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ABSTRACT 

Diabetes therapy is normally based on discrete insulin infusion that uses long-time interval measurements. Nevertheless, 
in this paper, a continuous drug infusion closed-loop control system was proposed to avoid the traditional discrete ap- 
proaches by automating diabetes therapy. Based on a continuous insulin injection model, two controllers were designed 
to deal with this plant. The controllers designed in this paper are: proportional integral derivative (PID), and fuzzy logic 
controllers (FLC). Simulation results have illustrated that the fuzzy logic controller outperformed the PID controller. 
These results were based on serious disturbances to glucose, such as exercise, delay or noise in glucose sensor and nu- 
trition mixed meal absorption at meal time. 
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1. Introduction 

Many researchers have attempted to find methods for 
diagnosing and treating diabetes disease. One of the ap-
proaches is to design an automated closed-loop insulin 
delivery system. A fully automated closed-loop insulin 
delivery system (also known as an artificial pancreas) 
could potentially be the ultimate answer for blood glu-
cose (BG) control in diabetic patients. This system can 
mimic the activity of a normal pancreas and is capable of 
maintaining physiological BG levels for insulin-depen- 
dent diabetic patients. 

Such an artificial pancreas system can theoretically 
produce tight glucose control without finger-stick BG  

measurements, subcutaneous insulin injections, or hypo-
glycemic/hyperglycemic events, thereby, dramatically im- 
proves the quality of life for an insulin-dependent dia- 
betic patient. The artificial pancreas is a system of inte- 
grated devices containing only synthetic materials, which 
substitutes for a pancreas by sensing plasma glucose con- 
centration, calculating the amount of insulin needed, and 
then delivering the correct amount of insulin. Typically, 
such a device is comprised of a glucose monitoring sen- 
sor, an insulin pump, and a control algorithm to regulate 
the pump to deliver the insulin in order to maintain nor- 
moglycemia in presence of sensor measurements. 

Figure 1 shows a basic block diagram of this type of  
 

 

Figure 1. Block diagram of closed-loop insulin delivery system. 

Copyright © 2013 SciRes.                                                                                 JSIP 



A Fuzzy Controller for Blood Glucose-Insulin System 112 

 
closed-loop control for the regulation of glucose levels. 
In this figure, a controller receives the difference be- 
tween the glucose set point (desired BG) and the glucose 
reading, and uses this information to continuously adjust 
the rate of insulin delivery. The insulin infusion and glu- 
cose measurements are either invasive or non-invasive, 
however, usually achieve using the subcutaneous route 
[1,2]. This closed-loop control is very similar to the func- 
tion that is performed by a healthy human pancreas; in 
other words, the research’s aim is to design a device that 
essentially functions as an artificial pancreas. This paper 
emphasises the need of a good quality controller when it 
comes to critical diabetes situations. 

2. The Mathematical Model of Diabetes 

In order to have a reliable automatic insulin delivery 
system operating under various physiological conditions,  

a model must be synthesized that has glucose-predicting 
ability and includes all the major energy-providing sub- 
strates at rest, as well as during physical activity. The 
mathematical models of metabolism proposed, in this 
paper, are glucose-based and have the contribution of 
free fatty acid (FFA) metabolism, which is an important 
source of energy for the body. Also, significant interac- 
tions exist among FFA, glucose, and insulin. It is impor- 
tant to consider these metabolic interactions in order to 
characterize the endogenous energy production of a 
healthy or a diabetic patient. Furthermore, physiological 
exercises are taken into account to induce the fundamen- 
tal metabolic changes in the body. Figure 2 shows the 
simulation of a composite model which is capable of 
predicting FFA-glucose-insulin dynamics during rest and 
exercise [3]. 

