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Abstract:

This paper is the fifteenth in a series of research papers presenting the control of an autonomous
human body. It handles the control of the intradialytic diastolic blood pressure in human hemodialysis
operations using a first order and a D-P compensators from the second generation of control compensators.
Some tuning techniques for the proposed controller/compensators are proposed based on zero/pole
cancellation and fulfilling some time-based characteristics for the closed-loop control system. The step
time response of the control system using the investigated controller/compensators is presented and
compared with that of a conventional PD controller from the first generation of PID controllers tuned by
the author. The comparison reveals the best controller/compensator among the three ones presented
depending on a graphical and quantitative comparison study for reference input tracking.

Keywords — Autonomous human body control, hypotension control, first order compensator, D-P
compensator, PD controller, controller/compensators tuning.
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Dheenan and Henrich (2001) outlined that
intradialytic hypotension is a common adverse
event of hemodialysis. They investigated the
application of five different protocols in 10
hemodialysis patients with prior history of

I. INTRODUCTION

Low blood pressure (hypotension) is associated
with some patients undergoing hemodialysis.
Intradialytic ‘Hypotension’ makes patients suffer

from some symptoms including: muscle cramps,
back, chest or abdominal pain, headache, nausea,
vomiting, yawing, sighing, fainting and anxiety [1].
These symptoms are common and clarify the need
to accurate and efficient control strategy to achieve
blood  purification  without  ‘hypotension’.
‘Hypotension’ is regulated during hemodialysis in
an open-loop control manner dialysate scheduling
[2], [3], [6], [12]. We start by presenting a literature
review about some ‘intradialytic hypotension’
aspects since 2001:

intradialytic hypotension based on using dialysate
sodium. They compared high sodium and cool
temperature protocols with standard protocol of 138
mEq/L dialysate sodium. They recommended the
use of high sodium dialysate and cool temperature
protocols as they were effective [2]. Kariazis et al.

(2002) outlined that low dialysate calcium
concentration was used to treat induced
‘hypercalcemia’  during  hemodialysis  and

intradialytic hypotension was resulted in some
patients. They described a dialysate protocol based
on the use of low dialysate calcium of 1.25 mmol/L,
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high dialysate calcium of 1.75 mmol/L and medium
dialysate calcium of 1.5 mmol/L with a specific
time profile during hemodialysis [3]. Manap,
Papadimitrion et al. (2005) outlined that the most
frequent cause of death in patients on regular
dialysis  treatment is cardiovascular. They
investigated the impact of hypotension on lift
ventricular mass index (LMDI) parameter. They
concluded that the LDMI < 130 g/m? for male and
< 100 g/m? for female were considered normal [4].
Gabutti et al. (2009) investigated the changes in
systemic hemodynamics induced by bicarbonate
and calcium concentrations. They concluded that
both high bicarbonate and high calcium
concentrations in the dialysate improved the
hemodynamic pattern during dialysis [5].

Shahgholian, Ghafourifard and Shafiei (2011)
outlined that one of the most prevalent side effects
of hemodialysis is intradialytic hypotension and its
symptoms and using sodium profiles, ultra filtration
and cold dialysate are the ways to overcome this
problem. They found that there was a significant
difference in the mean blood pressure in three
groups and in a combination group, drop of systolic
and diastolic blood pressure was less than groups
using each method alone [6]. Soliman et al. (2014)
outlined that intradialytic hypotension remains to be
a major complication of hemodialysis occurring in
about 25 % of dialysis sessions. They concluded
that patients with chronic kidney disease and
regular hemodialysis who practiced moderate or
severe intradialytic hypotension had higher
prevalence of myocardial ischemia and stress
induced myocardial dysfunction than those who had
no or mild intradialytic hypotension [7].

Khan et al. (2016) reviewed published data on the
role of hyper and/or hypotension in cardiovascular
associated morbidity and mortality in patients on
hemodialysis. = They concluded that both
intradialytic  hypertension/hypotension  episodes
were major risk factors for cardiovascular mortality
[8]. Aunon et al. (2018) outlined that 5 to 10 % of
hemodialysis patients have chronic hypotension
representing great comorbidity for them. They
concluded that the identification of those patients
could be of wvital importance to implement
therapeutic measures to improve the treatment
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result [9]. Pulido et al. (2021) outlined that patient’s
hypotension during hypodialysis represent a proven
factor of possible mortality. They investigated the
appearance of prediction of hypotension during a
dialysis session using predictive model trained from
large size dialysis database. The predictive model
considered 22 clinical parameters, gender and age
of the patients. They used machine learning
classifiers to train the model providing prediction
success above 80 % [10].

