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Abstract

Compensation to Automate an External Glucose Level
Management System for Diabetes Type 1

Sebastian Trygg

This report takes an approach of laying the first steps to create an artificial pancreas
system as treatment for type 1 diabetes. This includes a thoroughly performed
analysis of the most intrusive physical factors, such as hormonal activity, time offset,
errors of measurement and metabolism. Such factors raise a need for
compensation. A compensation that will enable the development of the link between
a continuous glugose monitoring(CGM)-device and an insulin infusion pump, 
a system that can be described as an Artificial Pancreas.
Through analysis of measured glucose series, a mathematical
approximation is presented to solve the time offset of CGM.
The approximation gives sufficient results but with room for improvement
From the analysis of affecting factors, a compensation model is
developed. The model is designed as a closed loop which is suitable for time
continuous systems. The output of the compensation model equation presented here is a
directive that would be read by an insulin pump.
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1. Introduction
In Sweden, over 800 people gets diagnosed with Diabetes type 1 every year[1]. This is 
twice as many people as in 1980. Diabetes type 1 is an autoimmune disease that will lead 
to severe damage of the body when not treated in a correct way[2]. The immune system in 
the body destroys the glucose management system of the pancreas to a still unknown 
cause. To help keeping the glucose concentration at the same level as a healthy individual 
there are several different types of technical devices that can help monitoring this. The 
most common and most effective yet available are the systems called CGM, Continuous 
Glucose Monitoring. This technique measures the induced current from the liquid inside 
fat membranes under the skin as glucose reacts with a special enzyme[3]. Further on 
displaying a converted value on a wireless connected monitor. The measurement that we 
receive is proportional to the glucose level in the blood but with a time delay of between 7 
to 15 minutes. This means that by predicting what the next measurement will be, we can 
get the real time value. The glucose concentration however, will vary, depending on for 
example the intake of carbohydrates, medication, stress level, or straining your body while
exercising. These factors makes it hard to predict the real time glucose value. 

To keep the right glucose concentration in the blood the β-cells of the pancreas produces 
insulin hormone, letting the cells take in the glucose to release energy. A person with 
diabetes type 1 does not produce any, or close to none, insulin. Therefore this will have to 
come from an external source. This is done by injecting insulin manually from a shot or by
programming an insulin pump. A pump could be connected to a CGM device in such a 
way that the value from the CGM device decides how much insulin the pump should 
inject. There are commercial systems like these available[4]. These systems do have the 
ability to avoid low glucose values at night time and further on help with the insulin dose 
calculation. They are not, by any means, fully automated.

With the right system approach, and the right compensation regarding factors that are 
making the blood glucose to vary, we could have a system that, just like the one in a 
human body, detects and corrects high and low blood glucose levels sufficiently, an 
artificial pancreas system. The goal of this project is to work out a mathematical 
compensation model that could handle these factors. This includes identifying and 
analysing the impact of each factor at any given time and from a series of real glucose 
measurements apply the compensation to result in a command that can be read by an 
insulin pump. This will be performed on a general level and is not to be seen as a final 
solution rather than something to eventually keep developing.
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2. Theory – factors that affects blood glucose regulation
When discussing diabetes type 1 in general, a common expression is that there are as 
many types of diabetes as there are diabetics. This might have to do with the complex 
treatment of not having the same doses every day. Although the expression might be true 
in some sense, it will ultimately be proven to be clinically wrong. When searching for a 
deeper understanding to analyse this medical situation, then the factors that cause the 
blood glucose to vary starts to resolve. There is a possibility that there aren't infinitely 
types of diabetes. It would be more likely that every person has a momentous set-up of 
these factors that makes the blood glucose vary. If it is possible to describe these factors 
and the way we can identify them. It is also possible to describe diabetes type 1 for every 
unique diabetic.

2.1 CGM technology

Most CGM systems consists of two devices. There is one sensor that is stuck to the skin at
an area that has more subcutaneous(under the skin) fat tissue. Often this could be the 
lower part of the stomach, the thighs or the upper backside of the arms. When the device is
applied onto the skin it shoots out a thin metal wire into the fat tissue. This is normally 
made out of platinum. The wire is coated with a special enzyme and inserted right under 
the skin into the fat. Fat membranes contain liquids where the glucose molecules are 
located. The enzyme then reacts with the glucose and creates hydrogen peroxide. The 
peroxide induces a current that will flow through the platinum wire to the sensor[3]. The 
size of the current is in microampere(μA). The second device is a meter that displays the 
value. The two most common ways to send the values from the sensor to the display 
device is by either 2.4GHz wireless protocol or by NFC, Near Field Communication[5,6]. 
Systems using NFC demands that you actually place the display device very close to the 
sensor. Therefore this is really called FGM, Flash Glucose Monitoring. Although often 
referred to as CGM since the measuring technology is the same.

