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Abstract:

This paper is the tenth in a series of research papers presenting the control of an autonomous
human body. It handles the control of the pCO2 level in the human blood using an I-first order, 1/ 2 orders
compensators and a PD-PI controller all from the second generation of control compensators and PID
controllers. Some tuning techniques for the proposed compensators/controllers are proposed based on
zero/pole cancellation, fulfilling some time-based characteristics for the closed-loop control system, trial
and error and MATLAB optimization. The step time response of the control system using the investigated
compensators/controller is presented and compared with that of a conventional PID controller from the
first generation of PID controllers tuned in this work using the MATLAB optimization toolbox and the
time-based characteristics are extracted and compared. The comparison reveals the best
compensator/controller among the four ones presented depending on a graphical and quantitative
comparison study for reference input tracking.

Keywords — Autonomous human body control, blood pCO2 control, I-first order compensator, 1/ 2 orders
compensator, PD-PI controller, PID controller, compensators/controllers tuning.

st st st st st st st st st st st s st s st s st s s e ek kok

oxygenator machines in an open-loop control
manner with some limited trials with closed-loop
control manner [3]. We start by presenting a
literature review about pCO2 modeling and control

I. INTRODUCTION

The partial pressure of carbon dioxide (pCO2) is a
measure of the carbon dioxide within the arterial or

venous blood with normal level range from 35 to 45
mmHg [1]. ‘Hypercapnia’ describes high CO2
levels in the blood above 45 mmHg. If a patient is
living with ‘Hypercapnia’, he may be suffering
from some symptoms including: dizziness, flushing,
headache, inability to concentrate, rapid breathing,
shortness of breath, acute confusion, coma,
widening of blood vessels in the skin, panic attack,
respiratory failure, seizure and swelling of the optic
nerve [2]. These serious symptoms clarify the need
to accurate and efficient control strategy to force
purify the blood from excessive CO2.
‘Hypercapnia’ is regulated through the use of

since 1997:

Rees, Andreassen, Hovorka and Carson (1997)
described a model of carbon dioxide transport on
the blood. They used the model equations to
represent the flow of CO2 between tissues blood
and lung alveoli and used the model to represent th
effects of hypo and hyper-ventilation on CO2
concentration [4]. Hexamer and Weiner (2003)
described a process model for the gas transfer (02,
N2, CO2) in an oxygenator (artificial lung) for use
as a design tool and a process model for the
automation of the blood gas management during
cardiopulmonary bypass. They showed that the
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process gain vary markedly with the blood flow and
presented a step time response for O2 and CO2
gases [5]. Manap, AbdulWahab and Zuki (2017)
simulated the CO2 blood gas exchange in a
membrane oxygenator. The objective was to
evaluate the effect of sweep gas flow rate on CO2
partial pressure (pCO2) and to determine the
response of pCO2 to the step change of the sweep
gas flow rate. They generated simulated open-loop
time response for pCO2 with three sweep gas flow
rates of 1, 2 and 4 L/min [6]. Manap, AbdulWahab
and Zuki (2020) evaluated the performance of
Ziegler-Nichols continuous cycling and particle
swarm optimization methods in tuning the gains of
a PID controller applied to control the CO2
elimination from a membrane oxygenator during
extracorporeal blood purification process. They
used the sweep gas flow rate as a control variable
and the pCO2 as a controlled variable and
examined the robustness of the tuning methods for
set point tracking and disturbance rejection [7].

Elenkov et al. (2022) presented a performance
comparison for reference input tracking of pCO2
using three control algorithms: PI controller,
nonlinear model predictive controller and deep
reinforcement learning controller. They used an
improved model of a membrane oxygenator. They
concluded that the PI controller had the fastest time
response with 2.24 settling time [8]. Suriyaprakash
and Dhinakaran (2024) examined the control of
pCO2 in a blood perfusion system where the pCO2
was measured and fed to an automated gas flow
controller based on deep neural network internal
model controller through a switch. They tested the
performance of the proposed controller for various
pCO2 values with output recording [9].

