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Abstract
Management of glycemic level in post-operative condition is critical for hypertensive patients and the post-operative stress may
results in hyperglycemia, hyper insulin and osmotic diuresis. Recentmedical research shows that diabetic and hypertension hands
together in a significant overlap in its etiology and its disease mechanism. It is clear that there is a call for monitoring in the
parameter and controlling the glucose level particularly in the presence of hypertension. This paper proposes the novel complex
(cascade) control system to control the insulin infusion level particularly in the presence of hypertension. Based on the require-
ments the structure has been designed and the simulation results indicates that the proposed control strategy shows better results
and may achieve potentially better glycemic control to the hypersensitive diabetic patients.
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Introduction

Over the past 50 years, there is a drastic increase in diabetes
mellitus worldwide. The frequency of diabetes in 2000 was
approximately 3% and is estimated to grow to 5% by 2030
[1–3]. This increment decodes the diabetes from 171 million
in 2000 to well over 350 million in 2030. [4] Guru Shankar et.
al. tested type 2 diabetes with hypertension from a large pro-
spective data analysis of 12,550 adults and the results were
almost three times with the normative counterparts and the
results clearly indicates that clear sign of increased trend in
hypertension in diabetic persons.Moreover, the amalgamation
of diabetes mellitus and hypertension are the important risk
factors for heart attacks and strokes, including atherosclerosis
and its complications. Also recent medical research proves
that there is an extensive overlap between diabetes and hyper-
tension [5], and the same reflects the overlap in their disease
mechanisms and etiology between the hypertension and dia-
betics. A study states that, 58% of people having considerable

hypertension with diabetes and 42% people had normal blood
pressure in diabetic [6]. Also this research shows the hyper-
tension may occurs in approximately 40% with type I diabetic
issues and the average of 50% to 80% of patients with type 2
diabetes accordingly [7]. The result of pathophysiological
mechanisms (Fig. 1) shows that disease being serves to aggra-
vate both diabetes and hypertension based on generic and
acquired factors which influences to the development of car-
diovascular disease (CVD) and renal disease [8–13]. Medical
studies clearly depicts that the blood glucose and blood pres-
sure has to be monitored continuously and the glucose level
has to be maintained in perioperative condition which is done
using complex control (cascade) system in this paper.

The cascade control structure is one of the widespread
complex control structures in process industries which is im-
plemented to minimize the disturbance in the form of progres-
sive rejection properties of the controlled system in lieu of two
different process parameters [14]. The same is implementation
in this paper to control the insulin infusion with the blood
pressure which is taken as variation disturbance. The variation
of blood pressure and the blood glucose is cumulated that
provides a frequent disturbance in the post-operative condi-
tion. The average value to be indicated along with an insulin
level of further control in the infusion system. The design and
investigation of the cascade control is very difficult in its ar-
chitecture and the detailed parameter estimation often varies in
the secondary control and the controller parameters can be
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tuned in a conventional manual tuning to achieve the optimal
insulin level [15].

With the concern of 25 different subjects, the post-
operative BG and BP samples for every one hour were taken
from various hospitals and the insulin infusion rate is deter-
mined with the average value of the BG variation cascaded
with hypertension.

Materials and methods

Diabetic model

Basically the human body is a multi-dimensioned stochastic
system depends on its generic factors, in that the pancreas is a
system that works independently to control the blood glucose
level in the human body. When the pancreas not generate
insulin properly, the human body requires manually and the
insulin has to be inject with the help of injection or using pump
artificially to the patient which plays an important role called
as artificial pancreas [16]. Based on the observations the mod-
el has to be established and the mathematical model finds the
insulin and its resistance correlation to find its relationship,
also the system describes the human diabetic system dynamics
and the control system is designed based on human diabetic
system cycle [17]. In this paper Bergman minimal model is
used for insulin regulation and the dynamics of process

indicates the mathematical model importance of diabetes and
its management. Based on the observed parameters are ap-
proximated for a steady state process with the observed values
for the post-operative patient and the frequently measured data
along with sensor system errors with insulin availability and
glucose compactness of the human system [18, 19].