2.1.1 Time offset

The importance of approximating the real time glucose level accurately is very high. This 
due to that this value is the starting point from where the rest of the calculations are made. 
This means that if we get this wrong, the errors will increase through the algorithm that 
the insulin doses are based on. Since CGM measures the glucose concentration 
subcutaneous, the value differs from the blood glucose, which is the important variable. 
The concentration differs slightly depending on metabolism, glucose level and hormonal 
activity[3]. The main issue, however, is the time offset. The lag time is individual and not 
constant. It varies mainly along with glucose level and hormonal activity. The lag time of 
the subcutaneous measurements is normally 7-15 minutes[3]. The concept of time delay of
CGM can be presented as in figure 1.
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What we want is for the CGM-curve to come as close as possible to being a fit for the 
blood glucose measurements. The figure shows a time delay of 10 minutes.

2.1.2 Accuracy

The mean absolute relative error of CGM technology is actually smaller than using blood 
glucose of a finger prick when looking at a series of values. This is in spite of that these 
different methods are using the same enzyme. The reason for this is that every value that is
presented in a CGM monitor is the mean value of a number of measurements. This way, 
disregarding the time delay, CGM can be perceived as more accurate.

2.1.3 Body temperature

Studies of measuring glucose generally in an environment with high temperature in a 4 
hour period of time, have shown a false increase of glucose values[7]. What we also can 
read from this study is that under normal circumstances we do not have to worry about 
this, but measuring during a fever or right after exiting from a sauna, the meter will show a
false high value.

2.1.4 Enzyme coating

The platinum wire is coated with enzyme. If the coating does not cover the complete wire 
there will be an underestimation of glucose values[7]. The thickness of the coating has 
also an effect. Thicker coating will raise an error although small compared to have missing
spots. What is the most important factor regarding errors of the coating is the production 
quality of the sensor. Most systems can tell when there is a mechanical error of the sensor.
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2.1.5 Catabolic state

When the body is in a catabolic state the glucose concentration is lower in the fat than in 
the blood[3]. CGM meters therefore have the tendency to show a lower value than the 
actual blood glucose. When the blood glucose is on a normal level during a catabolic 
process, the difference between blood and fat is negligible. The difference becomes 
drasticly larger when the blood glucose is low. Whether a glucose concentration is low or 
not can differ among people with diabetes type 1. Generally, values lower than 3.5 
mmol/L are regarded as low. If your average glucose value is 9.5 mmol/L, instead of a 
much more healthy 5.5 mmol/L. Then the limit for low glucose will be higher as well[2]. 
To get an accurate compensation for this error, the mean value of the glucose over a period
of time needs to be considered.

2.1.6 Acetaminophen

A well known issue with medications that needs to be considered is regarding painkillers. 
Several painkiller brands use acetaminophen, also known as paracetamol. Taking 
acetaminophen medication will cause false reading of high subcutaneous glucose. As we 
know, the CGM functions by measuring the current induced by glucose and peroxide in 
the interstitial fluids. The acetaminophen is most active right there and will affect the size 
of the current. The study done by doctor David M Maahs at  the university of Colorado 
showed that patients taking 1000mg of acetaminophen, that is double the normal doses but
less than maximum, could read a CGM value that was, at most, four times the value of the 
blood glucose[17]. The study showed no difference regarding age. The study showed 
small doses of these painkillers have close to no effect. Which confirms what previous 
studies of smaller doses have shown[18]. What needs to be considered is that painkillers 
are used frequently and by that it can cause problems even if the false measurement is no 
more than 20% deviated. From the studies that have been done so far there is no 
sufficiently accurate method to compensate for the false readings[17,18]. The clear 
tendencies are that for a 1000mg dose of acetaminophen the rate of change in fat glucose 
does not correspond to any normal raise. The way to spot these false readings could be to 
retrieve a higher rate of measurements and more frequently calculate the deviation. If the 
relative deviation is to high it can look like the graph displayed in figure 2.
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If the false measurements are the red dots in figure 2, with abnormal high deviation from 
the mean value, acetaminophen effects have to be considered. The exact way that 
acetaminophen, or paracetamol, works is not known. Therefore it is difficult to exclude the
conflict between CGM technology and acetaminophen even by changing the process of 
CGM slightly. What is known about acetaminophen is that it is drawn to peroxides. 
Because of that, the acids of the glucuronosylation might effect the measurements.

2.1.7 Subcutaneous vs. Intravenous

The biggest disadvantage of CGM technique is that it does not measure the exact blood 
glucose, due to the time delay. Based on that the time delay is an issue. There are, 
however, several issues when trying to continuously measure the blood glucose. The risk 
of infection is presumably very high if a person were to walk around with a meter always 
connected to blood vessels. That would be almost like an open wound. Since the enzyme 
coated on the platinum wire does not last for more than a couple of weeks, the diabetic 
himself will have to do the procedure of changing the sensor. This is a very difficult task 
for someone that is not a trained nurse or doctor. It also limits the number of places to 
stick the sensor to just a few. When placing a sensor measuring interstitial fluids, the only 
thing needed is a place with subcutaneous fat. This means that the only places to avoid are 
above the shoulders and all extremities like hands and feet. The procedure to change 
sensor is very easy with most of the existing systems and it takes only around two minutes
or less to perform. There are however models of measuring the glucose concentration 
continuously in the blood in development. There is no information officially released 
about this. What has been speculated is that it requires an operation to place it but that it 
will last for longer periods. No information about connectivity is available. 

