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РАЗРАБОТКА И ПРОВЕРКА РАБОТЫ ПИД-РЕГУЛЯТОРА ДЛЯ ИСКУССТВЕННОЙ
ПОДЖЕЛУДОЧНОЙ ЖЕЛЕЗЫ С ИНТРАПЕРИТОНЕАЛЬНЫМ ВВЕДЕНИЕМ ИНСУЛИНА
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ОБОСНОВАНИЕ. Эффективность лечения сахарного диабета 1 типа (СД1) можно значительно повысить при использовании искусственной поджелудочной железы (ИПЖ) – устройства или технологии, позволяющей автоматически
управлять гликемией. В основе ИПЖ лежит управляющий алгоритм, задачей которого является регуляция доз вводимого пациенту инсулина в зависимости от информации об уровне глюкозы в крови таким образом, чтобы эффективно
удерживать концентрацию глюкозы у пациента в заданном интервале. К настоящему времени разработан ряд теоретических моделей функционирования таких устройств, часть из них уже проходят клинические или экспериментальные испытания.
ЦЕЛЬ. В этой работе мы оценивали эффективность работы контроллера для управления автоматической доставкой
инсулина в ИПЖ, конструкция которого создана на основе пропорционально-интегрально-дифференциального (ПИД)
алгоритма, используя фармакокинетические параметры инсулина при его интраперитонеальном (ИП) введении.
МЕТОДЫ. Оценка работы контроллера проводилась в виртуальной среде InSilico (при помощи математического моделирования, без участия живых участников) с использованием метаболического тренажера UVA/Padova на 10 пациентах. Схема контроллера использовала параметры фармакокинетики и фармакодинамики инсулина при условии
введения его в ИП-пространство и основывалась на ПИД-контроллере с обратной связью для обеспечения безопасной и эффективной доставки инсулина.
РЕЗУЛЬТАТЫ. Предложенная конструкция контроллера позволила достигать виртуальным пациентам 83% времени
в пределах гликемического диапазона 70–140 мг/дл (3,9–7,8 ммоль/л) при полном отсутствии эпизодов гипогликемии.
ЗАКЛЮЧЕНИЕ. Полученные результаты могут служить обоснованием для проведения исследований разработанного
контроллера с участием живых объектов in vivo для оценки его эффективности и безопасности.
КЛЮЧЕВЫЕ СЛОВА: искусственная поджелудочная железа; интраперитонеальное введение инсулина; in silico; управляющий алгоритм; инсулиновая помпа; доклинические исследования

DEVELOPMENT AND IN SILICO VALIDATION OF THE PID-ALGORITHM FOR THE ARTIFICIAL
PANCREAS WITH INTRAPERITONEAL INSULIN DELIVERY
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BACKGROUND: The efficacy of the treatment of type 1 diabetes can be markedly improved using artificial pancreas (AP),
which is a technology to automatically control blood glucose levels.
AIM: In this paper, we propose the construction of a controller for controlling the automated delivery of insulin in AP based
on a proportional–integral–derivative (PID) algorithm using intraperitoneal (IP) insulin delivery.
METHODS: The project used rapid-acting insulin in the IP space when setting up a PID controller with feedback to ensure
the safe and efficient delivery of insulin. The controller was configured to satisfy feedback insulin present in blood. Controller
check was performed In Silico using the metabolic simulator UVA|Padova T1DMS on 10 virtual patients.
RESULTS: The proposed controller design has time to reach 83% within the glycaemic range of 70–140 mg/dl (3.9–7.8 mmol/l),
without time spent in hypoglycaemia.
CONCLUSIONS: In a future study we plan to test this controller in vivo to evaluate its performance in vivo.
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INTRODUCTION