II. THE CONTROLLED BLOOD rCO2 AS A
PROCESS

- Manap et al [6] investigated the simulation
of blood CO2 exchange in membrane
oxygenator for specific values of blood flow
rate and sweep gas flow rate. They presented
the step flow rate of pCO?2 for three levels of
sweep gas to blood flow rates without
presentation of any mathematical model for
this time-change. I have considered one of
those time responses at blood flow rate of 2

L/min and sweeping gas flow rate of 1 L/min
(0.0166667 L/s). This resulted in change of
pCO2 from 25 to 35.64 mmHg and time span
from 0 to 40 s. Using this time response, the
step input was 0.016667 L/s (A) and the
steady-state response change was 10.636
mmHg (css) producing a process gain K, of
638.03239 mmHg/(L/s) (css/A). The time
response of pCO2 had a maximum overshoot
at a time of 3.75 s indicating that it cannot be
represented by a first order model. From the
experience of the author in system dynamics
it was decided to consider this time response
as a step time response of a 1 / 2 orders
process without time delay giving a process
transfer function Gp(s) as:

Gp(s) = Kp(1+Tx08)/(Tpos+1)? (D)
Where the process gain, K, is given by:
K, =638.03239 mmHg/(L/s) (2)

- The zero time constant Tz0 and double pole
time constant Tp0O is identified using an
ITAE performance index [10] and the
MATLAB optimization toolbox [11] with
the help of chat GPT [12]. The identified
parameters using the simulated time response
of Manap et al. [6] as a pCO2 process data
are as follows with a correlation coefficient
of 0.9959:

To=6.75s, Tro=2.40s 3)

- The unit step time response of the pCO2
process defined by Egs.1, 2 and 3 is shown
in Fig.1 as generated by the step command of
MATLAB [13].

step time response of A pCO2 as a process

——Using 1/2 TF model
# Manap et al (2017)

pCOz(mmHg)

0 5 10 15 20
time (s)

Fig.1 Step time response of the blood pCO2 change as a
process.
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The blood pCO2 process defined by Eq.1 has the
following time-based characteristics associated with
a step input of 0.016667 L/s sweeping gas:

% Steady-state response:
4+ Maximum percentage overshoot:
+ Settling time to + 2 % tolerance:

10.636 mmHg
37.6 %
14.96 s

III. CONTROLLING THE BLOOD rCO2
USING A PID CONTROLLER

The conventional PID controller is one of
the controllers of the first generation of PID
controllers. Manap et al. applied a PID
controller to control CO2 elimination in a
membrane oxygenator with two different
tuning techniques [7]. I could not compare
with their work because they didn’t provide
the CO2 model as a process and pushed me
to start with using a PID controller to
control the pCO2 in the membrane
oxygenator and tune it my self.

I tuned the PID controller gain parameters
for the optimal control of the pCO2 process
defined by the transfer function in Egs.1, 2
and 3 minimizing an ITAE performance
index [10] using the MATLAB optimization
toolbox [11] providing the following PID
gain parameters:

Kpe1 =0.01991; Ki1 = 0.01174;

Ka1 =0.019485 4)
The closed-loop transfer function of the
control system structure with a single
control loop incorporating the PID
controller and the pCO2 process defined by
Eq.1 is derived and used to plot the step
time response of the pCO2 control system
using the controller gain parameters in Eq.4
and MATLAB step and plot commands [13]
providing the step time response shown in
Fig.2 for a desired pCO2 change of 15
mmHg (corresponding to 40 mmHg
absolute value). The lower and upper limits
of 35 and 45 mmHg (absolute values) [1]
are shown in the plot.
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Fig.2 Step time response of a PID controlled blood pCO2.

IVv.