9

Figure 2: High deviation of measurements over a short period of time to spot effect of medications 
where the two different series have the same mean value.



2.2 Physiological factors

2.2.1 Carbohydrates

The most predictable raise in glucose level is after a meal or a drink containing 
carbohydrates.  The raise, however, is different for every diabetic. Depending on age, mass
and metabolism[2]. The carbohydrates in food will be transformed into mainly glycogen 
when passing through the intestinal and then transformed into mainly glucose[8]. The 
raise of blood glucose caused by food or drinks can be derived from the concentration of 
carbohydrates in it. This means that, from testing, one can decide what dose of insulin that
corresponds to a number of grams of carbohydrates. Not all diabetics do these calculations
before every meal. Those who do, add up the weights of carbohydrates and divides it with 
the pre-calculated carbohydrates-insulin-quota. There are difficulties here as well. All 
carbohydrates doesn't turn into glucose at the same rate. It can differ by several hours 
depending on the amount of fibers, acid, fat, types of sugar and also if it's raw or cooked. 
The pre-calculated quota is done by physically eating something with a known amount 
grams of carbohydrates. Most common is the magnitude of microlitre(μl) of insulin and 
grams of carbohydrates. Normally one unit of insulin equals ten μl. The quota describes 
how many grams of carbohydrates that one unit of insulin corresponds to. This quota 
changes very little over several months[9]. When calculating insulin dose we get the right 
amount of insulin from equation 1:

 

Equation 1: Insulin dose calculation

When injecting the insulin all at once, it rarely corresponds to when the food is turned into
glucose. In figure 2 an illustrative example of this is presented.

This figure shows in theory where the insulin lowers the blood glucose the most and what 
time the carbohydrates raise the blood glucose the most. The optimal outcome is for these 
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gramscarbohydrates [g ]

pre−calculated quota [g /10−6 L]



two curves to be as one. If the case is as in figure 2, the blood glucose would be lowered to
a dangerously low level and the person would have a hypoglycaemia. This case, as well as
reversed, does happen rather often to most diabetics even though calculating insulin 
doses[13]. The reason is often that it is hard to keep track on the content of fat, fibers, 
acids and types of sugar.

2.2.2 Infections

The main problem of diabetes type 1 is that the glucose cannot be automatically 
transported into the cells. This will get even worse when struck by an infection. The 
infection often make the body insulin resistant to some degree. This means that the insulin 
injections will not lower the blood sugar as otherwise. The body releases hormones that 
will help fight the infection. At the same time these hormones raise the blood glucose 
level[9]. The way the raise in blood glucose behaves specifically during an infection is 
difficult to distinguish from a series of data. There are the tendencies of the insulin not 
lowering the blood glucose as much as expected. As well as the opposite of that,  lower the
blood glucose even more than expected. Since most infections and viruses are defeated in 
a relatively short period of time there is no room for the system to learn from longer term 
data series.

2.2.3 Exercise

Exercise does, in some sense, have the opposite effects of infections. During exercise the 
human cells are thirsting for glucose to be able to provide the muscles with new energy, 
every dose of insulin has a greater effect and will lower the blood glucose even more than 
otherwise[2]. The level of stress in the exercise is proportional to the difference in insulin 
dose.

2.2.4 Mental State

A human mind can be in many different mental states. Some of which affect the blood 
glucose level. The one state that have been found having the greatest effect is stress[10]. 
This includes the kind of stress felt when being worried of something. These states of 
mind can occur from both positive and negative situations. For example, a person starting 
at a new job. Feeling anxious every morning, not knowing their colleges, assignments or 
the environment, is something most people can relate to. When the mind senses stress, it 
tells the body to activate mainly two hormones. These are epinephrine and cortisol. Their 
main function is to raise the blood glucose level as the body thinks that you need to release
more energy temporarily. In a healthy human the pancreas releases insulin corresponding 
to keep the blood glucose level between 4 to 6 mmol/L. The blood glucose level typically 
rises with a quick rate when these hormones are released if no insulin is added. What is 
causing stress and worries is sometimes hard to single out but the solution is to find trends 
in the glucose rate of change that are related to specific times of the day. This kind of trend
can be learned by a system as long as it is designed to look for it. And as well as it can be 
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learned it can also be unlearned when it no longer applies. The biggest challenge is not to 
create a learning algorithm of the system. The most difficult part is to find the unique 
behaviour of how the glucose rate changes when affected by the hormones epinephrine 
and cortisol. The measurement of this must be done by analysing glucose data from large 
time-series. One issue is that when hormonal activity causes a raise in glucose, it seems to 
be totally unaffected by insulin[10]. This is due to the unique behaviour under stress.

2.2.5 Medications

Diabetes type 1 is a medical situation in its own. This means a person with diabetes will 
have to be extra careful when taking other medications. The most obvious case is 
medications containing sugar in different forms. Since the blood glucose level often is 
higher for the same reason that you might need medication there is a risk of 
hyperglycaemia during certain times. There are studies showing that antibiotics become 
more efficient when increasing the concentration of sugar[11]. The sugar could even help 
annihilate persistent bacteria. No difference has been shown of raise in glucose between 
normal food and antibiotics.

