 Patient 2  Patient 3 
P1 
P2 
P3 
S1 

0.004 
0.0009 
0.05 
70 

0.003 
0.0008 
0.04 
60 

0.002 
0.0007 
0.03 
50 

 
 
 

 

Fig.6: Concentration of blood glucose for three different conditions 

 

Fig.7: Control inputs for three different conditions 

IV. CONCLUSION 

Over the past few decades, the design of a robust controller 
has been an appropriate choice for the closed-loop of an 
artificial pancreas. This paper proposed the integral sliding 
mode with bihormonal control (ISMC) to regulate blood 
glucose. The dual hormone can potentially reduce insulin-
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induced hypoglycemia’s effects and provide additional blood 
glucose safety. The ISMC was also submitted to test the 
robustness property. Satisfactory results were observed from 
the simulation. In addition, the robustness of the proposed 
controller to parameter variations of different diabetic 
patients, external disturbances, and changes in the initial 
condition was confirmed 
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