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A B S T R A C T

Mechanical ventilation is a life-saving treatment for critically ill patients who are struggling
to breathe independently due to injury or disease. Globally, large numbers of individuals
have always required mechanical ventilation per year. In this research work, a compre-
hensive integrated Mechanical ventilator human respiratory system which is a complex
dynamical system is modelled using the Port Hamiltonian approach. The Port Hamilto-
nian framework provides a powerful tool for the analysis, modelling, and control of such
systems. The objectives of this research work are separated into four main outcomes: The
first objective is formulation of the human respiratory system using a Port Hamiltonian
based approach. In this formulation, the first abstraction is a nominal Port Hamiltonian
mechanical ventilator human respiratory system model. The second level of abstraction
formulates a comprehensive integrated Port Hamiltonian model of the human respiratory
system which includes the alveoli. The third abstraction is the Multi-physics and Multi-
scale Port Hamiltonian model of the human respiratory system, which is integrated with
the mechanical ventilator. The second objective is the formulation of a comprehensive Port-
Hamiltonian model of a mixed finite/infinite dimensional electro-hydro-mechanical model
of the mechanical ventilator. The third objective is the presentation of a multi-physics
Port Hamiltonian generalized model of a Mechanical Ventilator-Human respiratory sys-
tem with Naiver stokes for the fluid flow in the mechanical ventilator respiratory system
model. The generalized formulation leads to a new class of algebraic constraints in the
modelling of the mechanical ventilator respiratory system. The main result presented is
a novel interconnected Dirac structure of the fluid/electrically coupled system. Finally,
two novel applications of the mechanical ventilator human respiratory system model are
presented. Simulations for this research work are conducted using the Matlab platform
and the respiratory system model results and the mechanical ventilator results are com-
pared to results in existing literature and are found to be comparable. This work can be
developed further in future to include robust controllers in the Port Hamiltonian frame-
work for improved mechanical ventilator patient dynamics.
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1
I N T R O D U C T I O N

1.1 introduction

Mechanical ventilation is an approach used to assist patients who need support to breathe
sufficiently [1]. These patients are usually admitted to the Intensive Care Unit (ICU) on a
mechanical ventilator (MV), which is a machine that is commonly used to assist patients
who are partially or unable to breathe without assistance for various reasons, for instance,
illnesses or surgical procedures [2]. Control Engineering plays a fundamental role in the
precise and safe provision of gas to the patient [3]. Maintaining human life requires the
efficient inspiration of air and the dissemination of oxygen to all cells in the human body.
The distribution is achieved by the heart and the blood vessels, whereas the lungs act as
the essential interface between the human being and the atmosphere. The lungs facilit-
ate the exchange of carbon dioxide and oxygen in the human body [3]. When a healthy
lung is injured or infected by diseases, the respiratory mechanics become overburdened
or strained and the muscles in charge of breathing struggle to maintain the efficiency of
gaseous exchange. With extended efforts, the muscles atrophy and they cease to function.
This results in an urgent need for partial or entire breathing support to be effected. A vent-
ilator is therefore used to facilitate the breathing process through precise control of the gas
flow, mechanical ventilator gas composition, pressure and volume. [3].

1.2 background

1.2.1 The human respiratory system anatomy

The respiratory system is made up of a network of organs and tissues in the human body
which are involved in the breathing process. The human respiratory system is made up of
the nose and nasal cavity, sinuses, mouth, throat(pharynx), windpipe (trachea), diaphragm,
lungs, bronchial tubes (bronchi), bronchioles, air sacs, and capillaries as shown in figure
1.1, [4], [5].

1.2.2 The human mechanism of breathing

The main goal of breathing is to supply oxygen to the alveoli and to remove carbon diox-
ide. Respiration physiology can be described by air moving in and out of the lungs. The
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Figure 1.1: The human respiratory system, [4], [5].

intercostal muscles and the diaphragm are involved in the breathing process [4], [5]. Inspir-
ation occurs when there is a contraction of the external intercostal muscle and a relaxation
of the internal intercostal muscles. The ribs are pulled upward due to the contraction of
the external intercostal muscles and as a result, there is an increase in the thoracic cavity
size. As the diaphragm contracts and further lowers, there is an increase in the size of
the thoracic cavity [4], [5]. Due to the increase in the size of the thorax, the lungs expand,
and the inside air pressure is reduced, thus the pressure is equalized and atmospheric air
moves to the lungs. There are several events that take place in order for expiration to occur.
The external intercostal muscles relax, and the diaphragm is pushed upwards at the same
time the internal intercostal muscle contracts resulting in the ribs being pulled inwards.
As a result of this series of events, the lungs are compressed and their pressure increases,
forcing air to move out [4], [5].

1.2.3 Mechanical ventilation development

A ventilator is a machine that is used to facilitate life support via precise control of airflow,
pressure, volume, and gas composition [3]. In 1927, the iron lung which used negative
pressure ventilation was introduced. In iron lung ventilation, the patient’s entire body
below the head was encapsulated in a rigid compartment [3]. In the compartment below,
cyclical pressure reduction resulted in air pressure decreasing, this caused the lungs to
expand and the gas was able to enter the airway. As much as the iron lung played a critical
role in saving lives, it was extremely difficult to continue with other treatments on the
patient while they were in the iron lung. For example, conducting X-rays or performing
surgery. The iron lung was replaced by positive pressure ventilation in which the gas under
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Figure 1.2: Iron lung ventilator, [6].

Figure 1.3: The Positive Pressure Ventilator, [3].

pressure is introduced through the patient’s airway [3]. Figure 1.2 and Figure 1.3 show the
iron lung ventilator and the positive pressure ventilator.

1.2.4 Operating principles of the intensive care unit mechanical ventilators

The MV block diagram of for an Intensive Care Unit (ICU) is shown in figure 1.4. The gas
inlet connection (0) allows the entry of air and oxygen into the MV. The air and the oxygen
flow through a parallel path in the first section of the ventilator. The air then flows through
an impurity removal filter (1). A check valve (2) is employed to stop any flow in the reverse
direction. The pressure-reducing valve (3) acts as the entry point for the oxygen and the
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air, The pressure of the two gases that flow from the wall of the outlet supplies is reduced
by the two pressure-reducing valves. The desired pressure value downstream is measured
by the pressure sensors (4). The desired pressure is approximately 500 mbar gauge and it
can be adjusted using a control signal or manually. The air (5) and the oxygen (6) metering
valves are typically directional proportional valves, [2]. To obtain the desired mixture of the
gas with the chosen percentage of oxygen, the valves can be precisely adjusted using the
control signal transmitted to the solenoids. In some instances, high proportional valves can
be applied to remove the necessity for the pressure-reducing valves [2]. The gas mixture
then enters a tank (7) which facilitates the unifying of the air and the oxygen and also the
pressure variations are smoothed. Some models of the MVs have a tank with a capacity
of 5.8 L and the pressure is sustained in the ranges of 200 to 350 mbar gauge. This large
volume has the merit of being able to provide high peak flows when needed according to
the manufacturer [2].

The role of the tank pressure relief valve (8) is to ensure that there is no uncontrolled
pressure upsurge in the tank in cases when a fault occurs. It operates in such a way that
when the pre-set maximum value has been achieved, the gas is automatically discharged
into a room by the automatic opening of the valve. An oxygen sensor (9) is used to monitor
oxygen concentration in the tank. The output voltage that is proportional to the concentra-
tion of oxygen generated is applied in regulating the opening degree of the inlet metering
valves (5) and (6). If there is an abnormal increase in levels of oxygen concentration, then
an alarm is used as an indicator. To protect the patient and the inspiratory valve against the
possibility of encountering contaminated particles from the gas, a filter (10) is employed.
Current MVs have an accurate proportional inspiratory valve (11) that permits precise con-
trol of the patient’s inspiratory gas. Some manufacturers have models for instance Galileo,
[2], whose inspiratory valve is equipped with a differential pressure sensor coupled with a
position sensor. The pressure difference across the orifice in the inspiratory valve is meas-
ured by the position sensor. The flow of gas through this valve can therefore be calculated.
For some ventilator models for example automatic resuscitators and small ventilators used
during the transportation of a patient, the inspiratory valve is a fixed orifice flow resistor
that allows for a steady flow of gas. For some ventilators used on infants for example the
Bourns BP-200 and infant Flow SIPAPA device by care fusion, the inspiratory valve is nor-
mally manually adjusted [2]. To avoid an upsurge in uncontrolled pressure downstream
of the patient, which might result in the damaging of the patient’s lungs, a pressure relief
valve (12) is included in the circuit. When a maximum pre-set pressure is reached which is
also known as the cracking pressure, the gas is discharged into the external environment
via the automatic opening of the valve. If the system malfunctions, then a further safety
valve (13) is on standby and it usually opens when there is a fault thus allowing the pa-
tient to breathe. During a normal uninterrupted operation, valves 12 and 13 are closed. The
pressure sensor (14) is used to measure pressure. The control of the temperature and hu-
midity of the gas inspired by the patient is conducted through a humidification device and
a heat exchanger (15). To measure and monitor the patient-inspired and expired gas flow,
a strategically positioned flow sensor (16) placed in close proximity to the mouth of the



1.2 background 5

Figure 1.4: ICU mechanical ventilator block diagram, [2].

patient is employed. The other parts of the circuit are a pressure sensor (17), an optional
additional filter (18), an expiratory valve (19) and a check valve (20). Dräger Infinity V500
and the Galileo, [2] models, have the expiratory valve which is a proportional directional
valve. This valve is used to regulate the minimum pressure in the patient circuit and to
control the flow of expiratory gases from the patient to the surroundings. The reverse flow
is avoided in the expiratory circuit when the check valve (20) is employed. [2], research
shows that for Galileo, the directional on/off valve (21) opens when an additional function
is activated. There is an increase in the pressure of the gas tank by the compressor (22) to
approximately 900 mbar which is translated into the nebulizer jar (23) [2]. There are several
control strategies for the system. Some of the control strategies used for critical patients
are Volume Controlled Ventilation (VCV) and Pressure Controlled Ventilation (PCV).
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The VCV is a type of ventilation where the predetermined volume of gas also known as
tidal volume is supplied to the patient [7]. To meet the desired goal, the inspiratory valve
(11) is opened and the patient-inspired flow rate is measured using a flow sensor (16).

After the desired tidal volume has been achieved and the patient’s lungs are filled, the
inspiratory valve is closed and the expiratory valve (19) opens thus permitting the patient
to expire. During this process, the Positive End Expiratory Pressure (PEEP) is sustained
higher than the preset values thus preventing the lungs from collapsing. The other strategy
used namely PCV applies pressure in which the ventilator adjusts the inspiratory flow and
keeps the maximum airway pressure at the set level during inspiration [7]. For patients
who can breathe on their own, the MVs have a spontaneous breathing support mode which
is known as the Bi-Level Positive Airway Pressure (BIPAP). It is a ventilation mode that
is noninvasive and provides various levels of pressure for the patient. When the patient
is allowed to spontaneously breathe and the machine supports the patient’s breathing,
that mode of ventilation operation is known as the synchronized intermittent Mandatory
Ventilation-Pressure Controlled (SIMV -PC) [7]. The Medicines and Healthcare Products
Regulatory Agency (MHRA) provides the criteria to be satisfied for the operating paramet-
ers of a mechanical ventilator as [7]:

• The plateau pressure, must not exceed 34.32 mbar (35 cmH2O) gauge [7].

• The fail-safe valve of the MV must open at 78.45 mbar (80 cmH2O) gauge [7].

• The Positive end-expiratory pressure (PEEP) must be greater than 4.903 mbar (5
cmH2O) gauge, adjustable in at least 4.903 mbar (5 cmH2O) increments [7].

1.3 identified gaps in the literature

Considering the comprehensive literature review conducted in Chapter 2 of this work, to
the best knowledge of the author:

• There are currently no detailed Port Hamiltonian models of the mechanical ventilator
subsystem integrated with a human respiratory system

• There are currently no comprehensive or integrated or Port Hamiltonian modelling
frameworks for the mechanical ventilator- Human respiratory system.

• There is currently no generalized multi-physics Port Hamiltonian modelling frame-
works of the mechanical Ventilator-Human respiratory system.

• There are currently no applications of Port Hamiltonian models of the mechanical
ventilator human respiratory system for investigation of the influence of airway se-
cretion on airflow dynamics for mechanical ventilation and for applications in Smart
dual occupational health monitoring systems for mine workers
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1.4 problem contextualization

MVs are one of the basic elements of the Intensive Care Unit (ICU). Globally, large numbers
of Individuals have always required mechanical ventilation per year [1]. The Covid 19
pandemic elevated the significance of the MVs which have played a significant role in
sustaining critically ill patients due to Covid 19, who could not breathe on their own. The
pandemic drew the attention of the world to the shortage of ventilators globally. It was
extremely difficult for hospitals to meet the demand of the required number of ventilators
at very short notice. Some manufacturers changed their entire production line to offer
their resources to assist in the production of ventilators, for instance, General Motors,
Ford, Nissan, Formula One, and Tesla [2]. Considering the past and the current need for
ventilator machines, it is important that efficient MVs machines be researched, modelled,
designed and implemented. To test and improve the accuracy and efficacy of MVs in the
delivery of air or medicines to patients, it is imperative that integrated models of MV-
patient dynamics have to be developed

1.5 research rationale and motivation

Currently, there are no energy-based models of MV-patient systems that can be used in
systems that have dissipation of energy from the ports. Complex dynamical systems can
be modelled and controlled in the Port Hamiltonian framework because the framework
provides a powerful tool for the analysis, modelling and control of such systems. The
key attributes of the Port Hamiltonian(pH) framework is: firstly, it is established on the
multi-domain bond-graph modelling method which connects various physical elements
via ports. The interconnection in Port Hamiltonian is such that there is power conserva-
tion. Secondly, there is a significance on the energy variables as well as the total energy
stored which is also known as the Hamiltonian as the foundation for multi-physics system
modelling. The Port Hamiltonian approach provides the basis for understanding the en-
ergy transfer in the various physical domains that govern the respiratory system. Sampled
data can be obtained when the Port Hamiltonian structure is exploited and preserved
in discretization. This research work applies the Port Hamiltonian systems approach to
model the MV-human respiratory system. The resulting model explicitly shows the energy
storage, energy dissipation and the interconnection underlying the system. The obtained
Port Hamiltonian model has numerous applications for instance, it may be applied in the
design of various medical devices and respiratory disease diagnostics and treatment

1.6 related fields

The Port Hamiltonian approach has previously been applied to other systems. Some of the
authors that have presented the application of the Port Hamiltonian theory as a contribu-
tion to the Port Hamiltonian field are and are not limited to: Port Hamiltonian modelling of
the human outer ear, [8], middle ear [9] and inner ear [10]. Other researchers have presen-
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ted research work in the modelling of vocal fold using the Port Hamiltonian approach [11],
[12], [13]. Modeling of audio and acoustics systems, [14], [15]. Control and modelling of
flexible structures [16].