dGDi tð Þ
dt

¼ −p1 GDi tð Þ−Gbd½ �−x tð ÞGDi tð Þ

þ d tð Þ þ Uic tð Þ½ � ð1Þ
dX
dt

¼ −p2X pg tð Þ þ p3I ð2Þ

dIDi tð Þ
dt

¼ −n I ic tð Þ−Ibd½ � þ γ Gm tð Þ−h½ � þ r tð Þ ð3Þ

In the model G Di(t) is considered as plasma glucose con-
centration in (mg/dl) and Iic(t) & Uic(t) signifies concentration
of insulin in (μU/ml) & r called as external input insulin (U/h),
The I is considered as basal value of insulin level in (ml U/L),
G d i(t) is external input glucose of the human body (mm/min)I

db and G are glucose and insulin concentration before infusion
of the insulin. The patient random sample parameters are con-
sidered as P1, P2, P3 in Table 1 and finally ‘n’ is narrated as
rate of change of insulin, which is used in plasma layer
(Min−1). Values for the model parameters are estimated by
Bergman theory denotes in a study of diabetic and normal
human subjects are as follows [7, 20–22],

Fig. 1 An overview of
pathophysiologic mechanism and
development of hypertension in
diabetic mellitus. (Chapter 34:
Hypertension and Diabetes
Mellitus. Hypertension: A
Companion to Braun Wald’s
Heart Disease. PP 406–417
Copyright Elsevier, 2007 [113])
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Based on the observations and available values, Lynen and
Banquette elaborated and formulated diabetic model process
transfer function along with the process parameters [23]. in
this model the intake meal has consider as meal difference and
the related pulse value considered as scale of 3.33 g/min and
the same duration the glucose along with the 5- g glucose meal
consumed in 15 min time lag [24–26],

GpDi sð Þ ¼ −3:79
40sþ 1ð Þ 10:8sþ 1ð Þ ð4Þ

Also the meal intake transfer function to be consider as
follows

GpDi Mealð Þ sð Þ ¼ 8:44

s 20sþ 1ð Þ ð5Þ

Blood pressure (SNP) model

The post-operative hypertension management is a complex
task in surgery patients and need to maintain the diet level as
per the patient’s history and recommended values. In this con-
dition blood pressure variation continuously monitored along
with blood glucose to find the frequent variation and to stable
the blood pressure need to infuse sodium nitro prusside (SNP)
drug. SNP is considered as a significant drug of widely used
for hypersensitive emergencies and this drug has immediate
reaction within two minutes of time and it will reduce the
blood flow rate based on the skull pressure rate, the infusion
dose starts from 0.5 μg /kg/min and it can go up to 1 μg /kg/
min and this level depends on the requirement and control.

The Blood pressure modeling is a challenging task in bio-
medical instrumentation region and the control of blood pres-
sure. Slate and co-authors (1980) [27] has developed the SNP
infusion dynamic patient model with the help of associated
data analysis for hypertension stabilization. Based on the be-
havioral properties the model as described below,

GPBP sð Þ ¼ △Pdc sð Þ
I snp sð Þ ¼ ke−Tis 1þ αe−Tcsð Þ

τsþ 1
ð6Þ

The descriptions of the model as follows;

& ΔPdc(s) is denotes as variation in blood Pressure (mmHg)
& Isnp (s) SNPAmount of infusion rate o (ml h−1),
& k considered as sensitivity of the patient

& α denotes as index of recirculation,
& τ time constant,
& Ti signifies transport delay
& Tc time of recirculation.

The model has categorized in three different scenario like
normal, sensitive and insensitive and these models will be
measured in terms of sec. The model parameters [28–30] are
shown in below Table 2 and the typical values are approxi-
mated value will vary based on person to person.