CONTROLLING THE BLOOD PH

USING AN I-FIRST ORDER
COMPENSATOR

Grisi(s) = (Ki2/s)[(Trzs+1)/(Tpast1)]

The I-First order compensator is one of the
second generation of control compensators
introduced by the author since 2014. The
author used the I-first order compensator in
September 2024 to control an autonomous
car longitudinal velocity [14]. It has the
transfer function Gust(s) given by:

©)

Where:

K2 = integral gain of the compensator

T, = time constant of the compensator zero
Tp2 = time constant of the compensator pole
The I-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 I-first order
compensator are tuned as follows:

The zero/pole cancellation technique [15] is
applied to the open-loop transfer function of
the block diagram loop for the blood pCO2
control. The compensator zero (in Eq.5) is
chosen to cancel the simple pole (Tyos+1) of
the pCO2 process (in Eq.1) providing the
value of the compensator zero as:

To=240 s (6)
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o The compensator pole (in Eq.5) is chosen to
cancel the simple zero (T.0s+1) of the pCO2
process (in Eq.1) providing the value of the
compensator pole as:

Tp2=6.75 s (7)

o The transfer function of the closed-loop
control system, Mox(s) is deduced using
Egs.1 and 5 in a unit feedback single loop
control system. It is given by:

Ma(s) = on? /( $*H200ms+ o) (8)
Where:
on2? = KpKio/Tpo , 200n2 = 1/Tpo 9)

o It is known from the dynamics of second-
order control systems that critical damping
provides dynamics without any maximum
overshoot. Therefore, for a critical damping
design (& = 1).

o The settling time of a second order control
system is related to Qmn2 through the
relationship [16]:

Ts =4/( Lon2) (10)

o For a desired settling time of (say), Eq.10
provides the control system natural
frequency, wn2 for critical damping
condition as:
on2 =4 rad/s (11)

- Now, Eq9 gives the value of the
compensator gain Ki; for a critical damping
dynamic second-order control system. That
is:

Ki2=10.060186 (12)

- The step time response for reference input
tracking using the compensator transfer
function in Eq.8 is obtained using the
command ‘step’ of MATLAB [13] as shown
in Fig.3 for a desired pCO2 of 15 mmHg.

COMMENTS:
» Maximum overshoot: Zero
» Settling time to = 2 % tolerance:
1459 s
» Settling time to pCO2 limits:
0.573 s
» Steady-state error: Zero
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Fig.3 Step time response of a I-first order compensator
controlled blood pCO2.

V.

CONTROLLING THE BLOOD PH

USING A 1/2 ORDERS COMPENSATOR

The 1 / 2 orders compensator is one of the
second generation of control compensators
introduced by the author since 2014. The
author used the 1 / 2 orders compensator in
May 2025 to control the hemoglobin level
of a human being [17]. It has the transfer
function Givy2(s) given by:

Giby2(s) = Kea(Tpas+1 )/[(Tp3s+ D)(Tpast1)] (13)
Where:

K3 = compensator gain
T, = time constant of the compensator zero
T3, Tps = time constants of the compensator

two simple poles

The 1 / 2 orders 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 four parameters of the 1 / 2 orders
compensator are tuned as follows:

The zero/pole cancellation technique [15] is
applied to the open-loop transfer function of
the block diagram loop for the blood pCO2
control. The compensator zero (in Eq.13) is
chosen to cancel the simple pole (Tyos+1) of
the pCO2 process (in Eq.1) and the first
compensator pole in Eq.13 is chosen to
cancel the process zero (Tnstl) in Eq.l
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providing the values of the compensator
zero and first simple pole as:

T3s=240 s , Tp3=6.75 (14)

o The resulting closed-loop transfer function
of the control system using the 1 / 2
compensator, Ms(s) will be:

Mi(s) = K31 @n3? /( 200038+ 0n3?)  (15)
Where:

Ks1 = KpKea/(1+KpKe3) (16)
283003 = (Tpo+Tpa)/(TpoTpa) (17)

o The settling time of this control system for +
2 % tolerance is given before in Eq.10. With
critical damping condition for step time
response without maximum overshoot.

o Selecting the performance conditions: unit
damping ration and 0.05 s settling time for +
2 % tolerance reveals the following
remaining compensator parameters:

Tps =0.006266 , K3 = 0.149288 (18)

o The closed-loop transfer function gain Ks;
in Eq.16 and wn3 in Eq.17 become :

K31 =95.25065, o3 = 80 rad/s (19)

- Now, using the transfer function in Eq.15,
parameters in Eqs.19 and critical damping
coefficient condition plots the step time
response of the control system for a desired
pCO2 of 15 mmHg as shown in Fig.4.
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Fig.4 Step time response of a 1 / 2 orders compensator
controlled blood pCO2.