1.7 problem statement

In Intensive Care Units (ICU), mechanical ventilation plays a significant role in the provi-
sion of life support functions for patients who are encountering challenges or are incapable
of breathing on their own. MVs are the machines employed in this important task. Control
Engineering is usually applied and it plays a crucial role in the safe and accurate delivery
of gas to the patient. Delivery of gas to a patient may be controlled through the volume
or it may be controlled through pressure. In cases where there are unintentional leaks
for non-invasive ventilation, accurate and precise target pressure tracking becomes critical
in ensuring sufficient support for the patient. In addition, pressure tracking is essential
in ensuring an improved MV patient synchrony which prevents false triggers. The high
mortality rate is linked to asynchrony between the MV and the patient. Conventionally,
Linear time-invariant feedback controllers have been applied in MVs which has produced
sub-optimal performance in terms of settling time and overshoot. A controller system in
mechanical ventilation is expected to ensure robust performance over a wider spectrum
of patients ranging from adults to infants. Current research is showing improved perform-
ance in pressure tracking. However, there is a need to develop better target tracking pres-
sure such that the specification criteria are satisfied. In order for better robust controllers
to be designed, implemented and tested on the MV-human lung system, there is a need
for alternative models using better approaches that would easily permit the use of robust
controllers to be developed. Research, modelling, designing and controlling of integrated
mechanical-ventilator systems is essential in ensuring that varying types of controllers are
applied to the system thus ensuring the efficient and accurate tracking of target pressure.
Considering the past, current and future need for better models of mechanical ventilator
lung systems:

The problem statement can therefore be summarized as follows:

• The Port Hamiltonian approach has not been used in the modelling of the mech-
anical ventilator system in an integrated Mechanical Ventilator respiratory system

• A comprehensive integrated Port Hamiltonian model of the Mechanical Ventilator
Human Lung system has not been developed

• There currently are no existing applications of mechanical ventilator Human res-
piratory system in the Port Hamiltonian framework

1.8 research questions

1. Can a Mechanical Ventilator human respiratory system be modelled using the Port
Hamiltonian framework
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2. Can a Mechanical Ventilator human respiratory system be interconnected using the
Port Hamiltonian Approach?

3. Are there any applications of a Port Hamiltonian Mechanical Ventilator Lung system?

1.9 research objectives

Therefore, the research objectives are:

• To provide a comprehensive Port Hamiltonian model of the mechanical ventilator.

• To Comprehensively model and integrate the mechanical ventilator-human respirat-
ory system dynamics using the Port Hamiltonian approach.

• To model and interconnect an electrical and fluid system using the Port Hamiltonian
approach

• To provide applications of the developed Port Hamiltonian mechanical ventilator
human respiratory system model.

1.10 contributions of this thesis

The main contributions of this research work are:

1.1 Formulation of a detailed novel Port Hamiltonian model of the mechanical ventil-
ator which can be integrated with various Port Hamiltonian models of the human
respiratory system.

1.2 Formulation of a comprehensive integrated Port Hamiltonian model of a mechanical
ventilator human respiratory system. The Port Hamiltonian models of the Human
respiratory system are formulated at three levels of abstraction, each with an increas-
ing level of detail.

• The first model presents the formulation of an integrated Port Hamiltonian
lumped parameter model of the Mechanical Ventilator lung system.

• The second model is the formulation of a comprehensive Port Hamiltonian
model of the Mechanical Ventilator Lung system to include the alveoli using
electrical analogies.

• The third model is a multi-physics and multi-scale Port Hamiltonian model of
the human lung in which the mechanical ventilator lung system is modelled as
a mechano-hydro-electrical system that includes the alveoli and the diaphragm.

1.3 A generalized multi-physics Port Hamiltonian modelling approach of the mechanical
ventilator human respiratory system with Navier stokes for the fluid flow in the
mechanical ventilator lung system (distributed parameter system). This contribution
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Figure 1.5: Overview of the research method and strategy.

results in a novel Dirac structure that can also be applied in the modelling of fluid
power systems.

To demonstrate the applications of the derived theory: two novel applications are
presented namely:

• A Port Hamiltonian multi-phase flow Mechanical Ventilator - Human respirat-
ory system for investigation of the impact of respiratory system airway secretion
on the dynamics of airflow for a mechanical ventilated respiratory system

• Applications of Port Hamiltonian human respiratory system model in a mine
worker’s respiratory health monitoring system.

1.11 research strategy and methodology

This section provides the strategy and steps that were applied to answer the research
question. The methodology was applied in the development of the model. Data collection
and ethical clearance issues are also discussed in this chapter.
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1.11.1 Research Approach

The main objective of this research work is to develop a novel integrated Port Hamiltonian
model of the mechanical ventilator human respiratory system. The developed model can
be used in various applications for instance the development of higher-order controllers
that allow for a better pressure-tracking strategy for the MV lung system. Existing works
are used to obtain quantitative data that is used in validating the mechanical ventilator
human lung model. To illustrate the applications of the developed model, data is collected
from a Platinum mine in South Africa. Qualitative data is used in the discussion, analysis
and explanation of results.

1.11.2 Description of the methodology

The overall methodology followed in this research work is presented in figure 1.5. and
the Port Hamiltonian approach followed in modelling the mechanical ventilator and the
respiratory system is shown in figure 1.6.

Figure 1.6: Port Hamiltonian modelling of the mechanical ventilator - human respiratory system
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1.11.3 Ethical clearance

This research work uses respiratory health information collected from a Platinum mine in
South Africa. The ethical clearance and permission to use the data sets have been provided.
In addition to that, results from an experimental set-up using real human participants are
also presented. All ethics and protocols for dealing with human participants were followed.
Other data sets used were obtained from publications which are already in the public
domain. This research work has an ethical waiver letter, and medical ethical clearance
letter and hence the findings of this research work may be published. The certificate is
provided in Appendix A.

1.12 scope and limitations of this thesis

• This research work will only consider the Human respiratory system

• Non-invasive patient ventilation will be considered

• This research work considers a stationary patient and not a patient being transported
(On an aeroplane, ambulance, personal vehicle etc)

1.13 thesis outline

The remainder of this thesis is organized as follows

Chapter 2

This chapter provides a detailed literature review of the research work under con-
sideration. The modelling of the mechanical ventilator-human respiratory system is
considered in this chapter.

Chapter 3

This chapter provides the mathematical preliminaries and notation that is de-
veloped/used throughout the remainder of the content presented in the chapters.

Chapter 4

This chapter presents the author’s own research work (Research paper 1) submit-
ted in a journal paper titled " Compositional and geometric unifying approach for
modelling the mechanical ventilator human respiratory system " [17]

Chapter 5

This chapter presents an extension of Research Paper 1 which is the author’s own
research work (Research Paper 2) submitted in a journal paper titled. " Formulation
of a comprehensive integrated model of the human respiratory system via the Port
Hamiltonian approach" [18]
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Chapter 6

This chapter presents an extended formulation of the mechanical ventilator aspect of
the research work which is the author’s own research work (Research paper 3) sub-
mitted in a journal paper titled " A mixed finite/infinite dimensional Port Hamilto-
nian model of a mechanical ventilator " [19]

Chapter 7

This chapter presents a generalized Port Hamiltonian formulation of the mechanical
ventilator respiratory system which is the author’s own research work (Research pa-
per 4) submitted in a journal paper titled. "Formulation of a generalized Multi phys-
ics Port Hamiltonian model of the mechanical ventilator human respiratory system "
[20]

Chapter 8

This chapter is a summarized illustration of the applications of the previously de-
veloped Port Hamiltonian models which is the author’s own research work (Research
papers 5 and 6). One publication is already available online. The titles of the research
papers are as follows: Research paper 5: "Port Hamiltonian model for investigation
of the influence of airway secretion on airflow dynamics for mechanical ventilation".
Research paper 6: "Smart dual occupational health monitoring system for mine work-
ers"

Chapter 9

This chapter presents the final synthesis of the presented publications in chapters 4,
5, 6, and 7. In addition to that, this chapter also presents the recommendations and
the conclusions of the presented research work.

1.14 conclusion

This chapter has provided a brief introduction to Mechanical ventilators and the human
respiratory system. The problem statement, research gaps, objectives, research questions,
and contributions have also been discussed. To further comprehend the gaps in the re-
search work being conducted, a comprehensive literature review is provided in the next
chapter.





2
L I T E R AT U R E R E V I E W

2.1 summary

The section that follows provides the details of the literature review. The literature review
approach is presented. Followed by a presentation of literature on the modelling of the
mechanical ventilator human respiratory system. Models of the human respiratory system,
mechanical ventilators, integrated models, and the applications of integrated mechanical
ventilators are also presented.

2.2 introduction

This section provides the introduction to the literature review. The contribution and the
approach for the literature review is also provided in this section. This chapter resulted
in a review publication and hence the contribution of this chapter even though not listed
among the formal contributions of this research work still remains an important contribu-
tion to researchers who are seeking to gain knowledge in the same field of study.

2.3 significance of the chapter

The chapter investigates the existing literature on the modelling of the integrated mech-
anical ventilator human respiratory systems using the Port Hamiltonian framework. The
applications of such models if they exist is also researched. The main significance of this
chapter is the presentation of a detailed review that investigates the application of the Port
Hamiltonian-based approach in the formulation of an integrated Mechanical Ventilator
human respiratory system.

2.3.1 Approach for the literature review

Adhering to Levac et al.’s [21] methodology, the author of this research decided on a
broad research question which formed the focus of this literature review, the specifica-
tion of MeSH terms/keywords/ phrases and the choice of databases to be searched. The
Arksey and O’Malley’s [22] framework was adopted. The broad question that guided the
literature review is, "Can mechanical ventilator human respiratory system be modelled in
the Port Hamiltonian framework?" The exploration of this question was a precursor to the

15
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development of a comprehensive integrated Port-Hamiltonian model of the MV-human
respiratory system. The search was conducted in December 2020 and a rerun to establish
available information was conducted in July 2023 in the following electronic databases:
IEEE Xplore, ScienceDirect, Biomed Central, web of Science, Academic Search Complete,
Scopus, Medline, PubMed, and ProQuest. It was required that the only studies to be in-
cluded should have been conducted in English between 1970 and 2023. The search com-
prised the following terms: Modeling mechanical ventilators, human respiratory system
models, Port Hamiltonian models of the respiratory system, integrated mechanical ventil-
ator respiratory system models and applications of Integrated models of the mechanical
ventilator human respiratory system.

To begin with, 209 publications were identified for the possibility of being included
in this study. In the process of data organization, 40 studies were duplicated and hence
they were excluded; therefore, 169 research articles were considered. Out of the 169, 40
were eliminated based on the information provided on the titles and/or abstracts that
were found not to satisfy the requirements of the current research work. Subsequently, 129
research articles were evaluated for eligibility, and from these, 40 were excluded as they
did not meet the study’s inclusion criteria. During the review of the full text, an additional
42 manuscripts were excluded, hence 47 manuscripts were finally included for analysis.
This is also illustrated in the Prisma flow diagram in figure 2.1.

2.4 modelling of mechanical ventilator human respiratory system

There are two aspects to be considered when looking at human respiratory health. Firstly;
it’s the anatomy of the respiratory system and secondly; it’s the transportation of air and
particles in the respiratory system and their deposition. For improved respiratory health
risk evaluation, there is a need for a better understanding of gaseous air exchange during
breathing, when an individual is coughing and sneezing. Current literature has provided
an increase in the knowledge and understanding of the anatomy of the human respirat-
ory system. Particle transportation and airflow characterization in the human respiratory
system have also been extensively studied hence the knowledge has resulted in significant
improvements in the prediction and prevention of respiratory diseases. There are currently
various techniques for modelling the anatomy and air transportation of the human res-
piratory system. For example; the Finite element, provides a good approximation to the
dynamics and geometry of the respiratory system. However, they have also been cited to
have numerical challenges when acoustic resonances, collisions and fluid mechanics are
put into consideration. Finite element models are also computationally costly. Lumped
element models provide a good trade-off between simplicity and feature representation.
They also reproduce clinical features with good precision and reasonably low computa-
tional costs and are usually preferred for studying and investigating pathological and
normal functions. Finite element models, Electro-mechanical models, mechanical models
and, lumped-element models have been used for both clinical and scientific research stud-
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Figure 2.1: A Prisma flow diagram showing a summary statistics of the literature review.

ies. These models have been used to understand the functioning of the respiratory system
and to provide diagnosis and treatment for individuals with respiratory diseases.

2.5 modeling of the human respiratory system

Dynamic models of the human respiratory system are mathematical representations that
simulate the mechanics of breathing and gas exchange in the lungs. These models can be
used to investigate the behaviour of the respiratory system under different conditions and
to predict the effects of various interventions or treatments. There are different types of
dynamic models of the respiratory system, ranging from simple lumped-parameter mod-
els to more complex distributed-parameter models that simulate the spatial distribution
of airflow and gas exchange in the lungs [23]. One of the most commonly used models is
the so-called "two-compartment model", which represents the respiratory system as two
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interconnected compartments: the airway compartment and the lung compartment. In this
model, the airway compartment is represented as a series of resistances and capacitances
that simulate the resistance and compliance of the airways, while the lung compartment
is represented as a series of alveolar sacs that simulate the gas exchange process. More
complex models may incorporate additional factors such as lung tissue compliance, air-
way branching, and the effects of respiratory muscles. These models can be used to study
the dynamics of lung diseases such as asthma, chronic obstructive pulmonary disease
(COPD), and pulmonary fibrosis, and to evaluate the efficacy of various treatment options
[23]. Overall, dynamic models of the respiratory system provide a valuable tool for un-
derstanding the mechanics of breathing and gas exchange, and for developing improved
treatments for respiratory disorders.