Control scheme (cascade control)

Cascade controller is one of the most popular and complex
control system commonly used in process industries with the
single manipulated output with the advantage of multiple
measurements in the process. Cascade control was first intro-
duced by Franks and worley [31] to improve the system per-
formance with disturbances and to reduce the passive distur-
bances in the process.

In feedback system the disturbance corrective action will
not happened until variable deviates from the set point and the
control action happened after the deviation. So based on the
discrepancies and improve the feedback control, an additional
measurement introduced and this secondary controller,
Gc2=Gc(Bp)(s) is included in cascade form and the main con-
troller, G cdi, as shown in Fig. 2, this modification will im-
prove the response of the combined system. The proposed
control scheme brings together in cascade and smith predictor
merits and brings its best merits. Also the proposed PID based
cascade structure provides the better closed loop performances
with strained time constants process transfer functions and
complex poles, with unstable poles or an integrator [32], sim-
ilarly the outer loop controller design provides the better pa-
rameter identification with the help of simple algebraic ap-
proach. This design method creates the advantage of the stan-
dard forms and this will predict better performance of closed
loop system. This paper uses the blood glucose level control
of its primary blood pressure as a secondary parameter by
which insulin can be infused [33, 34].

The insulin infusion rate is adjusted with the help final
control element in the system by manipulating the obtained

Table 2 Hypertensive Patient model Parameters

Parameter Hyper Sensitive Sensitive Insensitive

k −9 −0.714 −0.179
α 0 0.4 0.4

τ 20 30 60

Ti 30 45 75

Tc 30 40 60

Table 1 Patient model Parameters

P1 P2 P3

Sensitive Patient 0.028 0.025 0.000013

Hyper sensitive Patient 0 0.025 0.000013
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variables. Therefore, the detailed parameters are shown in
Fig. 2 and the detailed descriptions of the control loop as illustrated
as below.

& Set point – Desired value of Blood Glucose to the human
system (rbg)

& Primary controller (master) - measures blood Glucose and
asks the secondary controller for more or less insulin in-
fusion (Gc (Di))

& Secondary controller (slave) -measuresBloodPressure (Gcbp))
& Actuator – Insulin Pump (FCE)
& Secondary process – Blood Pressure in Patient (GpBp)
& Inner loop disturbances - fluctuations in glucose variation
& Primary process – Blood Glucose stability (GpDi)
& Outer loop disturbances - fluctuations in the diabetic

level,especially fluctuations in hypoglycemia (Gd)

Cascade control design

Tuning the cascade controller is a complex task and it follows two
different stages. Initially need to tune the inner-loop controller
[Gc(Bp)(s)] analyzed and tuned based on the secondary process
values, based on the process parameters the secondary loop
(inner) transfer function as described in [Equation (7)], to second-
ary process transfer considered is [Equation (8)] designed for
outer-loop controller tuning [Gc(Di)(s)]. Based on the outer loop
prediction the inner loop control design implemented based on
PID controller using normalize tuning methods to obtain the de-
sired output [28]. Once the secondary loop is tuned, the primary
control loop also tuned with its effectiveness and the outer loop
transfer function can be used to tune the controller performance.

YBp sð Þ ¼ Gc Bpð Þ sð Þ GpBpÞ sð Þ
1þ Gc Bpð Þ sð Þ GpBp sð Þ rBp sð Þ

þ Gd sð Þ
1þ Gc Bpð Þ sð Þ GpBp sð Þ Id ð7Þ

The inner loop (secondary) transfer function can be derived as

Gc Bpð Þ Cl sð Þ ¼ Gc Bpð Þ sð Þ GpBp sð Þ
1þ Gc Bpð Þ sð Þ GpBp sð Þ ð8Þ

Based on the above equation, the further analysis drives

YBG sð Þ ¼ Gc Bpð Þ sð Þ GpBp sð Þ
1þ Gc Bpð Þ sð Þ GpDi sð Þ rBp sð Þ

þ Gd sð Þ GpDi sð Þ
1þ Gc Bpð Þ sð Þ GpBp sð Þ I sð Þ ð9Þ

GpDi effð Þ sð Þ ¼ Gc Bpð Þ sð Þ GpDi sð ÞGpBp sð Þ
1þ Gc Bpð Þ sð Þ GpBp sð Þ ¼ Gc Bpð Þ sð Þ GpBp sð Þ