COMMENTS:
» Maximum overshoot: Zero
» Settling time to + 2 % tolerance:
0.073 s

» Settling time to pCO2 limits:

0.0256 s

» Steady-state error: 0.1558 mmHg

VI. CONTROLLING THE BLOOD rCO2
USING A PD-PI CONTROLLER

The PD-PI controller is a controller from the
second generation of PID controllers
presented by the author starting from 2014.
The author applied the PD-PI controller in
April 2014 to control first-order-delayed
processes [18]. A PD-PI controller is
composed of two feedforward cascaded
control mode elements: a PD control mode
of gain parameters Kpes and Kas and a PI
control mode of gain parameters Kcs and
Kia.

The PD-PI controller has a transfer function
Grpri(s) given by:

Gropi(s) = (KpeatKass)[Kpes+(Kis/s)]  (20)

It has four gain parameters Kpes, Kas, Kpes
and Kjs tuned as follows:

o The transfer function of the PD-PI controller
is written in a form suitable for the proposed
tuning procedure as follows:

Grpri(s) =

(KpeaKis/s)[(Kaa/Kpea)s+1[(Kpes/Kis)s+1] (21)

(0]

o

The PD-PI transfer function in Eq.21 has
two simple zeros.

The zero/pole cancellation technique [15] is
used to cancel the controller simple zero
(Kaa/Kpea)st+1 in Eq.21 with the simple pole
Trost1 of the pCO2 process in Eq.1 in the
open-loop transfer function of the control
system giving:

Kas = TpOKpc4 (22)
The other simple zero (Kyes/Kis)s+1 in Eq.21
cancels the other simple pole Tyos+1 of the
pCO2 process in Eq.l1 in the open-loop
transfer function of the control system
giving:

KpcS = TpOKiS (23)
Now, with this application of the zero/pole
cancellation technique, the closed-loop
transfer function Ma(s) of the control system
becomes:

May(s) = (Tis+1)/(Tas+1) (24)

Where:
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T =Tn=6.75, To=[1+1/Ks)]

Ks” = KpKpesKis (25)
Now, we are left with only one compensator
parameter K4’. Few trial and error values fix
a good performance system for the closed-
loop control system with a PD-PI controller.
Here we are using a trial and error technique
[19]. With few trials, K4’ was chosen to be:
K4 =40 (26)
Now Egs.25 and 26 with Kyes = 1 (assumed),
give:

T2=6.775 , Kis=0.06269 (27)
Using the closed-loop transfer function of
the closed-loop control system in Eq.24 and
the time constants in Eqs.25 and 27, the step
time response is generated using the
MATLAB command ‘step’ [13] and shown
in Fig.5 for a desired pCO2 change of 15
mmHg.
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Fig.5 Step time response of a PD-PI controller controlled

blood pCO2.
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The PD-PI controller is an ideal perfect
controller for the pCO2 process.

VIIL.

ApCOz(mmHg)

COMPARISON ANALYSIS

To evaluate the effectiveness of using the
proposed compensators/controllers, the step
time response for a desired blood pCO2 is
compared with that using a PID controller
tuned in this research work using the
MATLAB optimization toolbox [11].

A graphical comparison is presented in
Fig.6.

A quantitative comparison for the time-
based characteristics of the control systems
proposed to control the human blood pCO2
given in Table 1 for reference step input
tracking (desired pCO2).
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Fig.6 Blood pCO2 control using two controllers and two

compensators.
TABLE 1

COMPARISON OF COMPENSATORS/CONTROLLERS

TIME-BASED CHARACTERISTICS

Compensator PID I-1* order 1/2 orders PD-PI
/controller controller | compensator | compensator | controller
OSpx (Yo) 0 0 0 0
T, (5) 2.512 1.459 0.073 0
Totimis (5) 0 0.573 0.0256 0
e, (mmHg) 0 0 0.1553 0
OSmax = maximum percentage overshoot

Ts2y = settling time to 2 % tolerance.
TsLimits = settling time to pCO2 limits.
ess = steady-state error.