Davenport (2023) outlined that
hypotension  remains the most common
complication associated with dialysis sessions
leading to episodes of transitory organ ischemia and
repetitive episodes lead to permanent organ damage.
He investigated the exercise during dialysis and its
effect on intradialytic hypotension [11]. Arasneshad
et al. (2024) studied the effect of the
ascending/descending ultrafiltration along with
linear sodium profiles on hemodialysis patients
with hypotension. They concluded that this
technique contributed to the stability of blood
pressure levels among hemodialysis patients [12].
Fahmy, Abdel Moez and Mohammed (2025)
conducted a study aiming to assess intradialytic
hypotension in chronic kidney disease patients on
chronic hemodialysis. They concluded that
predictors of intradialytic hemodialysis were
females [13].

intradialytic

II. THE CONTROLLED BLOOD PRESSURE

AS A PROCESS
- Gabutti et al [5] investigated the use of
bicarbonate and  calcium  dialysate

concentrations to increase the hypotension
during the intradialytic  process of
hemodialysis patients. They presented the
dynamic change of systolic and diastolic
blood pressure for a time span from 0.5 to 4
hours. I have considered only one of their
diastolic profiles for calcium dialysate of
1.25 mmol/L concentration having pressure
increase from 67 mmHg at 0.5 h to 73.42
mmHg at 4 hours. Then I normalized the
blood pressure profile to work with changes
from the starting value at 0.5 h for purpose of
transfer function identification of the
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diastolic blood pressure variation.
the blood pressure its changes start with zero
at 0.5 h and ends with 6.42 mmHg at 4 h.
From the experience of the author in system
dynamics it was decided to consider this time
response as a step time response of a first-
order plus integrator process without time
delay giving a process transfer function Gp(s)

as:

(1)

Where the K, is the process gain and T, is its time
constant. Using the ITAE performance index [14]
and the MATLAB optimization toolbox [15], the
time data and normalized diastolic blood pressure
(DBP) data, the parameters of the DBP process in
Eq.1 are given by:

KP

ADBP (mmHg)

=0.40416 , T, =1.0204 h )

The unit step time response of the DBP
process defined by Egs.1 and 2 is shown in
Fig.1 as generated by the step command of
MATLAB [16].

Step time response of DB pressure

# Experimental (Gabutti 2009)
——1-0/1 model

05 1 15 2 25 3 35 4
time (h)

Fig.1 Step time response of the DBP change as a process.

The step time response of the DBP process as
shown in Fig.l is an unstable process which
represents great challenge for control engineers to
select controllers/compensators to stabilize the
process and provide good performance.

https://ijctjournal.org/

CONTROLLING THE DBP PROCESS USING
Considering the normalized time response of A PD CONTROLLER

The conventional PD controller is one of the
controllers of the first generation of PID
controllers. It is still in use in some
engineering applications such as second-
order processes [17], systems with fuzzy
differential equations [18] and industrial
processes with delay time [19]. A PD
controller has a transfer function, Gpp(s)
given by:

Gpp(8) =K ., + K5 = Kpcl[(Kdl /Kpcl)s +1] (3)

pcl
The PD controller has two gain parameters:
proportional gain Kyc1 and a derivative gain
K1 tuned as follows:

#% The open-loop transfer function of a single-

loop Dblock diagram control system,
Grp(s)Gp(s) comprises a simple zero
(Ka1/Kpe1)s+1 and a simple pole Tps+1.

+ Using the zero/pole cancellation technique

[20], The time constant of the simple zero
cancels the time constant of the simple pole
giving:

Kdl = Tprcl (4)
# The closed-loop transfer function, Mi(s) of

the control system structure with a single
control loop incorporating the PD controller
defined by Eq.3 and the DBP process
defined by Eq.1 is derived and given by:
My(s)=1/(T;s+1); T, =1/ (K,K,.,) (5)

Eq.5 reveals the fact that the control system
in this case is a standard first-order one
characterised by its time constant T;.

The settling time of the control system step
time response Ts; is related to Ti through the
relationship [21]:

T, =4T, (6)

Let the desired settling time of the control
system step time response is 0.5 h. Then,
Eq.6 gives the time constant T; as: T; =
0.125 h.

* Now, with Ti; known, Eq.5 gives the

proportional gain Kpcr as:

K,, =19.7941 (7)

#+ Now, Eq.4 gives the derivative gain Kd1 as:
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K, =20.1989 (8) G, (s) =Kcz(]"z2s+l)/(Tp2s+1) )
- With the PD controller tuned, Eq.5 is used Where:

ADBP(mmHg)

to plot the step time response of the DBP
control system using the controller gain
parameters in Eq.4 and MATLAB step and
plot commands [16] providing the step time
response shown in Fig.2 for a desired DBP
change of 10 mmHg (corresponding to 75

mmHg absolute value). The upper limit of

35 and 80 mmHg (absolute values) [1] is
shown in the plot.