A mixed meal model was employed to capture the ab- 
sorption of carbohydrates (CHO), proteins, and FFA from 

 

 

Figure 2. Composite model simulation of diabetic patient. 
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the gut into the circulatory system [4]. An exercise model 
was used to incorporate the effects of exercise on glucose 
and insulin dynamics to capture the changes in glucose 
and insulin dynamics during and after mild-to-moderate 
exercise. The mixed meal, and exercise models served as 
a disturbance to the proposed model. The overall diabetic 
plant comprises of 34 differential algebraic equations, 
which describe 20 states. The diabetic plant includes the 
composite model, and its disturbances (mixed meal, and 
exercise models). The model successfully captured the 
FFA-glucose interactions at the systemic level, and also 
effectively predicted mild-to-moderate exercise effects 
on glucose and FFA dynamics. Accordingly, this com- 
posite model was selected in this work to provide a plat- 
form for the development of closed-loop controllers to 
maintain glucose homeostasis of a diabetic patient. 

3. Controllers Design and Simulation 

Various types of control algorithms for blood glucose 
control have been reported in the literature. Some of the- 
se algorithms include: PID control [5,6], and fuzzy logic 
control [1,2]. 

However, our studies have focused on using the suc- 
cessfully captured FFA-glucose-insulin dynamics com- 
posite model presented in section two, which has never 
been used before for control purposes, to developing two 
control algorithms: the PID and the fuzzy logic control- 
lers using Matlab/Simulink. The target blood glucose 
range that the controllers were supposed to attain and 
maintain is similar to healthy blood-glucose levels. The 
proposed blood-glucose range is between 70 mg/dl and 
120 mg/dl before meals and less than 180 mg/dl after 
meals [5], and the maximum insulin infusion rate is con- 
strained to 100 mU/min. 

3.1. The PID Controller 

The most traditional of all controllers is probably the 
proportional integral derivative (PID) controller. A PID 
controller uses a proportional term, an integral term, and 
a derivative term, each with a coefficient that provides a 
weight for that term. In many processes, especially in- 
dustrial, PID controllers are used to keep some kind of a 
steady state. The controller takes a measurement from a 
plant process (diabetic mathematical model) and com- 
pares it with a set-point (reference) value of BG concen- 
tration. The difference (or “error” signal) is then used to 
adjust the input to the plant in order to bring the meas- 
ured value back to its desired set-point. PID controller 
can adjust process outputs based on the history and rate 
of change of the error signal. The schematic diagram of 
the PID controller used with the composite model is 
shown in Figure 3. 

3.2. The Fuzzy Logic Controller (FLC) 

In the control theory field, fuzzy logic has emerged as a 
powerful tool to incorporate expert knowledge about sys- 
tems into the controllers design. In particular, the ability 
of synthesizing expert knowledge in the fuzzy logic 
framework has raised a lot of attention in different engi- 
neering fields. In this research, a control algorithm was 
developed to incorporate “formalize” expert knowledge 
about the treatment of diabetes using fuzzy logic con- 
troller. This controller should be able to regulate the 
blood glucose (BG) level when the diabetic patient is 
subjected to a mixed meal disturbance or fluctuations in 
the measured glucose level due to error or noise in the 
measuring instrument. 

Fuzzy logic control is furthermore an advanced proc- 
ess control, which imitates the logic of human thought 

 

 

Figure 3. Simulation of the PID controller. 
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and much less rigid than calculations that computers gen- 
erally perform. There are three steps for the process of a 
fuzzy logic algorithm: fuzzification, rules, and defuzzifi- 
cation. In this paper, it is assumed that there are two dif- 
ferent inputs of fuzzy logic controller: the glucose con- 
centration and the rate of change in glucose concentra- 
tion, and one output of the dose of insulin. 

The process of transforming inputs and output charac- 
teristics including the interval of variation for each vari- 
able and the fuzzy sets associated with the type of mem- 
bership function (MF) is called fuzzification method. By 
the definition of the input fuzzy set, as shown in Figure 
4, and the output fuzzy set as shown in Figure 5, a total 
of 17 IF-THEN rules were classified, as presented in Ta- 
ble 1. These rules were of AND (min) type antecedent. 
The output of the fuzzy concept is obtained, using de- 
fuzzification. The defuzzification strategy is based on the 
centroid of the area under the curve. Therefore, using the 
defuzzification process, the output gets an exact number 
(insulin dosage). 