ð10Þ

The relationship of the primary closed loop set point
change has derived as,

YBG sð Þ ¼ Gc Dið Þ sð Þ GpDi effð Þ sð Þ
1þ Gc Dið Þ sð Þ GpDi effð Þ sð Þ rBG sð Þ

¼ Gc Dið Þ sð Þ Gc Bpð Þ Cl sð ÞGpDi sð Þ
1þ Gc Dið Þ sð Þ Gc Bpð Þ Cl sð ÞGpDi sð Þ rBG sð Þ ð11Þ

The observed equation clearly shows that the primary
transfer function affected by secondary control loop. As per
observations the primary controller response is slower

+
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+
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Fig. 2 Proposed Cascade control structure for blood glucose and hypertension kinetics
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compare to secondary control and the this control action is
much faster than the primary loop to maintain the proper con-
trol strategy, so the secondary control consider as Gc (Bp) Cl =
1, based on available description of the primary control loop
transfer function is defined as

YBG sð Þ≈ Gc Dið Þ sð Þ GpDi sð Þ
1þ Gc Dið Þ sð Þ GpDi sð Þ rBG sð Þ ð12Þ

Results and discussion

The observation of proposed cascade model preserved and
treated with both the diabetic, hypertension measurements
are shown in Fig. 1. The cascade protocol not only reduced
the disturbance in the system also improve the insulin infusion
rate to hyper and hypo glycemic levels.Meanwhile, the results
has been compared with the conventional feedback control
along with the insulin infusion rate. This proposed system is
considered the average value of carbohydrates intake along
with the average glucose and blood pressure (BP) for simulat-
ing the control strategies shown in Table 3.

In this proposal PID based feedback method is used to
compare with the proposed cascade model, also the diabetic
patient model parameters are identical with cascade control,
because the results need to compare the proposed schemewith
the same model for further simulation. The cascade and feed-
back procedures adopted different type of patient parameters
to deal with hyperglycemia along with periodic glucose level
maintenance for post-operative patients. While the cascade
control provides the enteral feed rate along with the hyperten-
sion input and the insulin infusion rate decreases based on the
target, and the feedback control deliver higher insulin infusion
rate compared with the proposed system and this action
proves the cascade control performance.

This observation might be due to variation of the mea-
suring parameters and the cascade system have the oppor-
tunity to reduce the insulin rate to ± 10% compare with
conventional methods, if the glucose increases in the blood
afar from the upper limit (> 200 mol /L) the cascade pro-
vide the immediate response and infuse the insulin and
control the HGI value along with the blood pressure varia-
tion, since the conventional control system loops does not

consider hypertension variation and this negligence will
infuse more insulin in volume infused while calculation,
and it this variation considerably monitored to avoid uncer-
tain glycemic levels. However, the new proposed method-
ology shows the noticeable difference between the feed-
back and cascade control results shown in Fig. 3.

The simulation of the proposed model has been carried out
with MATLAB using diabetic and hypertension models to
regulate the desired glycemic levels along with proper insulin
infusion in the presence of blood pressure variation and meal
disturbance. The performance of the cascade feedback control
methods were verified and the response of each model is ob-
tained and compared with each other. The achieved results are
shown the levels of glucose for various patients patient’s pa-
rameters and the combined responses shows the significant
difference compare with feedback control strategy, especially
the multiple disturbance process needs minimum settle down
time by the proposed control scheme.