2.2.6 Hormonal activity and puberty

Hormones play a very important role in the evolving of the human body. In particular 
when in a physical state of change, like pregnancy or puberty. Hormones function like the 
janitor of the human body. When needed, it unlocks doors and starts processes that 
sometimes raise the glucose level. Hormones are active via the blood[2]. Some stages in 
the evolution of a human body demands higher addition of energy. Sometimes in the form 
of glucose.  At varying times a day the hormonal activity has a great effect on how we 
feel, how we grow and what we prefer to eat. The best examples of this are the early 
stages of puberty, where the growth hormones has a high activity in the morning. The 
largest impact comes from cortisol and growth hormones[12]. Just like when the brain 
senses stress or anxiety. These hormones raise the blood glucose level. This is related to 
the fact that lots of diabetics need at least twice their normal insulin doses to cope with the
breakfast meal[2]. These traditional patterns of hormonal activities are rather well studied. 
There is a difference between the regular based hormonal activity and the stress related 
effect. In the case of regular hormonal activity the rate of change is much lower than the 
one of stress. The effect is also recurrent on steady basis. This makes it easier for a system 
to adapt and learn these regularities. Since the rate of change is lower, there is a chance to 
compensate for this raise. Where the stress hormonal(although it can be the same 
hormone) rate of change seems to go by unaffected by insulin, these more regular basis 
hormones do not. The complex task to apply and integrate this knowledge for glucose 
regulation is yet to be done. The hormonal factor has to large effect on the blood glucose 
to not calculate for it. This, of course, has to be done in combination with the 
compensation for the time delay of CGM. The blood glucose level is ultimately an 
indication of hormonal activity.
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3. Methods

3.1 Glucose data collection 

The glucose data have been collected from two different devices. The data covers a total 
of 26 days of glucose measurements. The two devices uses the same measuring technique. 
While these devices have been measuring, notations of any physiological irregularities, 
such as stress, infektion, medication and exercise have been made. 

3.1.1 Dexcom® G4 Platinum

This device continuously sends information to the display unit. The glucose data were 
uploaded to a computer via a program called Diasend®. The measurements are presented 
with a five minutes interval. Further on the data can be loaded into MATLAB® as a vector 
of numbers. By analysing the data and comparing it to the notations made, I was able to 
investigate certain connections of fluctuations of the glucose to physical factors.

3.1.2 Abbot Freestyle Libre®

The Freestyle Libre® is a FGM device. This uses the same technique as most CGM 
devices. The difference is that it only displays a value on the meter when the device is 
brought very close to the sensor. The measurements are presented with a 5 minutes 
interval when uploaded. Diasend® was used here as well to collect the glucose data. The 
data was then loaded into MATLAB® as vectors.

3.2 Time offset compensation

As presented in figure 1, the time offset is mainly offsetting the curve along the time axis. 
By studying glucose data relative to blood glucose measurements, the CGM measurements
had a time offset to the actual blood glucose of between 9.5 to 16.1 minutes in several 
different glucose data series. The difficult task is to compensate the delayed measured 
value that we get and still maintain an acceptable error. The most successful way to do this
was to derive the time offset to the rate of change in glucose. From the curve in figure 1 
there were some parts with a very high rate of change where the glucose value differed of 
almost 2 mmol/L. Which at critical times can be more than 50% error. When the time 
offset were related to the rate of change it looked like in figure 4.
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This way it was possible to describe the real time glucose value, RT, as a differential 
equation of first order. The exponential approximation was done as a standard 2 term fit. 
The measured fat glucose value is represented by “λ”. RT is then described by:

Equation 2: Initial equation of real time glucose approximation

The term U comes from the fitting in figure 4. The exponential curve fit is

Equation 3: The potential addition to real time glucose approximation

Where λ̇ is the time derivative. When combined:

Equation 4: Real time glucose value equation.

 A, b, C and d are coefficients.
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Figure 4: Curve fitting from the rate of change dependency

RT (λ)=λ+ A∗exp(b∗λ̇)−C∗exp(−d∗λ̇)

RT (λ)=λ+U (λ)

U (λ)=A∗exp(b∗λ̇)−C∗exp(−d∗λ̇)



3.3 Closed loop compensation model

It is possible to create one compensation model which included real time glucose 
approximation, calculation of compensation factors as well as insulin dose calculation.

It is not possible to compensate the glucose measurement for the body temperature if the 
change in it is not known. This could be solved by integrating an electrochemical 
thermometer to the CGM sensor. This would contribute to a better approximation by the 
compensation model. The body temperature as a  parameter, was therefore included in the 
compensation model.

The most effective way of automatically dealing with the raise from carbohydrates is to let
the system learn at what hours these intakes of food were, and by keeping the blood 
glucose level lower when entering that period. This did not demand any more input than 
what already exists of the glucose measurement and the time.

The factors of exercise and infection showed almost identical tendencies although 
opposite directions. This made it possible to treat them as only one parameter. These 
factors could be evaluated by the insulin resistance. 

There will be several compensation factors as an output. The most effective way was to 
scale them by the magnitude of the real time glucose output. The reason for that is that we 
need the input parameter RT to be able to pick up trends. Also, to know how the insulin 
injection affects, feedback parameters are important. A closed loop model was the most 
efficient way to set up this time continuous systems. The compensation factors used in the 
model, as of the analysis, is represented in table 1.
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Table 1.