 

 

Figure 4. MF of the inputs of fuzzy logic controller. 
 

 

Figure 5. MF of the output of fuzzy logic controller. 

4. Results of Controllers Tests 

4.1. Single Mixed Meal Test 

4.1.1. No Disturbance Test 
In this type of test, we apply a single mixed meal and 
both controllers were examined to get the best response 
to this test. The following table, Table 2 shows the single 
mixed meal used in the simulation. 

Figure 6 shows the response of the plant to the single 
mixed meal with no controllers. In other words, there is 
no insulin infusion. 

Figure 7 shows the response of the plant to the single 
mixed meal when regulated by the PID method. Simi- 
larly, Figure 8 shows the response of the plant when 
controlled by the fuzzy logic controller. The measure- 
ment results obtained from this test are presented in Ta- 
ble 3. 

4.1.2. Delay in Glucose Sensor Test 
Here, both controllers were tested against time delay in 
the glucose sensor (i.e. five minutes delay). The single 
mixed meal used in the simulation is as shown in the first 
test Table 2. 

 
Table 1. Rules of fuzzy logic controller. 

Concentration 
Rate 

Overlow Good High Higher Overhigh

Overlow Zero Zero Norm Snorm Smore 

Low Zero Little Snorm More Most 

High Zero Norm More Smore Most 

Highest Zero Snorm Smore Most Most 

 
Table 2. Single mixed meal. 

Item Time, min Glucose, g FFA, g Protein, g

Mixed meal 20 70 20 18 
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Figure 6. No control (no infused insulin) response of the 
plant to the single mixed meal. 
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Figure 7. PID controller response to single mixed meal. 
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Figure 8. FLC controller response to single mixed meal. 

 
Table 3. Measurement results of controllers to different tests of single mixed meal. 

No disturbance Sensor delay Sensor noise 
Item 

PID FLC PID FLC PID FLC 
No control 

Maximum glucose (mg/dl) 186.5 194.5 196 199.4 184.6 203.9 591.5 

Minimum glucose (mg/dl) 88.97 89.58 67.77 87.58 82.26 85.58 89.58 

Duration of Hyperglycemia (min) 0 0 0 0 0 0 541 

Duration of Hypoglycemia (min) 0 0 0 0 0 0 0 

Total infused insulin (U) 20.49 18.92 22.92 18.84 27.09 17.46 0 

Infused insulin above basal (U) 10.26 8.537 18.61 8.57 21.58 9.79 0 

 
The response of the plant to the single mixed meal 

with time delay when controlled by the PID algorithm is 
shown in Figure 9. Similarly, the response of the plant 
when controlled by the FLC is shown in Figure 10. The 
measurement results obtained from this test are presented 
in Table 3. 

4.1.3. Noise in Glucose Sensor Test 
In this type of test, we apply a single mixed meal as 
shown in the last section, with signal to noise ratio (SNR 
= 10 dB) in the glucose sensor. The simulation responses 
for both controllers are shown in Figures 11 and 12. The 
measurement results obtained from this test are presented 
in Table 3. 

4.2. Daily Life Test 

Here, we test how the controllers can deal with multi 
mixed meals and exercise, by supposing daily life of 
healthy people as shown in Table 4. 

Figure 13 shows the response of the plant to the daily 
life test when controlled by the PID approach. Similarly, 
Figure 14 shows the response of the plant when regu-
lated using the FLC. 

Although, the mixed meal for lunch and the dinner  
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Figure 9. PID controller response to 5 min time delay. 
 

has the same quantity, the blood glucose level has raised 
more after dinner than after lunch, thus infusing more 
insulin for both controllers, as shown in Figures 13 and 
14. This result is due to the exercise that was done before 
the dinner time which caused the plasma FFA elevation, 
where increased availability of FFA at rest has an inhibi- 
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Figure 10. FLC controller response to 5 min time delay. 
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Figure 11. PID controller response to noise in G. sensor. 
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Figure 12. FLC controller response to noise in G. sensor. 
 

tory effect on tissue glucose uptake, as shown in Figure 
15. The measurement results obtained from daily life test 
are presented in Table 5. 

