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ABSTRACT 
In this paper, an automation scheme for an implantable insulin delivery system in type I diabetes therapy is 

studied using a well-designed PID-FLC controller. A proportional–integral–derivative controller (PID controller) is 

a control loop feedback mechanism (controller) commonly used in industrial control systems. A PID controller 

continuously calculates an error value as the difference between a desired set point and a measured process variable 

and applies a correction based on proportional, integral, and derivative terms, (sometimes denoted P, I, and D 

respectively) which give their name to the controller type. A fuzzy control system is a control system based on fuzzy 

logic—a mathematical system that analyzes analog input values in terms of logical variables that take on continuous 

values between 0 and 1, in contrast to classical or digital logic, which operates on discrete values of either 1 or 0 

(true or false, respectively). The advantages of PID controller and FLC is derived in PID-FLC controller. 

Proportioanl-Integral-Derivative Fuzzy Logic Controller (PID-FLC) is achieved by combining the Proportional-

Integral (PI-FLC) and Proportional-Derivative (PD-FLC) controllers. The system is modelled using linear quadratic 

regulator (LQR) technique. It is used to train the neuro controller and FLC is used to make right decisions using the 

rule table to achieve tight glycemic control between a euglycemic ranges of 90 to 120 mg/dl. The performance of 

PID-FLC controller is studied and observed that when compared with other controllers, PID-FLC is more robust and 

maintains the level of insulin that is delivered daily.  
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1. INTRODUCTION 

Diabetes mellitus (DM): Commonly referred to as diabetes, is a group of metabolic diseases in which there are high 

blood sugar levels over a prolonged period. Diabetes is due to either the pancreas not producing enough insulin or 

the cells of the body not responding properly to the insulin produced. Type 1 DM results from the pancreas's failure 

to produce enough insulin. This form was previously referred to as "insulin-dependent diabetes mellitus" (IDDM) or 

"juvenile diabetes". The cause is unknown. Several methodologies have been developed during the past three decades 

to control the blood glucose system of the human body. Strategies using PID control has been formulated, were 

shown to be primarily very robust in a variety of conditions for a simulated, average diabetic patient. Non-linear 

predictive controllers and intelligent soft computing techniques (e.g. fuzzy and neuro-fuzzy methods) have been 

reported in numerous studies. These papers cope with the parameter uncertainty and the nonlinear dynamics of the 

metabolic process. For this model, blood samples were taken from a fasting subject at regular intervals of time. In 

this paper, an automation scheme for an implantable insulin delivery system in type I diabetes therapy is studied 

using a well-designed PID-FLC controller. 

Mathematical Model: In this paper, the simulation studies were based on a mathematical model developed by 

Haiyan Wang (2007). It closely simulates the dynamics of insulin-glucose interactions for human body. Thus, this 

model could be easily devoted to model insulin therapy for the patients whose pancreas does not produce enough 

insulin to properly control plasma glucose concentration levels. Briefly, the adopted model for type I diabetes with 

malfunctioned pancreas is as follows. 

                                  
𝑑𝑔

𝑑𝑡
= 𝐺𝑖𝑛(𝑡) − 𝑓2(𝐺(𝑡)) − 𝑓3(𝐺(𝑡)) − 𝑓4(𝐼(𝑡 − 𝜏3)) + 𝑓5(𝐼(𝑡 − 𝜏2))     (1) 

  

 
𝑑𝐼

𝑑𝑡
= 𝐼𝑖𝑛 − 𝑑𝑖(𝑡) 𝐼(𝑡)                                                                         (2) 

The Proposed PID-FLC: There are several structures of the decomposed PID as illustrated in. In this paper, the 

configuration in Figure 1 has been exploited for implementing a new insulin delivery system. This structure avoids 

the difficulties associated with the other PID-FLC configurations, which include rule dimensions, tuning and 

implementation. 

The fuzzy controller developed here is a two– input and one–output controller. The two inputs are e (mg/dl) 

and ce (mg/dl/min). The output is the delivered-insulin (MicroU). In particular. The PD and PI parameters were 

manually tuned using eq. (3) and eq. (4) to get the desired values of the optimal PID-Fuzzy controller. 