Parameter Description Variable

Body temperature Measured by an integrated sensor to give a hint if the 
measured fat glucose value might be excessive

T

Disposable 
insulin

Through feedback we get to know the amount of 
already active insulin injected and it will be used for 
calculating time dependent expectation values. Such 
as RT expected

DI

Resistance For the system to be able to adapt we need to know if 
we got the expected effect of an insulin injection. 
Calculated by 

R=RT−RT expected This is done continuously.

R

Stress This parameter measures the rate of change to detect 
any irregularities. This is done for several purposes. 
The most important is to detect strong hormonal 
activity. This parameter is described as:
∂R
∂ t

=
dRT
dt

−
dRT expected

dt

∂R
∂ t

Deviation We continuously keep track of large deviations from 
the mean value as in figure 3. This can indicate 
medication effects. 

D

Catabolism Effects on low fat glucose measurements caused by 
irregularities of glucose concentration in the fat 
during catabolism.

C

Table 1: Compensation factors considered for the closed loop model
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4. Results

The system shown in the block diagram in figure 5 is the resulting system represented in 
its simplest form. The system feedback from D.I is absolutely vital for the system to be 
able to adapt to changes. The measured value in F.G.M is λ

The Compensation model in the block diagram results in equation 6 accordingly to the 
correct variables. IQ is the insulin quota: 

Multiple R.T.G calculations have been done with several different glucose series with 
differing trends among them. In the following figures, simulations have been performed 
from the same glucose series as in figure 1.

17

Figure 5: Block diagram of the resulting model

Equation 5: Compensation model equation

Insulin .injection=IQ∗(RT+RT∗(C+T +DI+R+
∂R
∂ t

+D))−DI



This simulation in figure 6 shows a vast improvement. The equation used to calculate this,
with the right coefficients was:

Equation 6: Real time glucose approximation equation with 
coefficients

The only times the measured CGM-values are more accurate than the calculated values are
when the blue and magenta lines cross(figure 6). Evaluation of this difference is shown in 
figure 7.

As seen in figure 7 the deviation is clearly improved although some points are not, as 

18

RT (λ)=λ+0.1087∗exp(1.492∗λ̇ )−0.1135∗exp(−1.436∗λ̇)

Figure 6: Resulting simulation of real time glucose approximation

Figure 7: Deviation from real time blood glucose



stated before. Most of the time the difference is less than 0.5 mmol/L.

The guaranteed accuracy of most blood glucose meters (measuring blood of a finger prick)
is 15%. This is relevant to see whether CGM by approximation could become even more 
accurate than measuring with a blood glucose meter. In figure 8 the approximation is 
related to the 15% error margin marked in red.
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Figure 8: Approximation relative to 15% error margin



5. Discussion
Correct approximation of real time blood glucose values is the key to potentially get the 
insulin doses correct. The results of the real time glucose calculation show a partially 
deviated curve, where most values are within 0.5 mmol/L from the real blood glucose. The
rate of change follows the real blood glucose data sufficiently and it is absolutely safe to 
trust the trends that are shown. There is a limitation with mathematical approximation 
when the tangent goes from a positive value to a negative value or the other way around. 
The aim is to decrease the overshoot that comes from this. The only way to increase the 
accuracy in this matter is to perform larger number of measurements in each interval.. By 
doing that, the deviation would be smaller and the overshoot and settling time would also 
decrease.

5.1 The unique behaviour of stress hormones 

By analysing glucose series of a person feeling anxious about attending school, it became 
obvious that no matter what time he/she had breakfast, and thereby insulin, the raise of 
blood glucose was always the highest 15 minutes prior to school start. The rate of change 
is almost identical on a day to day basis. At Saturday morning however, there was no raise 
at all. This is an indication that the most suitable approach is to compensate this raise by 
making sure that the insulin is already active in the body at the time. Not letting the 
balance become to uneven. The amount of insu1lin that has to be active has to correspond 
to how high we approximate the peak of the raise.

What to think about when developing the mathematical compensation for this factor is the 
tendency that when one type of hormone concentration, either cortisol, epinephrine or 
insulin, gets too large it seems to overwhelm the other kind. The injections has to be done 
preventively to keep one concentration from growing too large, creating a momentous 
force.

5.2 Time delay

Because of the delay, at this moment, of the insulin. It would be of great value to be able 
to predict what the blood glucose value will be in the next 5 or 10 minutes. This means 
going two steps ahead of the measurement from the fat glucose. As shown in figure 8, at 
sudden changes, the calculated value has an overshoot that is very close to the 15% error 
margin. To be able to predict the value of 5 or 10 minutes from that, there is a need for an 
approximation that can handle these sudden variation in the rate of change. Apart from 
closer intervals of measurements, it is also necessary to approximate the tangent from 
more than only the prior two values. The blood glucose concentration rarely follows a 
straight line. A more accurate approximation would be an exponential or quadratic. Both 
with coefficients that can adapt accordingly to the sufficient amount of previous 
measurements. This is then used to approximate the future value.
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The 15% error margin is a safety standpoint that most blood glucose meter manufacturers 
can guarantee. Even though, most of the time, they are much more accurate than that. In 
this simulation of real time glucose, data was only once found to touch the margin. I 
anticipate that most of the time the calculated values could get closer to the real blood 
glucose value than the average blood glucose meter. This should be able to obtain with an 
even more optimized approximation.