PD controlled diastolic blood pressure

20 85

DBP step response
— — DBP upper limit change

18

16 |
———————————————————————————— 80
147

-
™

75

» B
DBP(mmHg)

(=]

170

0 0.1 02 03 04 05 06 07 08 09 1
time (h)

Fig.2 Step time response of a PD controlled DBP.
COMMENTS:

III. CONTROLLING THE DBP USING A
FIRST ORDER COMPENSATOR

- The first-order compensator is one of the
first generation of control compensators
introduced before 2014. The author used the
first-order compensator to control very slow
second-order process [23] and a delayed
double integrating process [24]. It has the
transfer function Gis(s) given by [23]:

Kc2 = compensator gain
T, = time constant of the compensator zero
Tp2 = time constant of the compensator pole

- The first-order compensator is set in a
single-loop control system block diagram
just before the process and after the error
detector receiving the error signal and as
input.

- The three parameters of the first-order
compensator are tuned as follows:

#% The zero/pole cancellation technique [20] is
applied to the open-loop transfer function of
the block diagram loop for the DBP control.
The compensator zero (in Eq.9) is chosen to
cancel the simple pole (Tps+1) of the DBP
process (in Eq.1) providing the value of the
compensator zero as:

T,=T,=1.0204 h (10)

% The transfer function of the closed-loop
control system, Ma(s) is deduced using
Egs.1 and 9 in a unit feedback single loop
control system. It is given by:

M>(s) = wn2® /( °+20wns+ wi2’) (11)
Where:

wn? = KoK/ Tp2, 20002 = 1/T)2 (12)

# It is known from the dynamics of second-

» Maximum overshoot: zero order control systems that critical damping

> Settling time to + 2 % tolerance: provides dynamics without any maximum
0.489 h overshoot. Therefore, for a critical damping

» Delay time: 0.092 h design (2 = 1).

> Rise time: 0.275h # The settling time Ty of a second order

> Steady-state error: zero control system is related to wn> through the

relationship [25]:

T2 = 5.8355/wn2 (13)

% For a desired settling time of (say) 0.5 h,
Eq.13 provides the control system natural
frequency, n2 for critical damping
condition as:

wn2 = 11.6718 rad/h (14)

% Now, Eq.12 gives the value of the
compensator pole time constant, Ty, for a
critical damping dynamic second-order
control system as:

Tpo = 0.0428 h (15)
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#+ Now, with Tp2 known, Eq.12 gives the control the DBP process. It has the transfer
compensator gain Kc2 as: function equations:
K> =14.43859 (16) Gpi(s)=K35 5 Gpy(s)=K,; (17)

- The step time response for reference input Where:
tracking using the compensator transfer
function in Eq.11 and the natural frequency
in Eq.14 for critical damping characteristics
is obtained using the command °‘step’ of
MATLAB [16] as shown in Fig.3 for a &
desired DBP change of 10 mmHg.

Ka3 = compensator derivative gain

Kpe3s = compensator proportional gain
- The two parameters of the D-P compensator
are tuned as follows:
The zero/pole cancellation technique [20] is
applied to the open-loop transfer function of

COMMENTSI the block diagram loop for the DBP control.
> Ma"?m“m overshoo:: ZeTo The compensator zero at origin (s) (in Eq.17)
> Settling time to % 2 % tolerance: will cancel the pole at origin (s) of the

) 0.5000 h process (in Eq.l1). This step results in
> D‘elay‘ tme: 0.1438 h producing a closed-loop transfer function,
» Rise time: 0.2878 h Mi(s) given by:

» Steady-state error: Zero My(5) =K K,y | (T,s+1+K,K,_K,)(18)

1st order compensator controlled diastolic blood pressure
B85

#% Eq.18 will generate a control system
dynamic having non-zero steady state error.
61 To have a zero steady-state error, the

___________________________ BO
L following condition exists from Eq.18:

KK, =1+K K, K, (19)

p Tt pe3

75

DBP{mmHg)
=

The condition in Eq.19 reveals a
mathematical expression for the
o proportional gain K3 as:

Koy = (K, Ky =1/ (K,K5) (20)

N N N O O + Now, combinipg Eqs.18. and 19 reveals the
0 01 02 03 04 ﬁmf'(h) 06 07 08 09 1 transfer‘ function ‘equation of the control
system incorporating the D-P compensator
Fig.3 Step time response of a first-order compensator having the same equation as Eq.5 with Ts
controlled DBP. instead of T where the time constant of the
first-order control system, T3 is given by:
15 = Tp/(KyKas3) (21)
The settling time of the control system step

ADBP(mmHg)
© B

IV. CONTROLLING THE DBP USING A -

D-P COMPENSATOR : .
" ) | time response Ts3 is related to T3 through the
- The D-P compensator is a nove relationship [21]:

compensator design belonging to the second T = 4T; (22)
generation of control = compensators &
introduced by the author since 2014. A D-P system step time response is 0.5 h. Then
compensator consists of two control Eq.22 gives the time constant !r3 as: Ts _
elements: A D-control mode, Gps(s) in the 0 1'2 sh '
forward path just after the error detector and i : '
before the controlled process and a P-

control mode, Gp3(s) in the feedback path of

the single-loop control system proposed to

Let the desired settling time of the control

Now, Eq.21 gives Kgs and Eq.20 gives Kpe3
as:
K3 =20.1980 , Kye3 = 0.8775 (23)
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VI.