To prevent the development of diabetes mellitus
(DM) complications, blood glucose (BG) concentrations
need to be maintained near physiological levels.
Intensive insulin therapy is the most effective method
to achieve the desired glycaemic values in patients with
type 1 diabetes (T1D). This necessitates an independent
calculation of insulin doses by the patient based on BG
concentration, amount of carbohydrates in the planned
food intake, physical activity and other information. The
difficulties that most patients with T1D inevitably face
when performing intensive insulin therapy prevent a
majority of them from achieving their treatment goals.
The latest technical achievements eliminate some
of the complexities of DM management and ensure the
achievement of better results. Thus, compared with multiple
insulin injections, the use of insulin pumps for continuous
subcutaneous insulin infusion (CSII) allows a significantly
greater proportion of patients to achieve targeted BG
values.[1] Another important technical achievement is the
development of devices for continuous glucose monitoring
(CGM).[2] CSII together with CGM enables patients with
DM to control glycaemia much more efficiently than
before. However, such wide opportunities for managing
the disease have certain limitations: the efficiency of the
treatment greatly depends on patients themselves—
their level of knowledge and skills, motivation, personal
qualities and many other factors, including unpredictable
mood changes inherent in all people. Thus, patients often
find themselves being the main obstacle hindering the
achievement of treatment goals.
As such, scientists have been looking forward to the
creation of an artificial pancreas (AP), which is a closedloop system that would automatically and effectively
manage the glycaemia of patients with diabetes, thereby
eliminating the human factor from the treatment results.
In most cases, scientists define an AP as an insulin pump
that automatically releases insulin based on glycaemia
information using a control algorithm that will close
the ‘decision contour’. The system should work on the
principle of feedback and maintain glycaemia within
the specified range. Quantitatively, the purpose of an
AP is to maintain the BG concentrations within a fairly
narrow physiological range (3.9–7.8 mmol/L) for as long
as possible.
Different AP variants have already been tested in clinical
studies, and some are being tested in outpatient settings.
[3;4] Nevertheless, one of the most important considerations
for success is the extremely slow pharmacokinetics of
insulin (and its genetically engineered analogues with
ultrashort action) at a rather high rate of glycaemic change
under the influence of external factors, which prevents the
effective prediction of glycaemic values and correction of
insulin dosing. The working version of the AP should ensure
that glycaemia is maintained within the specified range,
despite errors in CGM data and the prolonged action of
insulin. The most difficult task is maintaining glycaemia
during rapid changes in the levels thereof, for example, the
rapid increase in glycaemia after eating.
One method for solving this problem is the use of
alternative methods for delivering insulin into the body,
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including permanent intravenous (IV) or intraperitoneal
(IP) infusions.[5] IP insulin infusions[6] have been utilized
since the 70s.[7] Insulin administered intraperitoneally
has different pharmacokinetic and pharmacodynamic
characteristics than that administered subcutaneously:
the peak insulin concentration following subcutaneous
injections occurs after 50–60 min[8], whereas that
following IP infusions occurs after 20–25 min.[9] Another
difference is with regard to the reduction of blood
insulin concentrations; subcutaneously injected insulin is
eliminated within 6–8 h,[8] whereas insulin administered
intraperitoneally is completely eliminated within 1–2 h.[9]
Several management strategies have been considered
for application in the AP, including proportional–integral–
differential (PID) control and the intelligent management
model.[3] The intelligent management model, which uses
subcutaneous insulin administration despite perceiving
large delays in these systems, was proposed as an
appropriate strategy for AP structures.[10] The use of IP
insulin administration resulted in notably less system
delays in response to events (insulin administration).
In such cases, we expect the PID controller to provide
satisfactory results. Given that insulin acts quickly, the
system can work well without serious predictive elements
suggested by the intelligent management model.
The PID algorithm (controller) is based on an algorithm
used for the calculation of the insulin injection rate PID(t),
which is mathematically defined as follows:[11]
. (1)
The parameter t indicates time; the parameters KP, KI
and KD indicate the relative weights of the proportional,
integral and differential components, respectively and G
and Gb represent the patient’s glucose concentration and
basal (target) glucose concentration, respectively. The
proportional response of the individual components refers
to the response to the control action in proportion to the
difference between the measured BG concentration and
its desired value, the differential response reproduces the
known first phase of insulin release by the β-cell and the
integral response reproduces the second phase, which
is the phase of stable insulin release. These responses
include low-frequency and differential filters, resulting in
some delays in the proportional and integral responses
and the expansion of the differential response.
For insulin dosing in closed-loop conditions, the PID
controller is implemented as follows:[12]
, (2)
where UD is the rate of insulin delivery, Cins(n) is the
estimated insulin concentration in blood plasma, n is the
time step number and KPI and γ are the coefficients, the
values of which are given in Table 1.
Moreover, u(n) is the rate of insulin delivery, which is
calculated by the controller according to the following
formula:
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, (3)
, where