5.3 Insulin

There is an issue with how fast the injected insulin is activated in the body, even though 
some types are said to have a direct impact, there is still a time delay of 10 to 20 minutes 
before it actually lowers the blood glucose concentration. This thesis of creating an 
artificial pancreas is all about analysing real time and approximating what the next step 
will be. To be able to achieve a perfect system it would be necessary for the insulin to have
an effect the minute we inject it. A faster, more immediate effective insulin is under 
development by one of the world's leading insulin producer. This is said to reach 40% 
efficiency within only 2 minutes after injection. This information is not official, mainly 
speculations. 

5.4 The compensation model

The compensation factors are expected to have very different magnitude. Although this 
project does not include describing the detailed mathematics of every factor, it is 
important to discuss the effect that they mean to achieve. As mentioned earlier, there are 
some situations that require highly increased insulin doses, such as fever, infection, stress 
and carbohydrates. If added up, all these situations create the maximum addition of the 
compensation factors. This is then the upper boundary condition for the system. Suppose 
the upper boundary condition, the sum of the magnitude of the compensation factors 

output, is 3. This means that what goes in to the insulin quota at that time is 4∗RT (λ) . 

This compensation is reasonable and it could probably even be somewhat larger. The 
future task is to approximate how large part of the upper boundary condition each variable
possesses. Then there is the opposite situation, when the factors generate a compensation 
that yield zero addition because of heavy exercise or very low glucose levels generally. 
This brings us to a difficult question. Is the lower boundary condition zero, or is it allowed
to be negative?  Suppose that the system generates a negative compensation with a 
magnitude larger than 1. This then gives the insulin pump a directive of injecting a 
negative amount of insulin. This is of course not possible. What it means is that we must 
compensate with injections of glucagon. This is a hormone that has the opposite effect of 
insulin and quickly raises the glucose concentration in the blood[13]. There have been 
insulin pumps that were able to inject glucagon. Although, they were not able to inject as 
small doses that were required. I do not doubt that in a few years most insulin pumps will 
be able to do this. If the goal is to create an artificial pancreas and never manually 
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measuring glucose or injecting insulin, the ability to compensate with glucagon has to 
exist.

5.5 Device set-up

The CGM technology will have a great development in the coming years. As of today, a 
diabetic with a set up as described, has two different devices to read the CGM and to 
control the insulin pump. The natural link between these would be a smartphone. Most 
smartphones already have a fast enough, multi core, processor to run an algorithm suitable
to control this model. The wireless protocols, NFC and 2.4GHz, have been used for a long 
time in the smartphone industry. By integrating a system like this with a smartphone there 
is no longer the need to carry the other two devices. As of today, we always bring the 
phone, no matter what. 

5.6 Future work

The impact of approximating the correct blood glucose value is an extremely important 
part of this model. Looking at “RT” in the block diagram, not only is it the largest variable
by magnitude, it is also present through the feedback. This means that a significant error in
the approximation will offset the whole system. This underlines the importance of accurate
approximations. Further on, it is necessary to approximate the future blood glucose value. 
By doing that, it decreases the impact of a bad approximation of the real time glucose 
value as long as we get the rate of change correct.

The analysis of the physical factors scratches the surface of what might be a technical 
solution to an artificial pancreas. Further simulations will require that we mathematically 
describe all the compensation factors. The variables T and DI are factors and C, D and R 
are functions of one or several variables. There is, however, an issue with having several 
functions through an evaluation process. It uses lots of processing power as well as 
random access memory, RAM. The speed and simplicity of the calculations has to be 
considered. 

Much progress has been done since CGM got more common among people with diabetes 
type 1. It has allowed the CGM system manufacturers to increase their research capability.
The interest in this subject has also drawn other institutions to perform research. Just 
recently, Harvard, John A. Paulson, school of engineering and applied sciences, announced
that they will begin long term clinical trials with a set up just like this[14], a CGM glucose
meter, an insulin pump and a smartphone. The trials will collect data from 240 persons 
with type 1 diabetes during a six month period. The results and conclusions from their 
research will hopefully be published sometime early 2017.  
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6. Conclusions
What was set out to achieve was to create a general model that can be used as one part of 
creating an artificial pancreas. By the extent of this project some details have been left out 
to focus on mainly the compensation model. The block diagram shows an overlook of a 
system like this. What have been left out is the system in the “compensation factors” 
block. This system demands more data and more time to describe mathematically.

A compensation model designed as a closed loop has the important ability to evaluate and 
learn from the feedback.  A closed loop model is absolutely necessary in the sense that it is
a continuous time based system. The accuracy is fully depending on the evaluation 
processes and since there is a number of factors to compensate for, this was the most 
complex part to build and develop.