VIII.

CONCLUSIONS

This research paper investigated the use of
I-first order, 1/ 2 orders compensators from
the second generation of  control
compensators and PD-PI controller from the
second generation of PID controllers to
control the blood pCO2 of a human body.
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The process under control (blood pCO2)
was identified in this research work as a 1/ 2
orders process transfer function without

time delay.
The performance of the proposed
compensators/controllers was compared

with that of a PID controller from the first
generation of PID controllers tuned in this
work using the MATLAB optimization
toolbox.

Four tuning techniques were used in this
study: wusing the zero/pole cancellation
technique, fulfilling specific values for the
maximum percentage overshoot and settling
time, trial and error and MATLAB
optimization toolbox.

The four analyzed compensators/controllers
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
remarkably small indicating fast time
response. It was 1.459, 0.073 and zero s for
the I-first order, 1/ 2 orders compensators
and PD-PI controller respectively compared
with 2.512 s for the PID controller.

The settling time with respect to the normal
limits of the pCO2 was 0.573, 0.1553 and
zero s for the I-first order, 1/ 2 orders
compensators and PD-PI  controller
respectively compared with zero for the PID
controller. This indicated the very high
efficiency of the tuning technique used to
tune the PID controller compared with other
techniques used in previous research work.
All  the investigated compensators/
controllers provided step time response to
step input tracking without steady-state error
except the 1/ 2 orders compensator which
provided 0.1553 mmHg steady-state error.
The PD-PI controller proved in this
application to be the best
compensators/controllers because of its
ideal step shape without any overshoot,
undershoot or steady-state error.

- Future work is

- The next best one was the I-first order

compensator.

required for accurate
modeling of the human blood pH process
for more accurate and effective control and
application possibility.

REFERENCES

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]
[12]

[13]

http://www.ijctjournal.org

Z. Messina and H. Patrick, “Partial pressure of carbon
dioxide”,
https://www.ncbi.nlm.nih.gov/sites/books/NBK 551648/
September 2022.

D. Leader, “Hypercapnia: causes and symptoms of high
CO2 in the blood”,
https://www.verywellhealth.com/hypercapnia-
symptoms-treatment-914862 , June 2025.

A. G. May et al., “Extracorporeal CO2 removal by
hemodialysis in vitro model and feasibility”, Intensive
Care Medical; Experiment, vol.5, issue 1, 9 pages, 2017.
R. Rees, A. Andreassen, R. Hovorka and E. Carson, “A
dynamic model of carbon dioxide transport in the blood”,
IFAC Modeling and Control in Biomedical Systems,
Warwick, UK, 6 pages, 1997.

M. Hexamer and J. Weiner, “A mathematical model for
the gas transfer in an oxygenator”, IFAC Modeling and
Control in Biomedical Systems, Melbourne, Australia, 6
pages, 2003.

H. Manap, A. AbdulWahab and F. Zuki, “Mathematical
modeling of carbon dioxide exchange in hollow fiber
membrane oxygenator”. [OP Conference Series:
Materials Science and Engineering, vol.210, 13 pages,
2017.

H. Manap, A. AbdulWahab and F. Zuki, “Optimal
control of carbon dioxide exchange process in a
membrane oxygenator using particle swarm optimization
approach”, IOP Conference Series: Materials Science
and Engineering, vol.778, 13 pages, 2020.

M. Elenkov et al.,, “Evaluation of different control
algorithms for carbon dioxide removal with membrane
oxygenators”, Applied Sciences, vol.12, 17 pages, 2022.
S. Suriyaprakash and M. Dhinakaran, “Control of pCO2
in perfusion system using deep neural network internal
model  controller”,  International  Journal  of
Communication Networks Security, vol.16, issue 1, pp.
1058-1065, 2024.

F. Martins, “Tuning PID controllers using the ITAE
criterion”, International Journal of Engineering
Education, vol.21, issue 3, pp.867-873, 2005.

C. P. Lopez, “MATLAB optimization techniques”,
Springer, 2014.

Chat GPT, “Conversation with chat GPT about blood
pCO2 model”, July 7, 2025.