(4)
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In these equations, P, I and D represent the
proportional, integral and differential components of the
action, respectively.
ΔP(n)=P(n)-P(n-1); ΔI(n)=I(n)-I(n-1);
ΔD(n)=D(n)-D(n-1)
Δt is the time step (5 min), Gsp is the target value of
glucose concentration, Gm is the measured glucose
concentration, TDI is the daily dose of insulin and τI, τD, τC,
α and β are the parameters of the model.
The key mathematical feature of physiological
glycaemia control in a healthy person is the suppression
of further insulin production when insulin is present in
the blood.[13] Most of the studies that used PID control
with subcutaneous insulin administration included this
function using an insulin feedback algorithm.[14, 15] In
our case, the feedback is performed using the addend in
expression (2). Given that measuring the plasma insulin
concentration Cins(t) in real time is not currently possible,
the method for assessing the concentration of insulin in
blood plasma is based on the insulin pharmacokinetics
model. Coefficients in the model are calculated using
experimental data on insulin administration.
In the previously proposed model[16], the response of
plasma insulin, Cins(t), to the administration of an insulin
bolus is characterized by the following equation:

where a1, a2, b1, b2, c1 and c2 are the coefficients. The first
term within the curly brackets determines the amount
of insulin released into the blood, and the second term
determines the amount of insulin eliminated therefrom.
Based on the nonlinear least squares method using the
Mathcad system and experimental data on IP insulin
administration[17], the coefficients a1, a2, b1, b2, c1 and
c2 in equation (10) were determined. The values of the
coefficients are shown in Table 1, and the processing
results are provided in Fig. 2.
Expression (10) proved to be more suitable
for describing the pharmacokinetics of IP insulin
administration, with the root-mean-square error being
±9 μU/mL. Moreover, changes in blood plasma insulin
concentrations in response to bolus IP injections can be
categorized into two components. The first component is
the release of insulin into blood plasma, and the second
component is the elimination of insulin therefrom. Insulin
release can be determined using the following equation:

. (9)

, (11)

This equation is based on the assumption that the
diffusion of insulin into the tissues and the elimination of
insulin from the body depend on its concentration. The
parameters τ1 and τ2 are time constants that determine
how fast the insulin concentration increases and
decreases, whereas the parameter CinsB determines the
dose of insulin for bolus administration. The total change
in plasma insulin concentrations from a plurality of bolus
injections was determined using linear summation, and
the coefficients were determined using the nonlinear
least squares method. The aforementioned method for
processing experimental data[17] showed that equation
(9) does not satisfactorily describe the change in blood
plasma insulin concentrations relative to the time after
bolus IP insulin administration (Fig. 1), with the rootmean-square error being ±187 μU/mL.
The current study uses a modified model for describing
the pharmacokinetics of insulin with IP administration. To
calculate the change in plasma insulin concentration in
response to bolus IP insulin administration, the following
equation was used:

inf
where Cins
(t) is the concentration of insulin entering
the plasma. Meanwhile, insulin elimination is determined
using the following expression:

, (10)
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Fig. 1. Results of experimental data processing[17] for IP insulin administration using equation (9).

, (12)
el
where Cins
(t) is the concentration of insulin being
eliminated.
To match the sampling period of the model with that
of the controller, the following equation is provided:

,
(13)
where Cins(n) is the assumed blood insulin
concentration, CinsB(i)=UD(i)×Δt is the amount of insulin
i
administered at the ith time step; tins
= t0+Δt×(i-1) and ith the
end time of the ith step. Furthermore, n=(t-t0)⁄Δt, where t
and t0 is the current time and start time of insulin infusion,
respectively.
Transferring the control of insulin administration from
a human to a mathematical AP algorithm is challenging,
particularly from the biomedical ethics standpoint.
Hence, substantial evidence for the safety and efficiency
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Table 1. Parameters of the PID controller for IP insulin administration

Change in blood insulinconcentration, mU/ml

150
120
90
60
30
0
-30
-60
-90
-120
-150

τС

Parameter
dimension
min

τI

min

273

τD

min

23.5

β

-

0.1

α

-

Parameter

γ
0

60
120
180
240
Time after insulin infusion, min
Experiment
Approximation of the experiment
Insulin entering the blood
Insulin elimination

300

Fig. 2. Results of experimental data processing[17] for the IP administration of insulin using equation (10).