2.5.1 Mathematical models of the respiratory system

Sound mathematical formulations of the underlying physics of the respiratory system
are very important in understanding the anatomy and physiology of the organ. Classical
modelling methodologies which employ a physiological or clinical perspective have been
previously used majorly for data fitting of single compartment model parameters for ex-
ample [24]. Human lungs are usually mathematically viewed to be made up of intricate
networks of branching compliant tubes spanning a broad range of scales and flow regimes.
The flow may be a highly pulsatile flow or an almost laminar diffusion-dominated process.
Flow enters a sponge-like microstructure of lung tissue from the terminal branches of the
airway. The lung tissue material behaviour is very non-linear and for efficient gaseous ex-
change, the topology is optimized with small], embedded blood vessels. Current research
developments in the mechanical and mathematical modelling of the lung have mainly fo-
cused on studying isolated effects which are difficult to understand and assess in vivo,
to advance medical imaging and functional diagnostics and assist in patient-specific treat-
ment planning and optimization. Bates [25] used the system identification approach to
provide a mathematical description of the lung mechanics with evolving intricacies in
the mathematical formulations. This ranged from single linear compartments to general-
ized multi-compartmental models. Maury [26] further developed the concept proposed
by Bates, [25] and described the lung as a resistive tree. Various levels of description are
proposed, which include lumped models with a small number of parameters described
by Ordinary Differential Equations (ODEs), up to infinite dimensional models based on
Partial Differential Equations (PDEs). The resistive networks and the way they can be used
to investigate the dependence of the lung’s resistance upon geometrical characteristics
are also presented. The analysis of the various models from a theoretical perspective is
provided. The approximate solutions techniques provided allow for a good comparison
with experimental measurements. Other researchers that propose similar works are Bur-
rowes et al, [27], Tawhai et al, [28], Berger et al [29]. Research has also been conducted by
Roth et al, [30], using Navier–Stokes equations for fluid flow from a very mathematical
perspective. This research work also provides comprehensive and computationally fully
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resolved fluid representations of the human respiratory models or parts thereof. The solu-
tions of the three-dimensional Navier-Stokes equations on rigid geometries have also been
formulated. Information from medical imaging alongside the fluid domain has been used
to formulate real fluid-structure interaction effects [30]. As an approach to replicating real
fluid structure impacts, techniques have been developed and published that demonstrate
this concept in the fluid domain by application of data from medical imaging informa-
tion. To quantify particle deposition or drug delivery in the lower and upper airways and
for investigation of patterns in the lungs such as jets or vortices, a fully resolved fluid
model may be used [20-24]. Such models are very complex and, in most cases, only parts
of the human respiratory system are investigated thus eliminating the important impacts
on the entire organ. A holistic human respiratory system model requires both a consist-
ent physiological realistic representation of the respiratory mechanics in addition to the
purely mechanical or structural aspects because the basic physics of respiratory mechanics
is governed by the interaction of the fluid with the anatomy. The normal function of the
lung is possible due to the deformation of the associated muscles, airway tree and lung
tissue. Indeed, tissue properties have an influence on airflow and the processes that occur
during air transportation for instance during gaseous exchange or aerosols transportation.

2.5.2 Modeling of airflow and particle deposition in the human respiratory system

Doorly et al [31], Explored the mechanics of airflow in the human nasal airways using
both experimental and computational approaches. The authors describe the anatomy of
the nasal airways and discuss the factors that influence airflow patterns, such as the geo-
metry of the nasal passages, the nasal cycle, and the presence of nasal septal deviations.
The article also presents findings from computational simulations of nasal airflow, includ-
ing the effects of nasal obstruction on airflow patterns and the role of the nasal valve
in regulating airflow resistance. Experimental studies of nasal airflow using techniques
such as particle image velocimetry and acoustic rhinometry are also described. The study
provides insights into the complex mechanics of nasal airflow and highlights the import-
ance of considering the role of the nasal airways in respiratory function. The findings could
have implications for the diagnosis and treatment of respiratory disorders related to nasal
obstruction, such as allergies, sinusitis, and sleep apnea.

Bahamman et al, [32], presents an investigation into the effects of nasal dilation, sleep
stage, and sleep position on upper airway resistance syndrome (UARS). UARS is a sleep
disorder characterized by increased resistance to airflow during sleep, which can lead to
symptoms such as snoring, daytime fatigue, and insomnia. The study found that nasal
dilation, which is achieved using nasal strips or sprays, can significantly reduce upper
airway resistance in individuals with UARS.

Sandeau et al, [33], Describes a computational fluid dynamics (CFD) simulation of the
deposition of particles in the oral extrathoracic airway. The researchers constructed a 3D
model of the oral extrathoracic airway based on anatomical data from human subjects and
used it to simulate the deposition of particles of different sizes and densities under various
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flow conditions. The study found that particle deposition in the oral extrathoracic airway
is strongly influenced by the size and density of the particles, as well as the flow rate and
composition of the gas mixture. The researchers observed that helium-oxygen mixtures,
which are used clinically to improve oxygenation in patients with respiratory distress,
result in lower particle deposition compared to air. The article also discusses the potential
applications of these findings for the development of improved respiratory therapies and
the design of medical devices.

Ball et al, [34], researched the use of computational fluid dynamics (CFD) to model air-
flow in an idealized human extra-thoracic airway. The researchers used a high-resolution
turbulence model to simulate the airflow through the airway under different flow rates
and configurations. The study found that turbulence plays a significant role in airflow dy-
namics in the extra-thoracic airway. The researchers observed that the degree of turbulence
was strongly influenced by the flow rate and the configuration of the airway. The article
also discusses the potential applications of these findings for the diagnosis and treatment
of respiratory diseases.

Xu et al, [35], Describe the use of computational fluid dynamics (CFD) to model the
airflow, heat transfer, and particle deposition in a realistic human upper airway model
during oral breathing. The researchers investigated the effects of various factors, such as
flow rate, particle size, and breathing cycle, on these parameters. The study found that the
flow rate and breathing cycle significantly affect the airflow patterns, heat transfer, and
particle deposition in the upper airway. The researchers observed that a higher flow rate
resulted in increased turbulence and particle deposition, while a lower flow rate resulted in
decreased turbulence and particle deposition. The insights gained from this research could
lead to the development of new and more effective treatments for respiratory diseases, as
well as improved inhalation devices for delivering those treatments

Sarangapani et al, [36], Discuss the modelling of particle deposition in the extrathoracic
airways, which are the nasal passages, mouth-throat, pharynx, and larynx. The research
work also reviews the current understanding of the deposition mechanisms and factors
affecting particle deposition in these airways, such as particle size, shape, and flow rate.
The mathematical model predicts particle deposition in the extrathoracic airways, which
considers the anatomical and physiological characteristics of these airways. Overall, the
modelling approach presented in the paper has the potential to improve our understand-
ing of particle deposition in the extrathoracic airways and inform the development of
interventions to protect and promote respiratory health.

Heena et al, [37], investigates the relationship between the flow field and regional de-
position in realistic extra-thoracic airways. The authors used computational fluid dynam-
ics (CFD) simulations to investigate the effects of various parameters, such as flow rate,
airway geometry, and particle size, on the deposition of particles in the extra-thoracic air-
ways. The study found that the airway geometry and flow rate significantly affect the flow
field and regional deposition in the extra-thoracic airways. The findings of this study have
significant implications for improving respiratory health and developing more effective
respiratory therapies. The insights gained from this research could lead to the develop-
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ment of new and more effective treatments for respiratory diseases, as well as improved
inhalation devices for delivering those treatments.

Johnstone et al, [38], research work investigated the fluid dynamics of airflow in an ideal-
ized form of the human extra-thoracic airway. The authors used computational fluid dy-
namics (CFD) simulations to investigate the effects of various parameters, such as Reynolds
number and airway geometry, on the flow characteristics of the air in the extra-thoracic
airway. The study found that the geometry of the extra-thoracic airway significantly affects
the flow field, with constrictions in the airway, such as the nasal valve, causing increased
turbulence and changes in velocity. The researchers observed that the flow field is highly
dependent on the Reynolds number, with laminar flow occurring at lower Reynolds num-
bers and turbulent flow occurring at higher Reynolds numbers. They also found that the
flow in the extra-thoracic airway is asymmetrical, with the right nasal passage having
a higher flow rate than the left nasal passage. Overall, the findings of this study have
significant implications for improving respiratory health and developing more effective
respiratory therapies and inhalation devices

[39], research work explored the mechanisms by which the larynx regulates respiratory
airflow. The authors discuss the anatomy and physiology of the larynx and its role in the
control of respiratory airflow. The study found that the larynx plays a crucial role in the reg-
ulation of airflow during respiration, with its primary function being to protect the lower
airways from foreign objects and prevent the entry of air into the stomach during swal-
lowing. The authors discuss the complex interactions between the muscles and structures
of the larynx during respiration, including the vocal cords, arytenoid cartilages, and epi-
glottis. The article also discusses the implications of laryngeal dysfunction for respiratory
health. Overall, the findings of this study have significant implications for improving res-
piratory health, developing treatments for laryngeal disorders, and enhancing diagnostic
methods for respiratory diseases.

Tevfik et al, [40], research paper investigates the dynamics of spray formation and de-
position in a simple throat model. The authors used numerical simulations and experi-
mental measurements to analyze the characteristics of the spray, including droplet size
and velocity, and the deposition patterns on the throat walls. The study found that the
spray dynamics in the throat model were complex, with significant variations in droplet
size and velocity. The authors observed that the deposition patterns were influenced by
various factors, including spray velocity, droplet size, and throat geometry. The study’s
findings could ultimately enhance treatment outcomes for respiratory diseases and other
conditions. By developing more effective inhalation devices and drug delivery methods,
healthcare providers could improve the effectiveness of treatments and potentially reduce
the risk of adverse side effects. The findings of this study have significant implications
for improving drug delivery methods and enhancing treatment outcomes for respiratory
diseases and other conditions.

[41], Conducted research work to compare the results of numerical simulations using
the turbulence model with experimental data on aerosol deposition in the mouth and
throat. The main objectives of the study were to evaluate the accuracy of the turbulence
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model in predicting aerosol deposition and to identify any limitations of the model. The
turbulence model was found to provide a reasonable prediction of the deposition patterns
in the mouth and throat. However, there were some discrepancies between the numerical
simulations and experimental measurements, particularly in regions with high curvature
and rapid changes in flow direction. The study’s findings could inform the development
of more accurate numerical models for predicting aerosol deposition in the mouth and
throat, which could help optimize drug delivery methods.

Jayaraju et al, [42], research work applied numerical simulations to study fluid flow and
particle deposition in the human mouth and throat. The authors aimed to evaluate the
effectiveness of two different turbulence models; large eddy simulation (LES) and detached
eddy simulation (DES), in predicting fluid flow and particle deposition in the mouth and
throat. The study’s findings could help optimize treatment for respiratory diseases and
other conditions by providing insights into the factors that affect particle deposition in
the mouth and throat. By understanding how particles deposit in different regions of the
respiratory system, researchers can develop more effective treatment strategies and adjust
treatment methods as needed.

Allen et al,[43], applied computational simulations to study airflow in an in vitro model
of the pediatric upper airways. The authors used a three-dimensional model of a child’s air-
way to investigate the effects of various factors on airflow, including the size of the airway,
the shape of the airway, and the position of the tongue. The results of the study showed
that the size and shape of the airway have a significant impact on airflow patterns, with
narrower airways resulting in increased resistance to airflow. The position of the tongue
was also found to have a significant effect on airflow, with a more posteriorly positioned
tongue resulting in greater airflow resistance. The study provides valuable insights into
the factors that affect airflow in the pediatric upper airways and could help inform the
development of more effective treatments for conditions such as obstructive sleep apnoea
and other respiratory disorders.

Cheng et al,[44], investigate the effects of laryngotracheal stenosis (LTS) on upper air-
way aerodynamics using computational fluid dynamics simulations. The authors created
a three-dimensional model of the upper airway, including the larynx and trachea, with
varying degrees of LTS. The results showed that LTS significantly affected upper airway
aerodynamics, resulting in increased airway resistance and altered airflow patterns. The
simulations also showed that the severity and location of LTS influenced the degree of
aerodynamic disturbance. The study highlights the importance of considering the effects
of LTS on upper airway aerodynamics when diagnosing and treating respiratory disorders.

2.5.3 Electrical models of the human respiratory system

Electrical models of the human respiratory system are mathematical models that repres-
ent the respiratory system as an electrical circuit. These models can be used to analyse the
electrical properties of the respiratory system and to simulate the behaviour of the system
under different conditions [23]. The respiratory system can be represented as an electrical
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circuit by using electrical components that correspond to the different anatomical struc-
tures of the respiratory system. For example, the airways can be represented as a series of
resistors, the lungs can be represented as capacitors, and the respiratory muscles can be
represented as voltage sources [45]. One of the most commonly used electrical models of
the respiratory system is the impedance model, which measures the resistance and react-
ance of the respiratory system. This model can be used to study the mechanical properties
of the respiratory system, such as airway resistance and lung compliance. Other electrical
models of the respiratory system include models that simulate the effects of ventilation and
perfusion on gas exchange and models that incorporate the effects of respiratory disorders
such as asthma and COPD. Electrical models of the respiratory system provide a use-
ful tool for studying the physiology and pathophysiology of the respiratory system, and
for developing improved diagnostic and treatment approaches for respiratory disorders.
Campbell et al,[46] proposed an electrical analogue of the human lung. The objective of
the research work was to show the advantage gained by the use of noncomplex analogues
in solving lung mechanics challenges. The formulated lung is to be used in the prediction
of optimum ventilatory patterns for patients with respiratory diseases who may require
intermittent positive-pressure ventilation. Devesh et al, [47] modelled the human respirat-
ory system using analogies of the electrical model by using a Resistor Inductor Capacitor
(RLC) parameter. The analogous electrical model parameters are represented as resistance,
inheritance, and compliance respectively. The stability analysis and time domain analysis
were performed to identify COPD conditions. Bagchi et al, [48], proposed an electrical
model of the human respiratory system that could be applied in the diagnosis of ventil-
atory diseases. The proposed electrical model is an analogy to the physiological structure
of the human respiratory system. The Model is made up of passive electrical components
for instance resistor, inductor and capacitor. The input impedance was derived from the
electrical model.

2.6 mechanical ventilator modeling

Tran et al [49], conducted research work whose main goal was to design, control, model,
and simulate a mechanical ventilator that is light in weight and portable, and suitable for
use at home. [49], modelled the mechanical ventilator as a voltage source. El-Hadj et al
[50], applied the fluid-structure Interaction (FSI) to couple the computational fluid dynam-
ics used for fluid flow with finite element analysis for the solid domain. This facilitated
the investigation of fluid behaviour, structural behaviour, and interactions. Two designs
were proposed for the mechanical ventilator. The first design was reported to be uncon-
trollable and the second design considers Computational Fluid Dynamics (CDF) with a
moving boundary which is applied to the piston cylinder-based ventilator. Tharton et al
[51], designed and developed a ventilator prototype to be used by professionals in medical
emergencies and in any other context where the regular ventilator is not available. The
mechanical ventilator was modelled using the crank rocker mechanism in order to meet
specific requirements for mechanical ventilator design. Pivk et al, [52], developed an em-
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pirical model for a low-cost mechanical ventilator by observing the response of each of the
ventilator subsystems.