Mathworks, “Step response of dynamic system”,
https://www.mathworks.com/help/ident/ref/dynamicsyst

em.step.html , 2023.

Page 234



https://www.ncbi.nlm.nih.gov/sites/books/NBK551648/
https://www.verywellhealth.com/hypercapnia-symptoms-treatment-914862
https://www.verywellhealth.com/hypercapnia-symptoms-treatment-914862
https://www.mathworks.com/help/ident/ref/dynamicsystem.step.html
https://www.mathworks.com/help/ident/ref/dynamicsystem.step.html
http://www.ijctjournal.org

International Journal of Computer Techniques -— Volume 12 Issue 4, July - August - 2025

[14] G. A. Hassaan, “Autonomous vehicle control, Part I: Car Grammatical Skills in the Faculty of Dar
longitudinal velocity control using P-D, I-first order, 2/2 El-Alum, Cairo University in 2008.
second-order and notch compensators compared with a A ded a leadershi . ..
PID controller”, International Journal of Research ttende . a lcadership p reparatlpn tr?mmg
Publication and Reviews, vol.5, issue 9, pp.334-344, course in the American University in
2024. Cairo in 2018.

[15] M. C. Campi, “The problem of pole-zero cancellation in % Researcher in Helwan Governorate (2011)
the transfer function identification and application to and South Cairo Governorate (2023-now)
adaptive stabilization,” Automatica, vol.32, issue 6, pp. A
849-856, 1996. - Daughter of Prof. Galal Ali Hassaan.

[16] Electrical for You, "Settling time: What is it?," , % Good luck Shaimaa and happy to dedicate
https://www.electrical4u.com/settling-time , 25 April, this work to you.

2024.
[17] G. A. Hassaan, “Autonomous human body control, Part BIOGRAPHY

V: Hemoglobin level control using I-first order, 1/ 2
orders compensators and PD-PI controller compared
with a PI controller”, International Journal of Computer
Techniques, vol.12, issue 3, pp.1-10, 2025. ) [

[18] G. A. Hassaan, “Tuning of a PD-PI controller used with
first-order-delayed processes”, International Journal of
Engineering Research & Technology, vol.3, issue 4,
pp-2751-2755, April 2014.

[19] W. Wibowo et al., “Simulation and analysis of vertical
displacement characteristics of three wheeled-trike
vehicle with PID controller application”, AIP
Conference Proceedings, vol.1867, Article number

020021, August 2017 GALAL ALI HASSAAN
% Emeritus Professor of System Dynamics and
DEDICATION Automatic Control.

#% Has got his B.Sc. and M.Sc. from Cairo
University in 1970 and 1974.

4 Has got his Ph.D. in 1979 from Bradford
University, UK under the supervision of
Late Prof. John Parnaby.

#+ Now with the Faculty of Engineering, Cairo
University, EGYPT.

% Research on Automatic Control, Mechanical
Vibrations, Mechanism Synthesis and
History of Mechanical Engineering.

% Published more than 355 research papers in
international journals and conferences.

> ) ' ] % Author of books on Experimental Systems

#+ Had a professpnal diploma in curriculum Control, Experimental ~Vibrations and
development in 2008. Evolution of Mechanical Engineering.

% Had a Diploma in specialized psychology # Honourable Chief Editor of the International

SHAIMAA GALAL HASSAAN
4 Graduated from the F aculty of Education,
Arabic Language Department (Bani-Sweif
University, Egypt) in 2007 (honor grade).

" in 2009. ‘ ‘ Journal of Computer Techniques.
Had a Master. Deg‘re§ n .Educatlona} # Reviewer in some international journals.
Psychology ~ with ‘distinction  grade #% Scholars interested in the authors

(Bani-Sweif University, Egypt) in 2016.
4+ Attended three training courses in Arabic
Language Skills, Proofreading and

publications can visit:
http://scholar.cu.edu.eg/galal

ISSN :2394-2231 http://www.ijctjournal.org Page 235



https://www.electrical4u.com/settling-time
http://scholar.cu.edu.eg/galal
http://www.ijctjournal.org