of the operation, the control algorithm itself and the
whole AP system is imperative. During the preclinical
stage, the efficiency and safety of the control algorithm
is generally evaluated using simulations. Researchers
from the University of Virginia (USA) and the University
of Padua (Italy) developed the UVA/Padova metabolic
simulator to facilitate the development of AP algorithms
and their virtual testing (in silico), which, under the
approval of the Food and Drug Administration (USA),
forgoes the need for using laboratory animals during
preclinical testing.[18–20]
AIM

The present study was conducted to preclinically
evaluate the efficiency of the control algorithm in
controlling IP insulin infusion using an insulin pump.
METHODS

The conditions for a prospective, uncontrolled and
nonrandomized study involving virtual patients were
created by computer simulation (in silico).
The sampling of virtual subjects for in silico studies is
based on real individual data and covers the observed
variability of key parameters in the general human
population.[19] The sample for this study included
10 virtual adult subjects. Table 2 represents the key
demographic and metabolic parameters of these
subjects.

Parameter value
40
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Our study used the UVA/Padova T1DMS Metabolic
Simulator (Alere Informatics Inc., D/B/A, The Epsilon
Group) to evaluate the efficiency of the control algorithm
for the insulin dosage control system. The simulation
software is an add-on to the MATLAB software package
(the current work used version v. R2016b with the
SimuLink package, MathWorks, USA). The scheme of the
metabolic simulator used in this paper is shown in Figure
3.
To establish a model of IP insulin administration,
we used the pharmacokinetic and pharmacodynamic
parameters observed in IV insulin administration.[21]
Glycaemic data for virtual patients were obtained from a
model of a subcutaneous BG sensor.
A 31-h clinical scenario was modelled using the
T1DMS metabolic simulator to evaluate the performance
of the control algorithm during a typical real-life scenario.
Closed-loop control for each virtual subject was started
at 02:00. Breakfast, lunch and dinner that contained 40,
50 and 70 g of carbohydrates was served at 07:00, 12:00
and 19:00, respectively. Closed-loop control was then
completed at 07:00 the following day.
The control algorithm of the insulin dosing control
system was tested in silico, which eliminated the need

Table 2. Key demographic and metabolic parameters of in silico subjects available in the simulation environment

Parameter
Average weight, kg

Mean ± SD
79.7±12.8

Minimum value
52.3

Maximum value
118.7

Insulin, U/day

47.2±15.2

21.3

98.4

Carbohydrate coefficient, g/U

10.5±3.3

4.6

21.1

Fasting glucose, mg/dL

143.4±9.33

122.1

167.1

The effect of insulin on glucose
elimination, 10-2 mg/kg/min per
pmol/L

3.82±1.34

1.08

8.08
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Target BG value

BG concentration
PID-controller

T1D patient
simulation

IP port

Measured BG
value
BG sensor model
Fig. 3. Block diagram for the configuration of the UVA/Padova metabolic simulator used for testing the PID controller of the AP.

BG, mg/dl

for the use of any human or animal subjects. As part of
the simulation, we have created virtual subjects with
T1D who received insulin pump therapy through a
special permanent long-term laparoscopic port. The only
clinically available product of this kind is DiaPort (Roche,
Germany).
The efficiency of the control algorithm was assessed
using glycaemic control indicators in the virtual subjects
created within the framework of the simulation software:
• the mean value of glycaemia during the day;
• the proportion of time spent within the normal
glycaemic range of 70–140 mg/dL (3.9–7.8 mmol/L);
• the proportion of time spent in hyperglycaemia [>180
mg/dL (10 mmol/L)];
• the proportion of time spent in hypoglycaemia [<70
mg/dL (3.9 mmol/L)]; and
• the maximum and minimum values of glycaemia for
the estimated period.
Within the framework of mathematical modelling, we
used data on BG concentrations of virtual patients, which
were obtained by simulating the function of a CGM system
based on a subcutaneously implanted glucose oxidase sensor.
200
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Ethical expertise

The present study did not involve living subjects or
personalized medical data, which eliminated the need
for ethical examination of the study protocol.
Statistical analysis

The study used a standard sample size of 10 virtual
subjects with ages (adults) similar to those used in In Silico
pilot studies. For statistical processing, MS Excel 2010
was used. Moreover, quantitative results are presented
as M (mean) ± SD (standard deviation) considering the
parametric distribution of data obtained during the
course of mathematical modelling.
RESULTS