Now, using the transfer function in Eq.5
with Ty = T3 = 0.125 h, the step time
response is the same as that in Fig.2 with
same comments as in the PD controller.

V. COMPARISON ANALYSIS

ADBP{mmHg)

16 F — — D-P compensator

To evaluate the effectiveness of using the
proposed controller/compensators, the step
time response for a desired DBP is
compared with that using a PD controller
tuned in this research work.

A graphical comparison is presented in
Fig.5.

A quantitative comparison for the time-
based characteristics of the control systems

Step time response comparison of D-blood pressure

85

with PD controller
——1st order compensator

[=]

75

oo
DBP{mmHg)

170

65
o 01 02 03 04 05 06 07 08 09 1

time (h)

proposed to control the human DBP during
hemodialysis is given in Table 1 for
reference step input tracking (desired DBP).

Fig.5 serum DBP control using one controller and two

compensators.
TABLE 1
CHARACTERISTICS COMPARISON FOR DBP
CONTROL
Characte- Without PD First-order D-P
ristics control controller | compensator | compensator
OSmax (%) 0 0 0 0
T2 (h) o) 0.4890 0.500 0.4890
Ta (h) 0 0.0920 0.1438 0.0920
T:(h) 0 0.2746 0.2878 0.2746
ess(mmHg) 0 0 0 0

OSmax = maximum percentage overshoot
Ts20 = settling time to 2 % tolerance.

Tq = delay time.

T: = rise time.

ess = steady-state error.

https://ijctjournal.org/

CONCLUSIONS

This research paper investigated the use of
first order and D-P compensators from the
second generation of control compensators
compared with a PD controller from the first
generation of PID controllers to control the
diastolic blood pressure a human body
during hemodialysis.

The process under control was identified as
an unstable process having a first order + an
integrator process transfer function without

time delay.
The performance of the proposed
controller/compensators ~ was  assigned

through the investigation of the step time
response of the control system comprising
the controller/compensator and the DBP
process.

The tuning technique used to optimize the

controller/compensator  parameters  was
based on the zero/pole cancellation
technique and fulfilling specific

requirements for the settling time and the
steady state of the control system.

The three proposed controller/compensators
succeeded to eliminate completely the
maximum percentage overshoot of the
closed-loop control system for reference
input tracking.

The settling time of the step input tracking
time response (for 2 % tolerance) was
assigned to be only half an hour for the three
controller/compensators indicating fast time
response compared with infinity for the
uncontrolled DBP process.

With the proposed controller/compensators
it is possible to select any value for the
settling time where the
controller/compensator ~ parameters ~ will
change accordingly.

The three proposed controller/compensators
succeeded to provide a step time response
having a delay time less than 0.144 h.

The three proposed controller/compensators
succeeded to provide a step time response
having a rise time less than 0.288 h.
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- Through the tuning approaches used it was

possible for the proposed controller/
compensators provided step time response
to step input tracking without steady-state
error.

- The PD controller and the D-P compensator

proved in this application to be the best
controller/compensator because of their
ideal step shape without any overshoot,
undershoot or steady-state error.

- However, the D-P compensator was selected

as the best controller/compensator because
of its simple design without summing point
electronic circuit.
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DEDICATION

THIS SPECIAL EDITION OF

THE CANON OF MEDICINE
OF

AVICENNA

HAS BEEN PRIVATELY PRINTED

FOR THE MEMBERS OF

THE CLASSICS OF MEDICINE LIBRARY

IBN SINA, The Great Physician [26], [27]
e Ibn Sina was one the great physicians in
Islam.

e He was also one of the greatest thinkers
and medical scholars in history.

e He was born in 980 AC near Bukhara and
died in 1037 AC in Iran.

https://ijctjournal.org/

He began his medical studies at the age of
13.

He wrote 100 books including the ‘canon
of medicine’ which became the standard
textbook of medicine in European medical
schools after translation to Latin in the
12t century.

Before an age of 16, he mastered physics,
mathematics, logic and metaphysics.

He wrote his famous book ‘the canon’
book when he was 21 year old.

His ‘canon’ book was translated to Latin,
Persian, Chinese, Hebrew, German,
French and English languages.
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