The current progress made globally in the development of affordable and effective
designs is important. However, research in mechanical ventilator development lacks model
development. The Port Hamiltonian approach applied in this research work acts as a mod-
eling template for future energy-based mechanical ventilator modeling and design. Lag-
rangian modelling and Kane’s approach do not emphasize energy routing in the system
through a Dirac structure. Kane’s method is also limited with regards to modelling of the
fluid interaction of the mechanical ventilator –human respiratory system. It is important
to develop designs that rest on a solid understanding of a significant aspect of the design.
Naggar, [53] developed a piecewise model of a mechanical ventilator which described the
artificial behaviour of a mechanical ventilator. A pressure-controlled ventilator is created
and simulated. The mechanical ventilator is modelled using a periodic function with in-
equalities to control the beginning of inspiration and expiration periods. Shi et al, [54]
developed a mathematical model of volume-controlled mechanical ventilation. The model
is viewed as a pneumatic system where the ventilator is regarded as an air compressor.
The exhalation valve is considered a throttle. The compressor and the container represent
the ventilator. Naggar et al, [55] proposed an integrated mathematical model of the mech-
anical ventilator and the lung. Linear quadratic and exponential equations were used to
model the system. The integrated model was used to simulate volume-controlled artifi-
cial ventilation. Giri et al, [56], proposed a simplified design of a mechanical ventilator, to
reduce cost and automate the mechanical ventilation process. The proposed design was
simulated on the MATLAB platform. Hannon et al, [57] reviewed the progress in mathem-
atical modelling and simulation of the human anatomy, physiology and, pathophysiology
using computers in the context of mechanical ventilation. This study emphasized the clin-
ical applications of computer simulations in various disease states. The research work
further discussed the present constraints and the possibility of in-silico modelling. There
are currently no existing Port Hamiltonian models of mechanical ventilators.

2.7 applications of integrated mechanical ventilator human lung sys-
tem models

Integrated mechanical ventilator human lung system models can be used to simulate the
behaviour of the respiratory system and to study the effects of mechanical ventilation on
lung function. These models have several applications in research, education, and clinical
practice. Overall, integrated mechanical ventilator human lung system models provide a
valuable tool for understanding the behaviour of the respiratory system under mechanical
ventilation, and for developing improved strategies for the diagnosis and treatment of
respiratory disorders. The subsections to follow will provide examples of applications of
integrated models of the mechanical ventilator respiratory system.
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2.7.1 Design of controllers for accurate pressure tracking

Yan et al, [58] proposed a purely pneumatic mathematical model of a MV lung system.
The presented model was to be used in the diagnostics and treatment of various lung dis-
eases. El-Hadj et al, [50] designed and simulated a MV system. A finite element method
was applied in solving the set of coupled equations. Chellaboina et al, [59], developed a
generic mathematical model for the investigation of the dynamic behaviour of a multi-
compartment respiratory system. The direct adaptative controller framework was applied
to the system. Borello, [60] developed a lumped parameter model to be used in the invest-
igation of pressure-controlled ventilation.

Borello, [61], applied an inverse model of a patient lung. The dynamics of lung circuit
mechanics are nonlinear in the model. An analogous linear circuit called an RCC model
is applied to define and provide a description of the lung dynamics by assuming the
parameters vary with time. In this RCC model, the resistance for the lung circuit which
is usually represented as a series input resistance is considered negligible in comparison
to the patient’s resistance. Scheel et al, [62] used a simple ventilator patient model given
by the thermal constitutive equation. The developed model was used for designing an
iterative learning controller.

A single-compartment lung was interfaced with a centrifugal blower which represented
a mechanical ventilator system. Literature, Lachmann, [63] and Reinders et al, [1] shows
that research has been conducted to establish the optimal settings for the MV’s modes and
settings. However, the current areas of research are focusing on efficient ways to accurately
track the target pressure which will assist in indicating whether the patient is being suffi-
ciently supported. Accurate target pressure tracking is very essential in situations where
the patient’s lung may be large, or when there is an unintentional leak of air for example,
during non-invasive ventilation. Pressure tracking may also lead to better patient-ventilator
synchrony. Accurate tracking prevents false triggers and it also improves the chances of a
patient surviving. In situations where the modes of ventilation are complicated, accurate
pressure tracking is important in obtaining the desired standard of assistance, [64], [1].

Conventionally, Linear Time Invariant (LTI) feedback controllers are usually employed
in the control of MVs. However, Reinders et al research work [1], has shown LTI to perform
sub-optimally in with regards to settling time and overshoot. A satisfactorily performing
controller can handle a wide spectrum of patients, from adults to infants as well as any
unknown leakages. Various control approaches have been researched to improve MVs. Bor-
rello, [3], presents a review on modelling and control approaches for mechanical ventila-
tion. To reduce overshoots in patient flow, prevent false triggers and improve tracking [64],
proposed a variable gain controller. Despite the improvement in patient flow overshoot,
the control strategy still needs to be improved. Borello, [61], presents a control technique
that applies adaptative feedback to achieve the desired closed-loop transfer function. One
of the demerits of this method is that it is not easy to develop an accurate patient model.
Laubscher et al, [65] presented an adaptative lung ventilation controller. The controller
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had a 48 and 81 seconds response to step changes with an overshoot of 5.5 and 7.9 percent
respectively.

When the funnel-based control approach is employed on MVs, the obtained gain is
constrained in terms of performance [66]. Iterative Learning Control (ILC) is observed to
have substantial improvement in the performance of tracking when it is used in the control
of mechanical ventilation. However, one of its demerits is the limitation to the repetition of
sequences of the initial conditions and the setpoint [67]. The results presented in [67], show
a degradation of performance of the ILC in ventilation cases where the patient is breathing
spontaneously. Even though the previously presented research work has the potential to
improve in terms of tracking performance, it is still lagging in tracking the target pressure
accurately.

A model-based control approach is presented in [62] and a Model Predictive control
method is presented in [68]. Even though these methods require accurate patient paramet-
ers, which may not be readily available in practice, they have a substantial merit of being
easy to troubleshoot. This research work presents a fractional proportional derivative and
machine learning approach that has the potential to compensate for the pressure drop
across the air tubes especially in cases of leaks or large lungs. The main contribution in
these research articles is the design of a MV control strategy that will contribute towards
ensuring the precise tracking of the human respiratory system air pressure independent of
the leakage through the non-invasive ventilation mask or the air tube. The designed con-
troller is an attempt to allow for prompt and precise pressure response while preventing
overshoot in the patient flow which leads to false triggering. Sinderby et al,[69] developed
a neuro-controller with the potential to improve patient-ventilator interaction and com-
fort. A neuro-adaptative control framework for MVs was developed by Volyanskyy et al,
[70]. The developed architecture automatically adjusts the input pressure to the patient
physiological characteristics and it also incorporates the effects of breathing. Mehedi et
al, [71], presented the design of a controller using the adaptative sliding mode approach
for smooth tracking of the targeted pressure. Classical PID and sliding mode were also
developed to benchmark the adaptative sliding mode controller. The fuzzy sliding mode
control presented better results in terms of faster convergence, smaller tracking error and
less overshoot.

Mohammad et al, [72], proposed a cascaded approach to formulate a robust control
system for regulating the states of ventilator units. An active disturbance rejection control
structure is proposed for the control of an invasive MV [73]. An active disturbance rejection
controller was designed and implemented by Legarda et al, [74] to ensure robustness to
the control of continuous dynamics against disturbances. One of the merits of the control
structures is that it can be applied to both pressure and volume ventilation. Inspiration
and expiration for Intensive Care Unit patient was estimated by applying a fuzzy logic
controller [75].

De et al, [76] proposed a feedback vector linear controller for MVs for educational pur-
poses. The objective of the control system was equip students with the knowledge of ap-
plication of controllers to a system. An evaluation of a nonlinear adaptative fuzzy neural
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network controller was conducted by Zhu et al [77]. The designed controller was used to
regulate flow in a MV and a neural network was applied as well for identification. Gomes
et al [78] conducted a study on a mechanical ventilation system to compare the perform-
ance of LQG with PID optimized by particle swarm approaches. The objective of Gomes
et al [78], research work was to illustrate good practices to researchers with regards to
having sufficient suitable theoretical background. The results of Gomes et al [78] research
work indicate that LQG outperformed the other controllers. Manne et al, [79], applied a
model predictive control approach with the main intention of achieving sufficient gaseous
exchange by adjusting the minute volume ventilation. Mehedi et al [80], proposed a fuzzy
PID control for the respiratory system. The respiratory system was modelled as a com-
bination of the blower-hose patient system with non-linear lung compliance. There are
currently very few studies that have conducted simulations in expiration since a storage
possibility for inhaled volume is required during expiration.

2.8 conclusion

The Port Hamiltonian approach is currently an active area of research in various fields.
The tools emerging from this approach bring many advantages in the modelling, simula-
tion, and control of complex systems. The main goal of this thesis is to present various
abstractions of the integrated Port Hamiltonian model of the mechanical ventilator lung
system and its applications.
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M AT H E M AT I C A L P R E L I M I N A R I E S A N D
N O TAT I O N

3.1 summary

This chapter provides the background of the Port Hamiltonian method, basic definitions
and operations of the Port Hamiltonian approach and the mathematical preliminaries of
the method.

3.2 introduction

The Port Hamiltonian approach unifies various traditions in physical systems modelling
and analysis. In the 1950s Henry Paynter, [81] pioneered the theory of modeling using the
port-based approach. Mechanical, electrical, thermal, hydraulic and many other systems
belonging to different physical domains are modelled within a unified framework. This
is made possible by using energy as the “Lingua franca” between the various physical
domains. Energy storage, dissipation and routing are the major physical characteristics
captured by the ideal system components. A graphical notation is used in Port-based
modelling to emphasize the physical system as a group of ideal components connected by
edges which capture the energy flow between them. The edges are referred to as bonds and
the graph is called the bond graph. When circuit theory is considered, a pair of variables
is used to represent the energy along the bond, in which the product is equal to the power.
Examples of such pairs of variables are velocity and forces, voltages and currents, and
flows and pressure formulation of bond graph models conducted by Golo et al, [82].

MacFarlane, [81] also presented a further theory of across and through variables which
may be viewed as an abstraction of Port-based modelling. The second origin of Port
Hamiltonian is rooted in geometric mechanics where the mathematical formulation of
classical mechanics is formalized in a geometric way. The Hamiltonian dynamics is rep-
resented in a coordinate-free manner using a state space. The geometric approach has
resulted in a powerful theory that may be used for the analysis of the intricate dynam-
ical behaviour of Hamiltonian systems. The intrinsic features for instance symmetries and
conserved quantities are displayed. The third pillar that forms the foundation of the Port
Hamiltonian approach systems and control theory. Dynamical systems are emphasized
as being open to interaction with their surroundings via inputs and outputs and being
susceptible.

29
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3.3 definitions

This section provides the definitions for the building blocks of the Port Hamiltonian ap-
proach that have been followed in chapters 4, 5, 6, 7 and 8. These definitions are standard
definitions from literature and are mostly derived from the following references: [83], [84],
[85] and [86]
Definition 1 (Dirac Structure)
A Dirac Structure (DS) is a pair of elements, f ∈ Rn and e ∈ Rn, that satisfies the set:

D :=
{
( f , e) ∈ D, ( f̂ , ê) ∈ D

∣∣∣eT f̂ = −êT f
}

The DS is a subset D ⊂ F× E, where F and E represent the flows and efforts, respectively.

The DS in electric circuits can be represented as:

Proposition 1:
The subspace

D ⊂ Rn × Rn

is called a DS iff, there exist A, B ∈ Rn×n such that

ABT + ABT = 0 and rank([A B]) = n

satisfying the condition

D = {( f , e) ∈ Rn × Rn|A f = −Be}

Definition 2 (Lagrange Submanifold)
A submanifold L ⊂ Rn × Rn of the manifold

Rn × Rn

is said to be a Lagrange submanifold (LS) if for all points x ∈ L and (y1, y2) ∈ Rn × Rn if

yT1 u2 − yT2 u1 = 0

is true for all (y1, y2) ∈ TxL and (u1, u2) ∈ TxL.
Proposition 2.
Given a C∞ differentiable map, O : Rn → Rn with graph O, the submanifold LO

LO := {(x,O(x)) ∈ Rn × Rn| x ∈ Rn}
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is said to be a Lagrangian submanifold iff there exists a function H : Rn → R that is C2

differentiable such that

∇H = O

Proposition 3
A subspace L ⊂ Rn ×Rn is said to be a Lagrangian submanifold iff there exist A, B ∈ Rn×n

such that ATB = BTA and rank([ATBT]) = n so that

L =
{
( f , e) ∈ Rn × Rn|AT f = BTe

}

Definition 3 (Resistive Relation)
Any relation R ⊂ Rn × Rn is said to be resistive if ∀( fR, eR) ∈ R the

eTR fR ≤ 0

is satisfied.

Definition 4 (Port-Hamiltonian (pH) System).
The set (D,L,R), defines a pH system where:

• D ⊂ (FL × FR × FP)× (EL × ER × EP) is a DS

• L ⊂ FL × EL is a LS and

• R ⊂ FR × ER a Resistive relation.