The real time glucose approximation has been done through an algorithm using basic 
mathematical approximation. I expect that some optimization can be done, although the 
results are sufficient for the model to work with.      
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7. Populärvetenskaplig sammanfattning
Sjukdomar är ett ständigt samhällsaktuellt ämne och kan utgöra både större och mindre 
hot mot människors hälsa. Diabetes är en sjukdom som är vanligt förekommande i 
nordiska länder, inte minst i Sverige. Diabetes har två indelningar, typ 1 och typ 2. Typ 2-
diabetes, även kallat “åldersdiabetes”, orsakas generellt sett av ohälsosamma 
levnadsvanor[15]. Orsaken till insjuknande i Diabetes typ 1 är däremot okänd. Diabetes 
typ 1 är en autoimmun sjukdom. Sedan 1980-talet har antalet som insjuknar i diabetes typ 
1 per år fördubblats[1]. Sjukdomen är ärftlig men anlagen kan ligga vilandes i 
efterföljande generation. Genom statistisk forskning och har det konstaterats att innehavet 
av anlag i kombination med en kraftigare prövning för immunförsvaret, kan leda till att 
sjukdomen bryter ut. En person som har drabbats av Diabetes typ 1 saknar helt eller delvis
insulinproduktionen från bukspottskörteln. Detta innebär att kroppen inte kan ta hand om 
glukos från mat och dryck. Kroppen upphör till slut att producera eget insulin. Kroppens 
insulin har till funktion att öppna vägen för glukos från blodet in i cellerna så att energin 
ur glukos kan utvinnas. Det som händer i kroppen hos en diabetiker är att koncentrationen 
av glukos i blodet blir för hög om inget insulin tillsätts. När glukoskoncentrationen är hög 
i blodet startar en syraprocess i kroppen vilken inom ett par timmar kan vara dödlig om 
inget insulin tillsätts. I en frisk kropp kontrolleras blodsockernivån automatiskt. Om 
blodsockernivån sjunker hos en frisk människa, finns sockerreservoarer i kroppen som 
tillsätter socker i de fall det har gått lång tid sedan denne har ätit. Hos en diabetiker, som 
tillsätter insulinet stötvis och i mycket större doser, är det lätt att glukoskoncentrationen i 
blodet blir för låg då sockerreservoarerna inte hinner med att korrigera. Vid riktigt lågt 
blodsocker kan människan i förekommande fall drabba av svimningar och krampanfall. 
För låga blodsockervärden kan såsom höga blodsockervärden, vara farligt för kroppen.  

Det finns tekniska hjälpmedel för att hjälpa diabetiker att hålla glukoskoncentrationen på 
samma nivå som hos en frisk människa. Vanligast idag är system som mäter 
glukoskoncentrationen subkutant kontinuerligt, Dessa benämns CGM, kontinuerlig 
glukosmätning. Detta gör att en diabetiker under hela dygnet kan se hur värdena utvecklar 
sig, istället för endast de tillfällen vilka blodsockermätning sker. CGM mäter dock 
glukoskoncentrationen i vätskan i fettmembranet och inte i blodet. 
Glukoskoncentrationerna som erhålls genom vätskan i fettmembranet är förskjutet i 
förhållande till motsvarande värde i blodet. Detta med ca 7-15 minuter[3]. Det finns 
flertalet faktorer som snabbt kan förändra glukosnivån i blodet. När detta sker så kan 
skillnaden mellan att mäta i blodet och subkutant vara stor. Det värdet som visas vid CGM
blir i ett sådant fall missvisande. Ett snabbt sjunkande glukosvärde innebär att en 
diabetiker kan få farligt låga värden medan CGM visar ett ofarligt normalt värde. 
Insulinpumpen är ett annat hjälpmedel som finns tillgängligt. En insulinpump sitter fast på
husen och har en infusionsslang kopplad subkutant. I moderna insulinpumpar injiceras 
insulinet i mindre doser än tidigare. Detta medför att insulinet kan doseras noggrannare. I 
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förhållande kan dosering med pump vanligtvis ske i storleken 10% av minsta dosen från 
en insulinpenna[16]. En sammankoppling av dessa två hjälpmedel, CGM och 
insulinpump, skulle kunna leda till ett system innebärande automatisk reglering av 
insulintillförsel. Sammankopplingen sker för att efterlikna kroppens egna reglersystem för 
blodsockret, bukspottskörteln. Det finns dock en rad faktorer att ta ställning till för ett 
sammanfogande. En sammanfogning kräver att glukosvärdet kan erhållas i realtid. Det 
krävs dessutom kunskap om huruvida kroppen är infekterad eller drabbad av virus, vilket 
påverkar upptagningsförmågan av insulinet. Det finns även en, högst individuell påverkan 
av hormoner. Olika typer av hormoner påverkar glukosvärdet i kroppen på olika sätt, olika
tider på dygnet och i olika skeden i livet. Andra faktorer vilka kräver kompensation, är 
framför allt motion samt även det psykiska tillståndet. Psykiska tillstånd, så som stress och
oro, speglas ofta starkt fysiskt i kroppen genom att glukoskoncentrationen i blodet höjs. 
För att skapa en artificiell bukspottskörtel krävs förståelse och kunskap för hur var och en 
av dessa faktorer påverkar men även vilka samband som finns mellan dessa faktorer. Är 
det möjligt att utläsa samband mellan hormonpåslag, stress eller annan insulinresistens 
samt fasta tider på dygnet? Är det mjligt att skapa en generell funktion som klarar av att 
reglera glukosvärdet under en influensa? I detta arbete studeras möjligheterna för hur det 
matematiskt ska vara möjligt att kompensera för tidsförskjutningen av glukosvärdet samt 
identifiera och undersöka övriga faktorer som kan påverka glukosvariationen. Studierna 
görs utifrån serier av glukosvärden hämtade från en CGM-mätare. Alltså värden från ett 
verkligt scenario.
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9. Appendix