 𝑌𝑃𝐼𝐷 = 𝛼1 × 𝑌𝑃𝐷 + 𝛼2 ×  𝑌𝑃𝐼                                                           (3) 

Where, α1 is the participation rate of PD-FLC, α2 is the participation rate of PI-FLC, DDI is the daily 

delivered insulin and MPE is the mean percentage error as in eq. 4. 
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   𝑀𝑃𝐸 =
1

𝑛
 ∑ .  𝑛

𝑡=1
𝐺𝐹𝑢𝑧𝑧𝑦−𝐺𝑁𝑜𝑟𝑚𝑎𝑙

𝐺𝑁𝑜𝑟𝑚𝑎𝑙 
                                                        (4)    

Where, GNormal is the normal glucose level and GFuzzy is the glucose level under the fuzzy controller. The 

result of equation 3 when α1 =1 and α2 =0 is a full PDFLC, and when α1 =0 and α2 =1, the result is a full PI-FLC. 

However, the intent of this study is to attain the best of these controllers. So, a process of selecting optimum 

values of α1 and α2 has been achieved as described in the results. 

PD-FLC for Glucose-Insulin System: The design of this controller was based on two input linguistic variables (e 

and ce) and one output variable representing the delivered-insulin. Each input variable was partitioned into a number 

of fuzzy subsets. The error e was divided into five triangular membership functions (Extremely Negative Error (X-

NE), Negative Error (ZE), Positive Error (PE) and Extremely PE)) with a range of (-15–11) mg/dl/min a 2. Similarly, 

the rate of error change (ce) was triangular membership functions within (-0 as illustrated in Figure.3. Also, the 

output divided into five triangular membership function Large Insulin (X-LI), Large Insulin (LI), Small Insulin (SI) 

and Extremely Small Insulin with the range of (0.7–1.5) mU as shown in Figure.4. The inputs and output were 

specified during the PD-FLC by noticing the maximum values of each fuzzy variable. Once the input and output 

were defined and the membership functions fuzzy IF-THEN rule was derived from linking the output membership 

functions. The total n rules was 25 as depicted in Table.1. 

  
Figure.1. The structure of PID-FLC Figure.2. PD-FLC: Membership Functions of 

input(1) 
 

  
Figure.3. PD-FLC: Membership Functions of input(2) Figure.4. PD-FLC: Membership Functions of 

output variable 

PI-FLC for Glucose-Insulin: 

Table.1. Rules of THE PD-FLC 

     de/dt 

  e 

 

X-NC 

 

NC 

 

ZC 

 

PC 

 

X-PC 

X-NE ELI ELI ELI LI ZI 

NE ELI ELI LI ZI SI 

ZE ELI LI ZI SI ESI 

PE LI ZI SI ESI ESI 

X-PE ZI SI ESI ESI ESI 

There are two different structures of PI-FLC. The PI-FLC’s structure which is a PD type with an integrater 

at the output was used. In this type, the rule base is fed by two input variables. The range of the error and its rate of 

change is (-4, -16) mg/dl and (-2, -2) mg/dl/min respectively. The simulation of the PI-FLC by recording the largest 

and smallest values of the fuzzy variables. 

  
Figure.5. PI-FLC: Membership functions of  

input (1) 

Figure.6. PI-FLC : Membership functions of  

input (2) 
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Figure.7. PI-FLC: Membership functions of output variable 

For both the PD-FLC and the PI-FLC, Mamdani-Min-Max inference engine was used to inquire the 

controller command based on the fuzzy expert rules for a given set on inputs. In addition, the center of area (CoA) 

of the resulted output fuzzy set of the combined membership function was utilized to provide crisp output of the 

fuzzy controller. 