The elements of the sets:

• FL ∈ RnL and EL ∈ RnL are known as flows and efforts

• FR ∈ RnR and ER ∈ RnR are known as resistive flows and efforts

• FP ∈ RnP and EP ∈ RnP are known as external flows and efforts, respectively.

where nL, nR and nP ∈ N0.
The dynamics of the pH system are given by the differential inclusion(

− d
dt

x(t), fR(t), fP(t), eL(t), eR(t), eP(t)
)
∈ D

where (x(t), eL(t)) ∈ L, ( fR(t), eR(t)) ∈ R and ( fP(t), eP(t)) ∈ P

Definition 5 (Interconnection of n pH Systems)
Let (Di,Li,Ri) denote the space of the ith pH system in a set of n pH systems that are to
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be interconnected. The space of flows is divided into an external part and a part to be
linked and is given by

Fi = FLi × FRi × FPi × FPlink

Similarly, the space of efforts is divided into an external part and a part to be linked and
is expressed as

Ei = FLi × ERi × EPi × EPlink

The interconnection of two pH systems (D1,L1,R1) and (D2,L2,R2) with respect to the
link (FPlink, EPlink) results in a new interconnected pH system, (D,L,R). This interconnec-
ted system is given by the expression

(D1,L1,R1) ◦ (D2,L2,R2) := (D,L,R)

Definition 6 (Directed Graph).
A directed graph is a quadruple G := (V, E, l, r) where

1. V is a set of vertices

2. E is a set of edges

3. l : E → V maps each edge, e, to an initial vertex

4. r : E → V maps each edge, e, to a terminal vertex

Definition 6.1 (Loop-free directed Graph).
If G is a directed graph, then G is said to be loop-free if for all e ∈ E,

l(e) ̸= r(e)

Definition 6.2 (Subgraphs).
Given the graphs G := (V, E, l, r) and G′ := (V ′, E′, l, r), then G′ is said to be a subgraph
of G′ if E′ ⊂ E and V ′ ⊂ V. Furthermore,

1. A subgraph is said to be an induced subgraph on V ′ if E′ = E|′V

2. A subgraph is said to be spanning if V ′ = V

3. A subgraph is said to be a proper subgraph if E′ ̸= E

4. If both V and E are finite, then G is said to be finite

Definition 7 (Paths, Connectivity and Cycles).
Let G = (V, E, l, r) be a directed finite graph.
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1. An n-tuple e = (e1, . . . , en) ∈ (E ∪−E)n is called a path from υ to ϖ, if

a) l(e1), . . . , l(en) are distinct

b) r(ei) = l(ei+1) for all i ∈ {1, . . . , n − 1}

c) l(e1) = υ ∧ r(en) = ϖ

2. A path from υ to υ is called a cycle.

3. Two vertices, υ and ϖ are said to be connected if there exists a path from υ to ϖ.

4. The existence of paths from vertices gives an equivalence relation on the set of ver-
tices.

5. A subgraph is a component of the graph.

6. A graph with only one component is said to be connected.

Definition 8 (Incidence Matrix).
Let G = (V, E, l, r) be a directed graph that is finite and loop-free such that E = e1, . . . , em

and V = υ1, . . . , υn. Then the jth row and kth columns of the incidence matrix, A0 ∈ Rn×m

of G is given by

ajk =


1 l(ek) = υj,

−1 r(ek) = υj,

0 otherwise.

If the rank(A0) = n − k, then the graph G has k ∈ N components, such that k rows can be
removed from A0 resulting in matrix with same rank.

Definition 9 (Kirchhoff-Dirac Structure, Kirchhoff-Lagrange Submanifold).
The Kirchhoff-Dirac structure of G can thus be defined by the set

DS
K(G) :=

(j, i, ϕ, u) ∈ Rn−|S| × Rm × Rn−|S| × Rm

∣∣∣∣∣∣
I A

0 0

j

i

+

I A

0 0

ϕ

u

 = 0


(3.1)

where i and u are the currents and voltages at the edges of the graph, respectively, whereas
q and ϕ are the charges and potentials at the vertices of the graph, respectively.

Assuming that S =
{

v1, . . . , v|S|
}

, the Kirchhoff-Lagrange submanifold of G with respect
to S is defined as

LS
K(G) := 0 × Rn−|S| ⊂ Rn−|S| × Rn−|S| (3.2)

where G = (V, E, l, r) is a directed graph that

1. Is finite
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2. Is loop-free

3. Has an incidence matrix A0 ∈ Rn×m

If G1, . . . ,Gk are the components of G with corresponding vertices V1, . . . , Vk ⊂ V so
that there exists a subset S ⊂ V such that S containing at most one vertex from each
component, i.e. ∀s, s′, ∈ S, i ≤ k : v, v′ ∈ Vi ⇒ v = v′, then A ∈ R(n−k)×m can be
constructed by deleting the rows corresponding to the vertices S from A0 ∈ Rn×m.

Remark 2. According to Propositions 1 and 3, Equations 4.10 and 4.11 indicate that
DS

K(G) is a DS and LS
K(G) is a LS in the space Rn−|S| × Rn−|S|.

Definition 9 caters for an introduction of a pH system (DS
K(G), L

S
K(G), {0}) with

dynamics

(− d
dt

q(t), i(t), ϕ(t), u(t)) ∈ DS
K(G) (3.3)

where (q(t), ϕ(t)) ∈ LS
K(G).

Using the equivalence of (q(t), ϕ(t)) ∈ LS
K(G) to q(t) = 0 and ϕ(t) ∈ Rn−|S|, we

see that equation 4.12 holds, iff, the condition holds.

q(t) = 0 ∧ Ai(t) = 0 ∧ ATϕ2(t) = −u(t).

bjl =


1 el ∈ Cj with orientations that coincide,

−1 el ∈ Cj with orientations that do not coincide,

0 otherwise

On this basis, one can define a DS

D′
K(G) :=

(j, i, ϕ, u) ∈ Rn−|S| × Rm × Rn−|S| × Rm

∣∣∣∣∣∣
I A

0 0

j

i

+

I A

0 0

ϕ

u

 = 0


with dynamics (

− d
dt

ψ(t), i(t), ι(t), u(t)
)
∈ D′

K(G)

and an LS

L′
K(G) := {0} × Rn−m+k
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with dynamics

(ψ(t), ι(t)) ∈ L′
K(G)

Together, they form a the pH system defined by the set (D′
K(G), L

′
K(G), {0}).

3.3.1 Dirac Structure

A key feature of a Dirac structure is the fact that the standard composition of two Dirac
structures is again a Dirac structure. The implication of this statement is that any power-
conserving interconnection of a Port Hamiltonian system is also a Port Hamiltonian system
itself. This constitutes the foundation feature in the Port Hamiltonian approach to model-
ling, simulation and control of complex physical systems. The intricate Dirac structure is
the guide to the algebraic constraints of the interconnected system as well as its Casimir
functions [85]. The Casimir are significant in the set point regulation of Port Hamilto-
nian systems. The framework for the Port Hamiltonian allows for port-based modelling.
Port-based modelling means that we are interconnecting many different elements through
ports. Dirac structures are the tools used to connect multiple elements. These various
elements are energy-storing elements, energy-dissipating elements and external elements
which could be supplying energy. A diagram to demonstrate the connection structure is
given in figure 3.1, [85]

Figure 3.1: The energy storage, routing and dissipation

3.4 conclusion

The preliminaries of the Port Hamiltonian method and the definitions of the concepts to
be used in the later sections have been provided. The sections to come will formulate the
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mechanical ventilator lung model of the respiratory system. Other definitions are presen-
ted in the respective sections.



4
C O M P O S I T I O N A L A N D G E O M E T R I C U N I F Y I N G
A P P R O A C H F O R M O D E L I N G T H E M E C H A N I C A L
V E N T I L AT O R - H U M A N R E S P I R AT O RY S Y S T E M

4.1 summary

This chapter presents the modelling of the mechanical ventilator human respiratory sys-
tem using the conventional method, followed by the Port Hamiltonian integrated model of
the mechanical ventilator human respiratory model. Three case scenarios which include a
healthy person, a sedated patient, and a spontaneously breathing patient are also presen-
ted. The presented formulation of the Port Hamiltonian lumped parameter model can be
applied in the design of robust controllers for Mechanical ventilators’ patient dynamics.

4.2 introduction

Mechanical ventilation is an approach used to assist patients who need support to breathe
sufficiently, [1]. These patients are usually in the Intensive Care Unit (ICU) on a mechanical
ventilator, which is a machine that is commonly used to assist patients who are partially
or unable to breathe on their own for various reasons for instance illnesses or surgical
procedures, [2]. The main objective of employing mechanical ventilation is to ensure the
patient is sufficiently oxygenated and carbon dioxide is eliminated from their system, [1].
Control Engineering plays a fundamental role in the precise and safe provision of gas
to the patient, ([3]). Maintaining human life requires efficient intake and distribution of
oxygen to all cells in the body. The distribution is achieved by the heart and the blood
vessels whereas the lungs act as the essential interface between the human being and the
atmosphere. The lungs facilitate the exchange of carbon dioxide and oxygen in the human
body, [3]. When a healthy lung is injured or infected by diseases, the respiratory mechanics
become overburdened or strained and the muscles in charge of breathing struggle to main-
tain the efficiency of gaseous exchange. With extended efforts, the muscles atrophy and
they finally cease to function. This results in an urgent need for partial or entire breathing
support to be effected. A ventilator is therefore used to facilitate the breathing process
through precise control of gas flow, pressure, volume and gas composition, [3]. Adequate
ventilation of the patient’s lung is maintained sufficiently through a cyclic control of pres-
sure or volume. To achieve an accurate steady-state pressure and to shape the transient
reject flow demand disturbances, a feedback controller is usually used for pressure-based

37
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ventilators. Positive pressure ventilation is a technique that is normally applied to critical
ventilation which entails the generation of an Inspiratory Positive Airway Pressure (IPAP)
thus filling the lungs with oxygen air during inspiration. Positive End Expiration Pressure
(PEEP) is applied when the medical ventilator reduces the pressure which allows for the
air in the lung to be released. Mechatronics systems are used to achieve the objectives of
a mechanical ventilation system. Current literature, [2], shows that globally, even before
the Covid-19 pandemic, mechanical ventilators have always been in high demand. Thus,
improvement of the efficiency of the existing mechanical ventilators is essential and will
benefit a greater population across the world.

An overview schematic diagram of a single-compartment mechanical ventilator-lung
system is shown in Figure 4.2. Mechanical ventilators can be Pressure-controlled or
Volume-controlled. This section of the research work will consider different case scenarios
under which a patient may be pressure-controlled ventilated. The first case scenario is
represented by a Pressure Controlled ventilation of a sedated patient and the second case
scenario is that of a patient who is spontaneously breathing. To benchmark, the presented
case scenarios, the third case is that of a healthy person who is not ventilated. For Pres-
sure Controlled Ventilation (PCV), ambient air is compressed by the mechanical ventilator
to obtain the profile shown in figure 4.1 near the mouth of the patient. To realize the In-
spiratory Positive Airway Pressure (IPAP), the mechanical ventilator pumps air into the
patient’s airway during the inspiration cycle which results in the filling of the patient’s
lungs with air. After a predefined time has elapsed, Positive End Expiratory Pressure is
achieved due to the decrease in pressure by the mechanical ventilator which results in the
lungs being emptied. The objective of Continuous Positive Airway Pressure (CPAP) is for
uninterrupted airway pressure to be attained while the patient is breathing through the
profile in figure 4.1.
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4.3 contribution

Contribution 4.3.1

The main contribution of this chapter is the presentation of a compositional and
geometric unifying approach for modelling the mechanical ventilator and the hu-
man respiratory system. These types of systems are complex and can be modelled
using open graphs in the Port Hamiltonian framework. The directed graph incid-
ence matrix is associated with a Dirac structure. This Dirac structure relates the
efforts and flow variables to the edges and vertices of the graph of a mechanical
ventilator human respiratory system. In addition to that, the energy dissipating and
storing relations between the effort and flow variables of the edges and the internal
vertices are also presented. There is an association of state variables to the edges
and a formalization of the interconnection of networks. The formulated Hamilto-
nian structure presents a systematic tool for the control and analysis of the resulting
dynamics. From a Port Hamiltonian point of view, this system can be viewed as
a Port Hamiltonian lumped Parameter model of the Mechanical ventilator human
respiratory system.

4.4 mechanical ventilator-human respiratory model

This section presents the conventional or traditional modelling of the mechanical ventilator-
human respiratory model. Some of the authors that have previously used the traditional
or conventional approach in their works are [25], [1], [64] and [87].

Fig. 4.2 is a diagram of the MV, air-tube, and patient. To begin with, MV required outlet
pressure pout is obtained via ambient air compression by the MV. It is important to note
that the ambient pressure is used as the reference i.e., pamb = 0. The outlet pressure
results in a flow Qout with resistance Rlin through the air-tube. Furthermore, the airway
pressure of the patient paw is obtained by measuring using a sensor tube, the pressure in
front of the mouth. The exhaled CO2 rich air is eliminated through a leak in the air tube
and it is modelled by using the leak resistance Rleak. A one-compartment lung is used in
modeling the lung and it has a compliance of Clung with resistance Rlung. The patient-air-
tube parameters, i.e., Rlin, Rleak, Rlung, and Clung, are all considered as positive. In addition
to that, in 4.2 the breathing effort ṗpat, of the patient viewed as an exogenous disturbance
on the pressure of the lung, as a result of the patient’s respiratory effort. The model in
4.2 provides a description of the relation between pout, the outlet pressure of the MV, the
disturbance ṗpat, the state plung, and the outputs paw and Qout. The variable to be controlled
in this closed-loop system is the airway pressure paw. It is desired that the airway pressure
should track the target pressure ptarget.
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Figure 4.1: Human Airway Pressure and patient flow during one breathing cycle of PC

Figure 4.2: Pressure Controlled Mechanical Ventilator

4.5 physical model

The model in figure 4.2 describes the relation between pout, outlet pressure of the MV the
disturbance ṗpat, the state plung, and the outputs paw and Qout.

In this closed-loop system, the airway pressure paw is the variable to be controlled, i.e.,
it should track the target pressure ptarget. The patient airway control system is shown in
figure 4.2.

The overall objective in terms of control engineering is to minimize the error in tracking
a desired pressure target:

e := ptarget − paw (4.1)
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Using conservation of flow, the output flow Qout, patient flow Qpat, and leakage flow
Qleak are related by:

Qpat = Qout − Qleak (4.2)

Using the linear resistances Rlin, Rleak, and Rlung, the pressures and flows are related as
follows:

Qout =
pout − paw

Rlin
Qleak =

paw

Rleak
Qpat =

paw − plung

Rlung
(4.3)

Lung compliance is defined as [88]:

C =
∆V

∆ptrp
=

∆V
palv − ppl

(4.4)

where

C = Compliance of the lung

∆V = Volume change

∆ptrp = Trans-pulmonary change in pressure

palv = Alveolar pressure

ppl = Pleural pressure

The lung dynamics can be described by 4.5, with ṗpat(t) being the patient effort that
changes with time. In this research work, the patient effort is viewed and modelled as
an unknown disturbance on the lung pressure, which is induced by the respiratory efforts
of the patient, such as, it is caused by the contraction of the abdominal muscle or dia-
phragm. Hence, plung(0) provides the pressure of the lung initially, without the patient’s
effort. The derivative of the lung pressure with time, therefore satisfies:

ṗlung =
1

Clung
Qpat + ṗpat (4.5)

Combining 4.3 and 4.5, the rate of change of pressure in the lung (i.e. the lung dynamics)
is:

ṗlung =
paw − plung

ClungRlung
+ ṗpat (4.6)
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Using equations 4.2 and 4.3 to determine paw and then substituting paw this into 4.6
gives

ṗlung = − (Rlin + Rleak)

ClungR̄
plung +

Rleak

ClungR̄
pout + ṗpat (4.7)

This is the patient-air-tube differential equation which can be expressed in linear state-
space form by defining

plung = State

pout = Input

paw = Output 1

Qpat = Output 2

ṗpat = Disturbance

Therefore

ṗlung = −Aplung + Bpout + ṗpat (4.8)

 paw

Qpat

 = Cplung + Dpout + ṗpat (4.9)

where

A = −Rlin + Rleak

ClungR̄
B =

Rleak

ClungR̄
C =

 RlinRleak
R̄

−Rlin+Rleak
R̄

 D =

RlinRleak
R̄

Rleak
R̄



4.5.1 Estimation Parameters for the conventional model

The parameters used for the traditional model can be found in table 4.1.