9.1 Glucose data
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9.2 Real time glucose approximation algorithm
clc
clear all
%Glucose series
% FG=[5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 6 6.3 6.6 7 7.5 8.1 8.8 9.6 10.3 
10.9 11.4 10.9 10.5 10.1 9.7 9.3 8.9 8.5 8.2 8 7.8 7.5 7.1 6.6 6 5.5 5.1
4.8 4.6 4.5 4.5 4.4 4.4 4.5 4.6 4.7 4.8 4.9 5.1 5.4 5.8 6.3 6.3 6.3 6.4 
6.6 6.9 7.3 7.8 8.4 8.4 8.4 8.5 8.7 9.0 9.4 9.9 10.5 11.2 12.0 12.9 13.9
14.8 15.6 16.3 16.9 17.4 17.8 18.1 18.3 18.4 18.4 18.2 17.8 17.2 16.4 
15.4 14.4 13.6 12.8 12.2 11.7 11.4 11.7 11.9 12.1 12.2 12.2 12.1 11.9 
11.6 11.2 11.1 11.1 11.0 10.8 10.5 10.1 9.6 9.1 8.6 8.1 7.6 7.1 6.7 6.4 
6.2];
% BG=[5.3 5.4 5.5 5.6 5.7 5.8 6 6.3 6.6 7 7.5 8.1 8.8 9.6 10.3 10.9 11.4
10.9 10.5 10.1 9.7 9.3 8.9 8.5 8.2 8 7.8 7.5 7.1 6.6 6 5.5 5.1 4.8 4.6 
4.5 4.5 4.4 4.4 4.5 4.6 4.7 4.8 4.9 5.1 5.4 5.8 6.3 6.3 6.3 6.4 6.6 6.9 
7.3 7.8 8.4 8.4 8.4 8.5 8.7 9.0 9.4 9.9 10.5 11.2 12.0 12.9 13.9 14.8 
15.6 16.3 16.9 17.4 17.8 18.1 18.3 18.4 18.4 18.2 17.8 17.2 16.4 15.4 
14.4 13.6 12.8 12.2 11.7 11.4 11.7 11.9 12.1 12.2 12.2 12.1 11.9 11.6 
11.2 11.1 11.1 11.0 10.8 10.5 10.1 9.6 9.1 8.6 8.1 7.6 7.1 6.7 6.4 6.2 
6.1 6.0];
% FG=load(Glucoseseries1);
% BG=load(BGlucose1);
L=length(FG);
K=5; %Timestep
t=1:K:5*L; %Time in minutes between measurements
figure
plot(t,FG,t,BG);
xlabel 'time [minutes]';
ylabel 'Glucose [mmol/L]';
title 'Time offset of CGM';
%Difference between CGM and RealTime glucose from series
DG=BG-FG;
 
%We now want to derive the difference in glucose from the rate of change
%Rate of change:
for n=2:L
    dG(n)=(FG(n)-FG(n-1))/K;
end
%We now need the relation between dG and DeltaG
A=dG.*abs(DG);
A=sort(A);
Q=sort(DG);
P=sort(dG);
figure
plot(P,A); %Now we can se how we can resolve an interpolated function of
dG and DeltaG
 
%The function that relates the difference between BG and FG, and dG.
 
%Exponential coefficients
a = 0.1087;
b = 1.492;
c = -0.1135;
d = -1.436;
 
%Polynomial coefficients
k1 = -1071;
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k2 = 14.8;
k3 = 81.36;
k4 = -0.4298;
k5 = 0.189;
k6 = -0.0002037;
 
RT=zeros(length(L));
 
f=zeros(length(L));
 
p=zeros(length(L));
 
for n=2:L
f(n) = K.*(a*exp(b*dG(n)) + c*exp(d*dG(n))); %Exponential approximation
% f(n) = dG(n) - 0.003; %Linear approximation
% f(n) = k1*dG(n)^5 + k2*dG(n)^4 + k3*dG(n)^3 + k4*dG(n)^2 + k5*dG(n) + 
k6; %Linear Pylonomial p(5th) approximation
RT(n)=FG(n)+(K*f(n));
end
figure
plot(t,RT,'r',t,BG,'g',t,FG);
STD=abs(RT-BG);
DG=abs(DG);
figure
plot(t,DG,'r',t,STD,'b');
figure
plot(t,(1.15*BG),'-.r',t,(0.85*BG),'-.r',t,BG,'y',t,RT,'b');%How this 
REAL TIME calculated glucose relates to the standard 15% error limit
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