Table 4. Daily life of mixed meals and exercise. 

Item Time, min Glucose, g Protein, g FFA, g 

Breakfast 20 46 9 10 

Lunch 350 76 18 20 

Dinner 750 76 18 20 

Item Time, min Percentage of physical activity 

Exercise 550 - 640 55% 
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Figure 13. PID controller response to daily life. 
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Figure 14. Fuzzy controller response to daily life. 

5. Discussion and Conclusions 

In the delay test of a single mixed meal, when the glucose 
sensor has 5 minutes time delay, the PID controller can 
not keep the blood glucose (BG) level at the basal level, 
producing a big drop in the BG level below the basal line. 
This results from the wrong insulin doses, which has a 
short term effect on his/her life causing danger to the 
patient. In contrast, the overshoot of BG concentration in 
the FLC is a little more than what happened in the PID  
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Figure 15. (Top) Percentage physical activity, (Bottom) pla- 
sma FFA concentration. 

 
Table 5. Controllers measurement results of daily life test. 

Item PID FLC 

Maximum glucose (mg/dl) 208.6 214.9 

Minimum glucose (mg/dl) 87.45 89.58 

Duration of hyperglycemia (min) 0 0 

Duration of hypoglycemia (min) 0 0 

Total infused insulin (U) 49.6 45.13 

Infused insulin above basal (U) 30.01 24.43 

 
controller. Nevertheless, the FLC in the stage of steady 
state has a stable response with the basal level of the BG 
concentration, and the basal level of insulin infusion. 
Thus, the insulin infused by the FLC is less than the dos- 
age infused by the PID controller as presented in Table 3. 
In comparison of the total insulin infusion in no distur- 
bance test and sensor delay test, it is quite obvious that 
the 5 min time delay caused more insulin infusion in case 
of the PID controller, and made the most quantity of in- 
fused insulin above the basal level. In contrast, the FLC 
has infused almost similar quantities as shown in Table 
3. 

In the noise test, when the glucose sensor has a 10 dB 
SNR, this causes a big confusion in the response of the 
PID controller and this is shown clearly in the stage of 
steady state before and after the time of ingesting mixed 
meal. The response of the PID controller is not accept- 
able in the sense of control since the BG level has an os- 
cillation causing a drop in BG level below the basal. In 
contrast, although the overshoot in the FLC is a little 
more than that what happen in the PID controller, the 
response of this controller in stage of steady state has 
kept the BG concentration almost at the basal level. The 
insulin infusion has a big fluctuation which will cause big 
extra effort on insulin pump. By comparing the total in- 
sulin infusion in no disturbance test and sensor noise test 

as presented in Table 3, it is very clear that noise has 
caused more insulin infusion in case of the PID controller 
compared to the FLC. Moreover, the PID has made the 
most infused quantity of insulin doses above the basal 
level. 

The PID controller in daily life test has a proper re- 
sponse where soon after the overshoot that happened due 
to the ingestion of mixed meal, the BG level returned 
back to the basal level. However, the overshoot in the 
FLC is little more than that what happened in the PID 
controller, where the effect of long time of high over- 
shoot has a long term effect on the life of the patient. In 
the stage of steady state, both controllers have the basal 
level of BG concentration, and basal level of insulin infu- 
sion. However, the PID controller has big oscillation of 
insulin infusion in the period of exercise time, which will 
cause extra effort on insulin pump. Also it is clear from 
Table 5 that insulin infused by the FLC is less than by 
the PID controller. 

In conclusion, taking into account all previous tests 
with both controllers, there were no case of hyperglyce-
mia (BG more than 270 mg/dl) or hypoglycemia (BG less 
than 60 mg/dl) as presented in Tables 3 and 5. However, 
resulting tables and figures have shown that the FLC is 
more reliable, safer and has less insulin consumption than 
the PID controller. Furthermore, real world cases should 
have a delay or/and noise in glucose sensor. Therefore, 
the FLC would be preferable and advisable when it 
comes to critical diabetes cases. 
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