Fig. 4. BG concentration (A) and insulin infusion rate
(B) for the proposed controller design were evaluated
in silico in 10 adult subjects using a 31-h scenario. Black
horizontal lines in panel (A) show the range of acceptable
glycaemia values (70–180 mg/dL). Panel (B) presents data
on the insulin infusion rate. Thick middle lines show the
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Fig. 4. BG concentration (A) and insulin infusion rate (B) for the proposed controller design were evaluated in silico in 10 adult subjects using a 31-h
scenario. Black horizontal lines in panel (A) show the range of acceptable glycaemia values (70–180 mg/dL). Panel (B) presents data on the insulin infusion
rate. Thick middle lines show the average of 10 subjects, and thin lines show the standard deviation of the values.
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Table 3. Results of the modelled PID algorithm

Proportion of time spent
within 70–140 mg/dL
(3.9–7.8 mmol/L), %

Proportion
of time spent
at <70 mg/dL
(3.9 mmol/L), %

Proportion
of time
at >180 mg/dL
(10 mmol/L), %

Source

184 ± 13 (10.2±0.7) 107 ± 2 (5.9±0.1)

83 ± 9

0±0

1±3

Present
work

196 ± 14 (10.9±0.8)

78 ± 6

0±0

5±4

[12]

Maximum BG
value, mg/dL
(mmol/L)

Minimum BG
value, mg/dL
(mmol/L)

93 ± 7 (5.2±0.4)

average of 10 subjects, and thin lines show the standard
deviation of the values.
DISCUSSION

The efficacy of the modernized PID controller with
feedback during insulin infusion into the IP space
was verified in silico using the UVA/Padova metabolic
simulator in 10 patients. In the proposed controller
design, the proportion of time spent within the glycaemic
range of 70–140 mg/dL (3.9–7.8 mmol/L) was 83%,
without spending any time in hypoglycaemia. Moreover,
the proportion of time spent within the acceptable
glycaemic zone of 70–180 mg/dL (3.9–10.0 mmol/L) was
99%.
The simulation results of the present study were
consistent with those of a PID controller similar in
construction,[12] which used a 27-h scenario with three
meals. The proposed control algorithm prevented both
hypoglycaemia and prolonged maintenance of glucose
concentrations >180 mg/dL (10 mmol/L) in virtual
patients.
The AP, which uses IP insulin administration, has
great potential for significantly improving glycaemic
control when used in a closed loop. Given that IP
insulin administration has faster pharmacokinetic and
pharmacodynamic characteristics than subcutaneous
insulin administration, the AP enables rapid BG
control in cases of glycaemic disorders. Moreover, the
rapid elimination of IP insulin leads to a lower risk for
developing hypoglycaemia[22] resulting from the action
of insulin remaining in the blood.
During the development of the PID controller,
the current study used a new model to describe
the pharmacokinetics of insulin, which apparently
describes the experimental data more accurately than
previously suggested.[16] Thus, during the processing of
experimental data on plasma insulin concentrations, the
root-mean-square error calculated according to formula
(9) from[16] was ±187 μU/mL, whereas that calculated
according to formula (10) with our approach was ±9 μU/
mL. This is significant because feedback for insulin is an
important addition to the AP controller, which imitates
the physiology of the human body. An increase in plasma
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insulin concentrations inhibits the delivery of a greater
amount of insulin, which results in the reduction of
insulin stores and a reduced risk of hypoglycaemia.
Study limitations. Data from mathematical modelling
cannot be implicitly extrapolated to animals and humans.
Therefore, the current study is only the first of a series
of planned tests. Despite the use of a homogeneous
sample of patients, the sample size cannot be considered
sufficient to obtain convincing data on the significant
advantages of the developed algorithm over other
analogues. Further research, including those conducted
in silico, with a significantly greater number of subjects
and direct comparisons among control algorithms in a
single sample is required.
CONCLUSION

An AP that works within the IP space provides a solution
to many of the problems associated with subcutaneous
insulin administration. The rapid insulin transport and
action allow the control algorithm to maintain good
glycaemic control. During the development of the PID
controller for the AP, a new model that describes the
pharmacokinetics of insulin was introduced to improve
the feedback of insulin as well as the efficiency of the
control algorithm. The proposed algorithm can be
improved by developing more accurate models based
on experimental data. Once these data are collected and
analysed, the updated controller can be evaluated in an
in vivo animal model.
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