Table 2. Rules of PI_FLC 

  de\dt 

e 

 

NLC 

 

NSC 

 

PC 

 

PSC 

 

PLC 

NLE NL NL NL NS Z 

NSE NL NL NS Z PS 

ZE NL NS Z PS PL 

PSE NS Z PS PL PL 

PLE Z PS PL PL PL 

2. RESULTS AND DISCUSSION 

Two simulation sets were running, the first without any noise, and the second with 80% noise. In each set 

there are three algorithm simulations, one using the Expert PID algorithm without fuzzy controllers, one using the 

fuzzy-modified. Expert PID algorithm, and using the fuzzy PID, for comparison. 

For simulation purposes, the model parameters where adapted from. Basically, it was assumed that the used 

insulin was Lispr, whose activity starts within 5-15 min of delivery and the patient under treatment followed as a 

diet described in. 

        In this paper, simulations we were conducted for P-FLC, PD- FLC, PI-FLC as well as PID-FLC. The blood 

glucose level was considered acceptable if it was in the range of 70-140 as proposed in. 

The simulation results of the four developed controllers as well as the normal model are shown in Fig 8. As 

shown in this figure, the range of the blood glucose concentration under the P-FLC, PD-FLC, and the PI-FLC is 112-

125mg/dl, 85- 124 mg/dl, and 84-130 mg/dl, respectively, which is within the normal range. 

System Robustness: In order to evaluate the proposed control method for realistic conditions in patients with type I 

diabetes, a complete one-day simulation study was performed. This study was mainly intended to monitor the 

robustness of the automated insulin delivery system under a change in the clearance rate value, an unexpected glucose 

intake amount, and a sudden glucose increase at a local peak glucose level. 

Changing Clearance Rate: The clearance rate can be defined as the measurement of insulin degradation relative to 

the amount of delivered insulin. Experiments have shown that insulin degradation is proportional to insulin 

concentration. Thus, as in, we assume the clearance rate is a constant and denote it by di > 0. In this issue, system 

robustness was tested by changing the di value from 0.0076 to di 0.0077. 

The closed loop robust performance to this perturbation is shown in Table 3. It can be seen that, an excellent 

compromise between the daily delivered insulin value and MPE was achieved with the conducted control scheme 

compared to individual controller commands, where the two values were minimized and the controller was able to 

handle such variations. 

Unexpected Glucose Intake: This test aims to test the performance of the introduced controllers under a sudden 

change of glucose level. In this experiment, the glucose intake Gin proposed in was changed to be glucose disturbance 

(GDis), as described in equation (6). Under this test, the performance of the four fuzzy controllers for 1440 minutes 

of simulation (one day) is shown in Figure.9. The P-FLC output exceeds 150 mg/dl. 

{
0.01 𝑡2, 0 ≤ 𝑡 < 120

0.01(120 − (120 − (𝑡 − 120))2                         (5) 

 
Figure.8. The system output of glucose level under GD is for 1440 min. 
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Severe rise in the blood glucose level: In healthy subjects, the blood glucose concentration may reach as high as 

300 mg/dl. As a result, the pancreas secretes the suitable amount of insulin to retrieve the glucose level back to its 

normal range (70-140 mg/dl). To simulate this reality, it was assumed that the diabetic patient experiences a severe 

increase in the glucose level at a time point (at t=800 minute). In this test, the PI-FLC recorded the fastest time (about 

15.24 minutes) to return the glucose level bake to its desired range. The PID-FLC had the second fastest time (15.81 

minutes) followed by the PD-FLC (15.82 minutes), while the P-FLC was the slowest (about 20 minutes). However, 

in the study presented in, the PI-FLC applied on the Simple Bergman model was the fastest among the other 

introduced controllers and took about an hour to return the glucose level bake to a pre-specified set point (80 mg/dl). 

This demonstrates the superiority of the controllers proposed in this paper over those developed in the previous. 

 
Figure.9. The performance of the fuzzy controllers under a severe rise in the BGC. 

3. CONCLUSION 

All the designs of the fuzzy logic controllers show robustness against diverse human variations such as model 

parameters, an unexpected glucose intake and a severe rise in the blood glucose level. However, the PID-FLC 

demonstrates an acceptable compromise between the amount of the daily delivered insulin and the MPE. As a result, 

the proposed PIDFLC achieved better performance and is an ideal candidate for automated implantable delivery 

systems. 
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