4.5.2 Motivation for the Port Hamiltonian Approach

They are several observations that are made from the conventional modelling approach
presented in the previous section. These observations are summarized below:

• As the complexity of the system is increased, for instance, the Fluid interaction, elasti-
city of the system, system stability and the power preservation of the system, the
presented approach is no longer suitable for modelling of complex dynamical sys-
tems since coupling needs to be considered in the development of the model. in
addition to that, An integrated mechanical ventilator- human respiratory system can
be categorized as a mechano-electro-hydro system which is a Multiphysics system,
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Table 4.1: Model parameters for the traditional or conventional model

Parameter Value Unit

β 0.7 l/s

P(0) 5 × 10−8 s/mL2

R̂lin(0) 0 mbar s/L

m 1 -

Rleak 24 mbar s/L

Rlung 5 mbar s/L

Rlin(0) 4.4 mbar s/L

Clung(0) 20 mL/mbar

and the traditional techniques provide a limited framework for modelling of such
systems.

• The presented modelling method does not emphasize the total energy stored by the
system as well as the energy variables. The lack of consideration for the energy of
the system is a limitation of the conventional methods because there is a lack of easy
assessment of the stability of the system and the power dynamics of the system are
not easily accounted for.

• The model does not explicitly account for energy transfer between the different phys-
ical domains that govern the MV lung system.

The Sections and the Chapters that follow present the Port Hamiltonian modelling ap-
proach which has the following advantages over the traditional approach and seeks to
address some of the limitations of the traditional approach:

• The Port Hamiltonian approach provides good structural features, symbolized by
distinct physical energy-related interpretations, which makes it easier to define and
describe the power systems dynamics, [89].

• The technique applied for the design of controllers for the Port Hamiltonian system
is reasonably uncomplicated, logical, and flexible for symbolic computation, [90]
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• Complex systems such as power networks, which is one way the integrated mechan-
ical ventilator human respiratory system has been represented can be modelled by
means of a modular technique, whereby the Port Hamiltonian models of individual
components are combined into a global structure-preserving model that is also in
Port Hamiltonian form, [91].

4.6 the port hamiltonian approach

This section will begin with the mathematical preliminaries of the Port Hamiltonian
method that will also be applicable in the sections and chapters to follow.

4.6.1 Assumptions

The following assumptions are taken in the modelling of the mechanical ventilator and the
human respiratory system model presented in the sections to follow.

• The air in the system is assumed to be like an ideal gas

• No chemical reaction occurs during the breathing process

• There is no air leakage during the working process (the dynamic process is quasi-
balanced)

• The internal dynamics of the mechanical ventilator are assumed to be negligible and
the mechanical ventilator is modelled as a voltage source

• The system is modelled using an electrical analogy and the behaviour of the various
subsystems is lumped

4.6.2 Definitions

The definitions used in this research work have already been provided in Chapter 3.
However, the important definitions that are relevant in this section are provided again for
reference purposes. The main reference used in this section is [92]

Definition 1 (Dirac Structure)
A Dirac Structure (DS) is a pair of elements, f ∈ Rn and e ∈ Rn, that satisfies the set:

D :=
{
( f , e) ∈ D, ( f̂ , ê) ∈ D

∣∣∣eT f̂ = −êT f
}

The DS is a subset D ⊂ F× E, where F and E represent the flows and efforts, respectively.

The DS in electric circuits can be represented as:
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Proposition 1:
The subspace

D ⊂ Rn × Rn

is called a DS iff, there exist A, B ∈ Rn×n such that

ABT + ABT = 0 and rank([A B]) = n

satisfying the condition

D = {( f , e) ∈ Rn × Rn|A f = −Be}

Definition 2 (Lagrange Submanifold)
A submanifold L ⊂ Rn × Rn of the manifold

Rn × Rn

is said to be a Lagrange submanifold (LS) if for all points x ∈ L and (y1, y2) ∈ Rn × Rn if

yT1 u2 − yT2 u1 = 0

is true for all (y1, y2) ∈ TxL and (u1, u2) ∈ TxL.
Proposition 2.
Given a C∞ differentiable map, O : Rn → Rn with graph O, the submanifold LO

LO := {(x,O(x)) ∈ Rn × Rn| x ∈ Rn}

is said to be a Lagrangian submanifold iff there exists a function H : Rn → R that is C2

differentiable such that

∇H = O

Proposition 3
A subspace L ⊂ Rn ×Rn is said to be a Lagrangian submanifold iff there exist A, B ∈ Rn×n

such that ATB = BTA and rank([ATBT]) = n so that

L =
{
( f , e) ∈ Rn × Rn|AT f = BTe

}
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Definition 3 (Resistive Relation)
Any relation R ⊂ Rn × Rn is said to be resistive if ∀( fR, eR) ∈ R the

eTR fR ≤ 0

is satisfied.

Definition 4 (Port Hamiltonian (pH) System).
The set (D,L,R), defines a pH system where:

• D ⊂ (FL × FR × FP)× (EL × ER × EP) is a DS

• L ⊂ FL × EL is a LS and

• R ⊂ FR × ER a Resistive relation.

The elements of the sets:

• FL ∈ RnL and EL ∈ RnL are known as flows and efforts

• FR ∈ RnR and ER ∈ RnR are known as resistive flows and efforts

• FP ∈ RnP and EP ∈ RnP are known as external flows and efforts, respectively.

where nL, nR and nP ∈ N0.
The dynamics of the pH system are given by the differential inclusion(

− d
dt

x(t), fR(t), fP(t), eL(t), eR(t), eP(t)
)
∈ D

where (x(t), eL(t)) ∈ L, ( fR(t), eR(t)) ∈ R and ( fP(t), eP(t)) ∈ P

Definition 5 (Interconnection of n pH Systems)
Let (Di,Li,Ri) denote the space of the ith pH system in a set of n pH systems that are to
be interconnected. The space of flows is divided into an external part and a part to be
linked and is given by

Fi = FLi × FRi × FPi × FPlink

Similarly, the space of efforts is divided into an external part and a part to be linked and
is expressed as

Ei = FLi × ERi × EPi × EPlink

The interconnection of two pH systems (D1,L1,R1) and (D2,L2,R2) with respect to the
link (FPlink, EPlink) results in a new interconnected pH system, (D,L,R). This interconnec-
ted system is given by the expression

(D1,L1,R1) ◦ (D2,L2,R2) := (D,L,R)
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Definition 6 (Directed Graph).
A directed graph is a quadruple G := (V, E, l, r) where

1. V is a set of vertices

2. E is a set of edges

3. l : E → V maps each edge, e, to an initial vertex

4. r : E → V maps each edge, e, to a terminal vertex

Definition 6.1 (Loop-free directed Graph).
If G is a directed graph, then G is said to be loop-free if for all e ∈ E,

l(e) ̸= r(e)

Definition 6.2 (Subgraphs).
Given the graphs G := (V, E, l, r) and G′ := (V ′, E′, l, r), then G′ is said to be a subgraph
of G′ if E′ ⊂ E and V ′ ⊂ V. Furthermore,

1. A subgraph is said to be an induced subgraph on V ′ if E′ = E|′V

2. A subgraph is said to be spanning if V ′ = V

3. A subgraph is said to be a proper subgraph if E′ ̸= E

4. If both V and E are finite, then G is said to be finite

Definition 7 (Paths, Connectivity and Cycles).
Let G = (V, E, l, r) be a directed finite graph.

1. An n-tuple e = (e1, . . . , en) ∈ (E ∪−E)n is called a path from υ to ϖ, if

a) l(e1), . . . , l(en) are distinct

b) r(ei) = l(ei+1) for all i ∈ {1, . . . , n − 1}

c) l(e1) = υ ∧ r(en) = ϖ

2. A path from υ to υ is called a cycle.

3. Two vertices, υ and ϖ are said to be connected if there exists a path from υ to ϖ.

4. The existence of paths from vertices gives an equivalence relation on the set of ver-
tices.

5. A subgraph is a component of the graph.

6. A graph with only one component is said to be connected.
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Definition 8 (Incidence Matrix).
Let G = (V, E, l, r) be a directed graph that is finite and loop-free such that E = e1, . . . , em

and V = υ1, . . . , υn. Then the jth row and kth columns of the incidence matrix, A0 ∈ Rn×m

of G is given by

ajk =


1 l(ek) = υj,

−1 r(ek) = υj,

0 otherwise.

If the rank(A0) = n − k, then the graph G has k ∈ N components, such that k rows can be
removed from A0 resulting in matrix with same rank.

Definition 9 (Kirchhoff-Dirac Structure, Kirchhoff-Lagrange Submanifold).
The Kirchhoff-Dirac structure of G can thus be defined by the set

DS
K(G) :=

{
(j, i, ϕ, u) ∈ Rn−|S| × Rm × Rn−|S| × Rm

∣∣∣∣I A

0 0

j

i

+

I A

0 0

ϕ

u

 = 0
}

(4.10)

where i and u are the currents and voltages at the edges of the graph, respectively, whereas
q and ϕ are the charges and potentials at the vertices of the graph, respectively.

Assuming that S =
{

v1, . . . , v|S|
}

, the Kirchhoff-Lagrange submanifold of G with respect
to S is defined as

LS
K(G) := 0 × Rn−|S| ⊂ Rn−|S| × Rn−|S| (4.11)

where G = (V, E, l, r) is a directed graph that

1. Is finite

2. Is loop-free

3. Has an incidence matrix A0 ∈ Rn×m

If G1, . . . ,Gk are the components of G with corresponding vertices V1, . . . , Vk ⊂ V so
that there exists a subset S ⊂ V such that S containing at most one vertex from each
component, i.e. ∀s, s′, ∈ S, i ≤ k : v, v′ ∈ Vi ⇒ v = v′, then A ∈ R(n−k)×m can be
constructed by deleting the rows corresponding to the vertices S from A0 ∈ Rn×m.

Remark 2. According to Propositions 1 and 3, Equations 4.10 and 4.11 indicate that
DS

K(G) is a DS and LS
K(G) is a LS in the space Rn−|S| × Rn−|S|.
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In Definition 9 canters for introduction of a pH system (DS
K(G), L

S
K(G), {0}) with

dynamics

(− d
dt

q(t), i(t), ϕ(t), u(t)) ∈ DS
K(G) (4.12)

where (q(t), ϕ(t)) ∈ LS
K(G).

Using the equivalence of (q(t), ϕ(t)) ∈ LS
K(G) to q(t) = 0 and ϕ(t) ∈ Rn−|S|, we

see that equation 4.12 holds, iff, the condition holds.

q(t) = 0 ∧ Ai(t) = 0 ∧ ATϕ2(t) = −u(t).

bjl =


1 el ∈ Cj with orientations that coincide,

−1 el ∈ Cj with orientations that do not coincide,

0 otherwise

On this basis, one can define a DS

D′
K(G) :=

{
(j, i, ϕ, u) ∈ Rn−|S| × Rm × Rn−|S| × Rm

∣∣∣∣
I A

0 0

j

i

+

I A

0 0

ϕ

u

 = 0
}

with dynamics (
− d

dt
ψ(t), i(t), ι(t), u(t)

)
∈ D′

K(G)

and an LS

L′
K(G) := {0} × Rn−m+k

with dynamics

(ψ(t), ι(t)) ∈ L′
K(G)

Together, they form a the pH system defined by the set (D′
K(G), L

′
K(G), {0}).

4.7 port hamiltonian modeling of mechanical ventilator human respir-
atory system

The Port Hamiltonian model of the mechanical ventilator human respiratory system is
now presented in this section.
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4.7.1 Physical system description with assumptions

Consider a human lung system consisting of a series arrangement of four segments,
namely the larynx, trachea, bronchi, and alveoli as shown in figure 4.3 and 4.4. Linear com-
pliance (elastic forces) and linear resistance (dissipative forces) are used to represent each
segment. The human respiratory system experiences these forces during normal breath-
ing. The inertial forces are assumed to have negligible impacts within the physiological
breathing frequencies, [93], [94].

• For a spontaneous breathing patient: V1 denotes the pressure from the mechanical
ventilator, and it is external while V2 denotes pressure generated internally by the
respiratory muscles.

• A passive-compliant element is used to model the chest walls. The characteristics of
this passive compliant element are assumed to be linear, and they are defined by a
constant compliance term namely, the chest-wall compliance (C5). The assumption is
taken with consideration to the sigmoidal PV relationship. It is a valid approximation
considering the volume range of quiet breathing (2.5-3 Liters), [93], [94].

• For both diseased and healthy lung states the resistance to flow of the chest wall is
assumed to have a negligible effect to the overall respiratory system resistance, [93],
[94].

• The diaphragm is assumed to be connected to C5 and it acts on the pleural space.
The internal pressure is transferred to the trachea, bronchi, alveoli and any other
segment that lies within the chest cavity, [93], [94].

• The resistances are represented as follows: Mouth to Larynx (R1), Larynx to trachea
(R2), Trachea to bronchea (R3) and bronchea to alveoli (R4). and C1, C2, C3 and C4
are their respective elastic forces.

In the present study, three case scenarios are considered:

• For the healthy person, the action of the V1 is nullified, and the airway opening
pressure (Pairway) is always assumed to be equal to the atmospheric pressure.

• In the second case scenario, representing a sedated patient, V1 is applied to simulate
artificial ventilation conditions. The action of the V2 is ignored since it is assumed
that the patient cannot breathe on their own.