Figure 3 presents the combined simulations for the sen-
sitive and hypersensitive respectively. The meal carbohy-
drates intakes considered as three times as breakfast, lunch
and dinner and the glucose deviation has been considered
as disturbance function, based on the simulations the insu-
lin scaling factors has decide depends on the hypertension
variation along with plasma glucose concentration. The
simulation results are shown in Table 4 for the glucose
regulation and the minimum and maximum glucose level
and inulin level to accomplish the hypoglycemic scenarios.
The maximum plasma glucose was detected when the in-
sulin level in created during simulations. In Fig. 4, shows
the combined simulation Meld response of continuous
plasma glucose measurement and insulin infusion level,
based on the scenario the details are observed that there
is no instability in the system granting the observation er-
ror can be as high as 15%. In fact, a minor oscillatory
actions were observed during the simulations mainly at
the time of meal.

The controller parameters are tuned and injected based
on the patient medical requirement and the Fig. 4 shows
the performance of insulin level and the corresponding
glucose variation for both control strategies as proposed,
based on the outcome, the blood glucose variation depends
on the sudden hypertension along with meal inputs, corre-
spondingly the insulin infusion also increases to get back

Table 3 The analysis condition used for simulating the control strategies, here g cho consider as intake of carbohydrates in Grams

Time BreakFast
in gcho

Plasma
Glucose

BP Time Lunch
in gcho

Plasma
Glucose

BP Time Dinner
in gcho

Plasma
Glucose

BP

Diabetic Patient 8 AM 50 140 120/80 1 PM 65 135 120/90 8 PM 55 120 120/80

Diabetic + Hypertension
patient

8 AM 50 160 140/90 1 PM 55 145 140/90 8 PM 50 135 140/90
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the desired blood glucose level. In that scenario the re-
sponse time is very much important and the controller ac-
tion should be fact and the lagging creates the unstable
glycemic level, similarly this process inclination continues
for multiple meals and reaches the maximum level in the
presence of hypertension especially post-operative condi-
tion. To overcome this the cascade Controller is used to
cast-off the disturbance and produce the stable insulin re-
sponse are shown in Fig. 4, and the disturbance rejection

minimize the sudden change and this will desired level of
glucose. Finally, the unpredicted stress in physiologic pa-
rameters will influence clinical results variation. In addi-
tion, the hypertension to be continuously monitored and
need to control the with help of additional drug infusion
to the human body, also the excess of insulin infusion to
the human body will increase the biologic effect like renal
failure and need to monitor and infuse the proper insulin
level to the human body.
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Fig. 3 Closed loop response of Feedback and cascade control loops with sensitive (Rose lines) and hypersensitive (blue lines) and black line denote as
reference glucose mean value

Table 4 Comparison between the
controls (Feedback- FBC and
Cascade Control -CC) with the
average values obtained based on
the proposed control strategy

Control strategy Feedback Control - FBC Cascade Control - CC

Mean Blood Glucose [mg/dl] 158 142

Max Blood Glucose [mg/dl] 205 178

Min Blood Glucose [mg/dl] 85 81

% of time reach in [70–180] mg/dl 67.5 71.2

Mean Insulin [U/h] 1.3–5 0.83–4.5

Max Insulin level [U/h] 7.8 8.1
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Fig. 4 Meld response of continuous plasma glucose measurement and insulin infusion level for feedback and cascade control strategies via simulated
monitoring
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Conclusion

This proposal introduces complex (cascade) control strategy
of insulin infusion in lieu of plasma glucose stabilization
along with blood pressure variance as disturbance. PID con-
troller is proposed for secondary (inner) & primary (outer)
control loop to achieve the optimal performance and robust-
ness of the designed system and its parameters were tuned
with the guarantee of convergence and stability of the insulin
level. Blood pressure fluctuation plays a significant role in the
simulation results and insulin control performance is opti-
mized and compared with the classical feedback control sys-
tem for Plasma glucose identification along with the distur-
bance rejection.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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