• The third case scenario is for a patient who is both on a mechanical ventilator but
can still breathe to some extent on their own, therefore, V1 action is superimposed
on the action of V2 for simultaneously natural and artificial breathing.
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Figure 4.3: Physical system diagram

4.7.2 Electrical analogy

The physical model of the mechanical ventilator and the human respiratory system may
be represented by the electrical equivalent representation as shown in figure 4.4. The pres-
sure measurements related to compliance for each of the four segments in the human
lung system are modelled as voltages. The driving sources of pressure are introduced as
voltage sources: the principle of superposition is used to realize the three case scenarios as
presented.

Figure 4.4: Electrical Analogy diagram

4.7.3 Scenario with sedated patients: V1 ̸= 0, V2 = 0

This case scenario is for a patient who is depending entirely on the mechanical ventilator
for respiratory support. The mechanical ventilator is represented as a voltage source. Since
the patient is not breathing on their own, the effects of the diaphragm action are not
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included. The assumption made is that the pressure source from the patient’s natural
breathing is effectively nullified. The modified circuit representation as shown in Figure
4.5 has a single voltage source (the external ventilator source).

Figure 4.5: Sedated Patient

A loop analysis based on Kirchhoff’s Voltage Law (KVL) which states that the vector
sum of voltage in an electrical loop is equal to zero, following the general law of conser-
vation of energy. The principle of cause and effect may be translated as the voltage source
inducing a current in the first loop (larynx segment) which in turn couples with the second
loop (trachea segment) via the trachea capacitance. This effect is applied throughout the
segments and the following segment KVL loop equations are determined.

V1 − iAR1 − VC1 = 0

VC1 − iBR2 − VC2 − VC5 = 0

VC2 − iCR3 − VC3 = 0

VC3 − iDR4 − VC4 = 0

By solving for the current in each loop, the mathematical model determined is repres-
ented by five differential equations, each describing the dynamics of the energy storage
elements. This is done by applying the linear capacitor voltage equation and determining
the expression for current as a derivative of the voltage across each capacitor. For each
of the segments, the following capacitor voltage expressions are used to model the lung
system equivalent.

VC1 =
1

C1

∫
(iA − iB)dt (4.13)

VC2 =
1

C2

∫
(iB − iC)dt (4.14)

VC3 =
1

C3

∫
(iC − iD)dt (4.15)

VC4 =
1

C4

∫
(iD)dt (4.16)

VC5 =
1

C5

∫
(iB)dt (4.17)
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The following state equations are presented as the mathematical model for this case scen-
ario. The state variables are denoted as follows: (x1 = VC1 , x2 = VC2 , x3 = VC3 , x4 =

VC4 , x5 = VC5)

dVC1

dt
= ẋ1 = a11x1 + a12x2 + a15x5 + b11V1 (4.18)

dVC2

dt
= ẋ2 = a21x1 + a22x2 + a23x3 + a25x5 (4.19)

dVC3

dt
= ẋ3 = a32x2 + a33x3 + a34x4 (4.20)

dVC4

dt
= ẋ4 = a43x3 + a44x4 (4.21)

dVC5

dt
= ẋ5 = a51x1 + a52x2 + a55x5 (4.22)

Where each of the state variable and input coefficients are derived to be:

a11 = − 1
R1C1

− 1
R2C1

, a12 =
1

R2C1

a15 =
1

R2C1
, b11 =

1
R1C1

a21 =
1

R2C2
, a22 = − 1

R2C2
− 1

R3C2

a23 =
1

R3C2
, a25 = − 1

R2C2

a32 =
1

R3C3
, a33 = − 1

R3C3
− 1

R4C3

a34 =
1

R4C3
, a43 =

1
R4C4

, a44 = − 1
R4C4

,

a51 =
1

R2C5
, a52 = − 1

R2C5
, a55 = − 1

R2C5

4.7.4 Scenario with healthy person: V1 = 0, V2 ̸= 0

The same approach used for the scenario with sedated patients is employed for the case of
a healthy person. Since this is a healthy person with respect to respiratory mechanics, the
effects of the ventilator are not included in this model. The only source of the equivalent
system is the human’s natural breathing action represented by the diaphragm which acts
as a voltage source as shown in figure 4.6.

Figure 4.6: Healthy Person
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The five energy storage elements as previously stated are evaluated in a similar fashion
by using the linear capacitor voltage equation to determine the individual loop current
expressions as derivatives of the voltage across each capacitor. For each of the segments,
the following capacitor voltage expressions are used to model the lung system equivalent.

VC1 =
1

C1

∫
(iB − iA)dt (4.23)

VC2 =
1

C2

∫
(iA − iC)dt (4.24)

VC3 =
1

C3

∫
(iC − iD)dt (4.25)

VC4 =
1

C4

∫
(iD)dt (4.26)

VC5 =
1

C5

∫
(iA)dt (4.27)

The following state equations are presented as the mathematical model for this case scen-
ario. The state variables are denoted as follows: (x1 = VC1 , x2 = VC2 , x3 = VC3 , x4 =

VC4 , x5 = VC5)

dVC1

dt
= ẋ1 = a11x1 + a12x2 + a15x5 + b11V2 (4.28)

dVC2

dt
= ẋ2 = a21x1 + a22x2 + a23x3 + a25x5 + b21V2 (4.29)

dVC3

dt
= ẋ3 = a32x2 + a33x3 + a34x4 (4.30)

dVC4

dt
= ẋ4 = a43x3 + a44x4 (4.31)

dVC5

dt
= ẋ5 = a51x1 + a52x2 + a55x5 + b51V2 (4.32)

Where each of the state variable and input coefficients are derived to be:

a11 = − 1
R1C1

− 1
R2C1

, a12 = − 1
R2C1

a15 = − 1
R2C1

, b11 =
1

R2C1
, a21 = − 1

R2C2

a22 = − 1
R2C2

− 1
R3C2

, a23 = − 1
R3C2

a25 = − 1
R2C2

, b21 =
1

R2C2
, a32 =

1
R3C3

,

a33 = − 1
R3C3

− 1
R4C3

a34 =
1

R4C3
,

a43 =
1

R4C4
a44 = − 1

R4C4
, a51 = − 1

R2C5

a52 = − 1
R2C5

, a55 = − 1
R2C5

b51 =
1

R2C5
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4.7.5 Scenario with spontaneously breathing patients:

The more complex scenario in comparison to the previous two is the spontaneous case
where both the mechanical ventilator and the diaphragm are working together to ensure
the patient is breathing sufficiently. This is represented by the presence of two voltage
sources in the system as shown in figure 4.7.

Figure 4.7: Spontaneously breathing patients

Likewise, the process of solving the vector or algebraic current in each segment loop is
implemented to both determine the current expressions and to account for the effect of
both pressure sources. Notably, if one source is chosen as positive, in this case the external
ventilator drive, the other inherently becomes negative due to superposition. This is a
knock-off result of modelling based on a cause and effect basis. For each of the segments,
the following capacitor voltage expressions are used to model the lumped lung system
equivalent.

VC1 =
1

C1

∫
(iA − iB)dt (4.33)

VC2 =
1

C2

∫
(iB − iC)dt (4.34)

VC3 =
1

C3

∫
(iC − iD)dt (4.35)

VC4 =
1

C4

∫
(iD)dt (4.36)

VC5 =
1

C5

∫
(iB)dt (4.37)
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The following state equations are presented as the mathematical model for this case scen-
ario. The state variables are denoted as follows: (x1 = VC1 , x2 = VC2 , x3 = VC3 , x4 =

VC4 , x5 = VC5)

dVC1

dt
= (4.38)

dVC2

dt
= (4.39)

dVC3

dt
= (4.40)

dVC4

dt
= (4.41)

dVC5

dt
= (4.42)

Where each of the state variable and input coefficients are derived to be:

a11 = − 1
R1C1

− 1
R2C1

, a12 = − 1
R2C1

a15 = − 1
R2C1

, b11 =
1

R2C1
, a21 = − 1

R2C2

a22 = − 1
R2C2

− 1
R3C2

, a23 = − 1
R3C2

a25 = − 1
R2C2

, b21 =
1

R2C2
, a32 =

1
R3C3

,

a33 = − 1
R3C3

− 1
R4C3

a34 =
1

R4C3
,

a43 =
1

R4C4
a44 = − 1

R4C4
, a51 = − 1

R2C5

a52 = − 1
R2C5

, a55 = − 1
R2C5

b51 =
1

R2C5

4.7.6 The Port Hamiltonian model

The three case scenarios can therefore be represented in the Hamiltonian framework using
the following circuit dynamics:

dynamics of the resistors in the pH system are given by the following:

(
− d

dt
x(t), fR(t), fP(t), eL(t), eR(t), eP(t)

)
∈ D

where (x(t), eL(t)) ∈ L, ( fR(t), eR(t)) ∈ R and ( fP(t), eP(t)) ∈ P

dynamics of the capacitors in the pH system are given by the following:
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Let HC ∈ C1(Rℓp , R). A capacitance with ℓp ports is modeled as a pH system
(DC , LC , RC), where DC = Dℓp with Dℓp as in (9), RC = 0, and

LC = (uC , qC) ∈ R2ℓp |qC = ∇HC(uC).

The dynamics consequently read

(− d
dt

qC(t), iC(t), uC(t), uC(t)) ∈ DC , (qC(t), uC(t)) ∈ LC .

Here, qC represents the charge of the capacitance and the Hamiltonian HC represents the
energy storage function of the system. From this pH system, one can derive

iC(t) =
d
dt

qC(t), uC(t) = ∇HC(qC(t)).

If the capacitance has two terminals, then we obtain a conventional capacitance with one
port.

The dynamics of the inductance are represented as follows:
Let HL ∈ C1(Rℓp , R). An inductance with ℓp ports is modeled as a pH system

(DL, LL, RL) with

DL =




−uL

iL

iL

uL

 ∈ R4ℓp
∣∣∣uL, iL ∈ Rℓp



LL =
{
(ψL, iL) ∈ R2ℓp |iL = ∆HL(ψL)

}
, RL = 0

The dynamics are now given by

(− d
dt

ψL(t), iL(t), iL(t), uL(t)) ∈ DL, (ψL(t), iL(t)) ∈ LL,

Here, ψL represents the magnetic flux of the inductance and the Hamiltonian HL ∈
C1(Rℓp , R) represents the energy storage function of the system. From this pH system,
one can derive

uL(t) =
d
dt

ψL(t), iL(t) = ∆HL(ψL(t)).

If the inductance has two terminals, then we obtain a conventional inductance with one
port.

The dynamics of the voltage source are represented as follows:
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DS = D1 with D1 as defined in (9), and the Lagrange submanifold and resistive relation
are trivial, i.e., LS = RS = 0. The dynamics are

(−iS (t), iS (t), uS (t), uS (t)) ∈ DS.

4.8 dirac structure

The incidence matrix of a directed graph defines the Dirac structure known as the ver-
tex edge Dirac structure which is applied in defining Port Hamiltonian dynamics of the
Mechanical ventilator-respiratory system dynamics. Usually, for a standard consensus al-
gorithm, the energy storage corresponds to the vertices and energy dissipation corres-
ponds to the edges while for coordination control, energy storage is both at the vertices
and on the edges. In this section of the thesis, Kirchhoff’s current laws have been applied
to derive a Kirchhoff-Dirac Structure of the integrated mechanical ventilator-human res-
piratory system dynamics. The sections to follow present, the equivalent graph, the netlist,
and the incidence matrix for the spontaneously breathing patient. For the case scenarios of
the sedated patient and healthy person, the Dirac structure formulation follows the same
pattern as presented in the sections that follow.

4.8.1 The spontaneous breathing patient Dirac structure

This diagram presents the integrated mechanical ventilator with the human respiratory
system. It is also a representation of the spontaneously breathing patient.

4.8.1.1 Equivalent graph

The equivalent graph of the spontaneously breathing patient is provided in figure 4.8. The
remaining case scenarios closely follow the same methodology and they will therefore not
be demonstrated.

Figure 4.8: Equivalent Graph for a spontaneously breathing patient

4.8.1.2 The net list

The netlist of spontaneously breathing patients is provided in table 4.2
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Table 4.2: Spontaneously breathing patient net list

R1 N1, N1

R2 N1, N2

R3 N2, N3

R4 N3, N4

C1 N1, N5

C2 N2, N4

C3 N3, N4

C4 N3, N4

C5 N4, N5

4.8.1.3 The unconnected incidence Matrix

The unconnected incidence Matrix is provided in the table 4.4

Table 4.3: Spontaneously breathing patient incidence matrix

B1 B2 B3 B4 B5 B6 B7 B8 B9

-1 1 0 0 1 0 0 0 0 N1

0 -1 1 0 0 1 0 0 0 N2

0 0 -1 1 0 0 1 1 0 N3

0 0 0 -1 0 -1 -1 -1 -1 N4

1 0 0 0 -1 0 0 0 -1 N5
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4.8.1.4 The incidence Matrix

The connected incidence matrix is provided in table 4.3. The interconnection constraints
are given by the presented graph incidence matrix which captures the interconnection
structure of the mechanical ventilator respiratory system dynamics.

Table 4.4: Spontaneously breathing patient unconnected incidence matrix

B1 B2 B3 B4 B5 B6 B7 B8 B9

1 0 0 0 0 0 0 0 0 N5

-1 0 0 0 0 0 0 0 0 N1

0 1 0 0 0 0 0 0 0 N1

0 -1 0 0 0 0 0 0 0 N2

0 0 1 0 0 0 0 0 0 N2

0 0 -1 0 0 0 0 0 0 N3

0 0 0 1 0 0 0 0 0 N3

0 0 0 -1 0 0 0 0 0 N4

0 0 0 0 1 0 0 0 0 N1

0 0 0 0 -1 0 0 0 0 N5

0 0 0 0 0 1 0 0 0 N2

0 0 0 0 0 -1 0 0 0 N4

0 0 0 0 0 0 1 0 0 N3

0 0 0 0 0 0 -1 0 0 N4

0 0 0 0 0 0 0 1 0 N3

0 0 0 0 0 0 0 -1 0 N4

0 0 0 0 0 0 0 0 1 N4

0 0 0 0 0 0 0 0 -1 N5

4.8.2 Model validation

The model is validated using the parameters listed in tables 4.5, 4.6,4.7 and 4.8 obtained
from [93], [94].

4.8.2.1 Model Parameters

Table 4.5 provides the resistances
Table 4.7 provides unstressed volume
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Table 4.5: Resistance (Units: CmH2O.S.1−1)

Parameter Description Value

R1 Mouth to larynx 1.021

R2 Larynx to Trachea 0.3369

R3 Trachea to Bronchi 0.3063

R4 Bronchi to Alveoli 0.0817

Table 4.6: Compliance (L/CmH2O)

Table 4.6
provides
the compli-
ance
Parameter

Description Value

C1 Larynx 0.00127

C2 Trachea 0.00238

C3 Bronchi 0.0131

C4 Alveoli 0.2

C5 Chest wall com-
pliance

0.2445

Table 4.8 provides other important parameters used.

4.8.3 Results and discussion of results

The results for the various case scenarios are now presented:
For each of the presented case scenarios, the current represents the flow of fluid and

the voltage which represents the pressure. The presented curves are found to have similar
patterns to those presented by [95] in literature as shown in figure 4.21.
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Figure 4.9: Current waveform at the diaphragm versus time

Figure 4.10: Voltage waveform at the diaphragm versus time

Figure 4.11: voltage waveform at the mouth to the Larynx versus time
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Table 4.7: Unstressed volume (ml)

Parameter Description Value

VUL Larynx 34.4

VUt Trachea 6.63

VUb Bronchi 18.7

VUA Alveoli 1.263

Table 4.8: Other Parameters

Parameter Description Value

V2|CmH2O Internal pressure gener-
ator

-5

Patm(mmHg Atmospheric Pressure 760

FRC(litres) Functional Residue Ca-
pacity

2.4

RR (Breath-
s/min)

Respiratory Rate 12

IE Ratio Proportions of each
breath cycle devoted
to the inspiratory and
expiratory phases

0.6

Figure 4.9, 4.10 and 4.11, represents the simulated results of a sedated patient. These
results are obtained by putting into consideration that when the patient is sedated the is
very little to no effort by the diaphragm muscles. The only source of supply of pressure or
voltage is the mechanical ventilator.

The simulated results of a healthy person are represented with the following graphs 4.12,
4.13, 4.14 and 4.15. The healthy person is not on a mechanical ventilator and hence the ef-
fects of the mechanical ventilation are not included in the simulation. However, the healthy
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person has the atmospheric air and pressure which supports and aids in the breathing pro-
cess.

Figure 4.12: Healthy person Input Signal

Figure 4.13: Healthy Person Pressure versus time at the Ventilator

For a patient who is both on the mechanical ventilator and can breathe on their own,
the simulated results are represented by figures 4.16, 4.17, 4.18, 4.19 and 4.20. This patient
requires both the mechanical ventilator and their internal muscles in order to breathe.

The presented Port Hamiltonian lumped parameter model of the respiratory system
with the mechanical ventilator modelled as a voltage source represents a lumped para-
meter model of the human respiratory system. Even though the alveoli are modelled
using a single compartment, the proposed model is still sufficiently detailed enough to
reproduce human respiratory responses to be applied in different representations of pos-
itive pressure while still maintaining low computational costs. The black box approach
applied in the representation of the respiratory muscles, has the merit of correctly fitting
the observed signal, however, it is limited in its ability to provide the contribution of each
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Figure 4.14: Healthy Person Pressure versus time at the diaphragm muscle

Figure 4.15: Healthy Person air flow verses time at the diaphragm muscle

Figure 4.16: Spontaneusly breathing patient airflow for the Muscles
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Figure 4.17: Input signal for a spontaneously breathing patient at the Muscles

Figure 4.18: Spontaneously breathing patient input signal at the ventilator

Figure 4.19: Spontaneously breathing patient pressure at the the Muscles
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Figure 4.20: Spontaneously breathing patient airflow pressure

Figure 4.21: Flow verses time curves from the literature

muscle. This level of representation in modelling the Mechanical Ventilator human respir-
atory system model applied in this chapter is sufficient for controller design. However, it is
limited in representation of certain pathologies and phenomena; for instance investigation
of the accumulated pressure effects in the alveoli and the impacts of the airway secretion in
the mechanical ventilator system. The chapters that follow provide more in-depth models
that can address the limitations observed with the presented model.
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4.8.4 Reflection on the contribution for the chapter

The main contribution in this chapter was a formulation of a lumped parameter Port
Hamiltonian human respiratory system model connected to a pressure source which rep-
resents the mechanical ventilator. The contribution introduces a paradigm shift from the
traditional modelling of the mechanical ventilator human respiratory system to the intro-
duction of a novel energy-based modelling of the human respiratory system with a unique
interconnection.

4.9 conclusion

This section has presented a Port Hamiltonian formulation of a mechanical ventilator hu-
man respiratory system using the Port Hamiltonian dynamics graphing approach. The
conventional method of modeling the mechanical ventilator lung system has been presen-
ted followed by a motivation for using the Port Hamiltonian approach to model the mech-
anical ventilator human respiratory system. The developed model provides a structure or
a tool that can be used in the development of robust controllers in the Port Hamiltonian
framework. Future work could include the design, development and implementation of
robust controllers for the Mechanical ventilator Human respiratory system.



5
F O R M U L AT I O N O F A C O M P R E H E N S I V E
I N T E G R AT E D M O D E L O F T H E H U M A N
R E S P I R AT O RY S Y S T E M V I A T H E P O RT
H A M I LT O N I A N A P P R O A C H

5.1 summary

This Chapter builds on the concepts presented in Chapter 4 and provides a more detailed
model of the human respiratory system. The detailed model is obtained by expanding
parts of the human respiratory system that were previously lumped. The human respir-
atory system is extended to include the effects of the alveoli and the diaphragm. The
experimental validation of the results was conducted at the University of the Witwater-
srand, Faculty of Health Science, School of Physiology, in the Human Nutrition Research
Laboratory. The extended model can be applied in the illustration of the breathing mech-
anism and in simulating respiratory pathologies for instance: Acute Lung Injury (ALI) and
Acute Respiratory Distress Syndrome (ARDS).

5.2 introduction

Model-based Mechanical Ventilator treatment in Mechanical Ventilation stipulates the
availability of a lung model which is normally used to establish the state of the lung
and thereafter, the optimal MV settings are determined. This is important for clinicians to
be able to detect lung diseases. Model-based MV treatment requires that the complexities
of the lung dynamics to be captured accurately. However, the developed model should be
simple enough for easy evaluation and model parameter accessibility. Barbin et al, [96],
formulated a dynamic model of the lung for investigation of the expiration flow limitation
in mechanical ventilators. Jandre et al, [97], used one non-linear lung model to simulate
the impacts of low pass filtering, filter inter-channel delay and mismatch. Babuska et al,
derived a mathematical model of a non-linear single-compartment model. During inspira-
tion, the ventilator is modelled as a flow source and during expiration, it is modelled as an
effort. Rosa et al, [98], formulated the bond graph model of the human esophagus and the
researcher also conducted the analysis in the satiation of an individual. Tabrizi, [99] formu-
lated the acoustic behaviour of the respiratory system using bond graph. The airways were
represented using distributed dynamics while the lower passage generation was modelled

69
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using lumped resistance and compliance effects. [96], [97], [100], [98], presented the model
of a single dynamic lung. In reality, a human being has two lungs, and the left lung is
smaller than the right lung and therefore for accurate modeling both lungs are supposed
to be considered. Shi et al, [54], proposed a mathematical formulation of volume controlled
mechanically ventilated respiratory system with two different lungs. The main parts of the
human respiratory system are the trachea, main bronchi, bronchioles and alveoli. It is es-
timated that the human body, has approximately 480 million alveoli [101]. The alveolar
is one of the factors that structurally limits the diffusing capacity of the lung. Within the
respiratory parenchyma, the alveolar is the smallest gaseous exchange unit. The alveoli
may be viewed as pronounced surface irregularities with opening [101]. These alveoli act
as the interface for gaseous exchange such that carbon dioxide is eliminated and oxygen
is transferred through the blood capillary vessels that lead to the pulmonary vein.

5.3 contribution

Contribution 5.3.1

The contribution in this chapter is the formulation of a comprehensive integrated
Port Hamiltonian model of the human respiratory system which includes the alveoli
and the diaphragm. The previously lumped parameter system is now represented
using a Port Hamiltonian distributed resistor model. The human respiratory system
is modelled using distributed resistors and the alveoli is included in the detailed
model. The distributed resistors are terminated with a voltage source (it represents a
pressure source) which acts as a collector for all the summed up pressures produced
by the numerous alveoli in the lung. This model can be used in the investigation and
illustration of the breathing mechanism which involves inspiration and expiration.
Another application would be the pressure analysis for patients with COPD and
it can also be used for design of robust controllers for the mechanical ventilation
system

5.4 detailed port hamiltonian modeling of the respiratory system

This section provides a detailed port Hamiltonian modeling of the human respiratory
system including the alveoli.

5.4.1 Physical model of the lung

Here, under certain assumptions, an analogy between an electric circuit and the flow of
fluid with pressure, P, flow rate Q, density ρ, through a cylinder of cross-sectional area A
and length LE. Take note that

LE =
∫

dx (5.1)
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where dx is the infinitesimal change in length along the cylinder.
Assuming the density is constant over the length LE, the inertance of the fluid L, is given

by

L =
∫

ρLE

A
(5.2)

Hence the relations between the flow rate and pressure are given by

P =
dQ
dt

(5.3)

P =
1
C

∫
Qdt (5.4)

P = RQ (5.5)

where R and C are the resistance and capacitance of the flow.
Under these assumptions, the flow through a cylinder over an infinitesimal length dx is

illustrated in figure 5.1

Figure 5.1: Fluid-Electrical analogy of flow through a cylinder

The lung model consists of two parts, the airway and the respiratory zone. The airway is
broken down into the upper and lower airways. The upper airway consists of the nostrils,
nose, pharynx and larynx. While the lower airway is made up of the right and left bronchi-
oles, the bronchus and the terminal bronchioles. All these can be thought of as a network
of connected cylinders of varying length which form a tree-like network structure. For
simplicity it is assumed that each section of the lower airway splits into into two branches
at each generation, see figure 5.2.

The alveoli can be modelled as capacitors at the endpoints of the trees representing the
terminal bronchioles. In order to model the action of the diaphragm of a normal breathing
patient, all the capacitors representing the alveoli are connected at the same node which
is connected to a source. This represents the pressure change due to the movement of the
diaphragm, see figure 5.3.
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Figure 5.2: Distributed resistor model

5.5 electrical analogy of the entire system

The comprehensive electrical analogy of the entire system is presented in figure 5.4.
For the sake of illustration, a simplified model is presented in figure 5.6.
The total number of branches, nB, is

nB = nS + nP + nD (5.6)

where nS is the number of branches with storage elements, nP is the number of branches
with ports and nD is the number of branches with dissipative elements. From figure 5.6,
the number of storage branches is nS = 11, i.e. five capacitors and six inductors, since there
are five resistors, the number of dissipative branches nD = 5 and the number of ports is
nP = 2. The simplified graphical representation is presented in figure 5.7

5.6 the graphical representation of the system

The simplified model of the system and the graphical equivalence is provided:
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Figure 5.3: Fluid-electric analogy at the alveoli
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Figure 5.4: Electrical analogy of the detailed model of the respiratory system

Figure 5.5: Graph theoretical model with source node



5.6 the graphical representation of the system 75

Figure 5.6: Simplified model

Figure 5.7: Simplified graphical representation
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5.6.1 The unconnected and connected incidence matrix

The incidence matrix when the components are not connected to each other is

γ =

et1 et2 et3 et4 et5 el1 el2 el3 el4 el5 el6 el7 er1 er2 er3 er4 er5 er6 er7 eD1



1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt1

−1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt2

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt2

0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt3

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt3

0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt4

0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt3

0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt5

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt5

0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt6

0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt6

0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vl1
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 vl1
0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 vl2
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 vl2
0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 vl3
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 vl2
0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 vl4
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 vl4
0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 vl5
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 vl5
0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 vl6
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 vl6
0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 vD1

0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 vD1

0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 vD2

0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 vt6

0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 vr1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 vr1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 vr2

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 vr2

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 vr3

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 vr2

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 vr4

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 vr4

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 vr5

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 vr5

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 vr6

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 vr6

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 vD1

(5.7)
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Adding the rows with repeating nodal labels, γ reduces to

γ =

et1 et2 et3 et4 et5 el1 el2 el3 el4 el5 el6 el7 er1 er2 er3 er4 er5 er6 er7 eD1



1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt1

−1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt2

0 −1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt3

0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt4

0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt5

0 0 0 0 −1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 vt6

0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 vl1
0 0 0 0 0 0 −1 1 1 0 0 0 0 0 0 0 0 0 0 0 vl2
0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 vl3
0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 vl4
0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 vl5
0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 vl6
0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 −1 vD1

0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 vD2

0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 vr1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 1 0 0 0 vr2

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 vr3

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 vr4

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 vr5

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 vr6

(5.8)
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The incidence matrix can be re-arranged according to the nature of the elements in the circuit, that is whether they are storage, dissipative or
ports, so that

γ =
[

γS γD γP

]
=

et1 et2 et3 et4 et5 el1 el2 el3 el4 el5 el6 el7 er1 er2 er3 er4 er5 er6 er7 ed1



1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt1

−1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt2

0 −1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt3

0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt4

0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 vt5

0 0 0 0 −1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 vt6

0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 vl1
0 0 0 0 0 0 −1 1 1 0 0 0 0 0 0 0 0 0 0 0 vl2
0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 vl3
0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 vl4
0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 vl5
0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 vl6
0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 −1 vD1

0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 vD2

0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 vr1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 1 0 0 0 vr2

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 vr3

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 vr4

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 vr5

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 vr6

(5.9)

The current and voltage vectors are given by

v =
[

vS vD vP

]T
=
[

vL1 vL2 vL3 vL4 vL5 vL6 vC1 vC2 vC3 vC4 vC5 vR1 vR2 vR3 vR4 vR5 vR6 vR7 vR8 vO1

]T
(5.10)

and
i =

[
iS iD iP

]T
=
[

iL1 iL2 iL3 iL4 iL5 iL6 iC1 iC2 iC3 iC4 iC5 iR1 iR2 iR3 iR4 iR5 iR6 iR7 iR8 iO1

]T
(5.11)
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The incidence matrix can be re-arranged according to the nature of the elements in the circuit, that is whether they are storage, dissipative or
ports, so that

γ =
[

γS γD γP

]
=

et1 et2 et3 et4 et5 el1 el2 el3 el4 el5 el6 el7 er1 er2 er3 er4 er5 er6 er7 ed1



−1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 L1

0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 L2

0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 L3

0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 L4

0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 L5

0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 1 0 0 0 L6

0 −1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 C1

0 0 0 0 0 0 −1 1 1 0 0 0 0 0 0 0 0 0 0 0 C2

0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 C3

0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 C4

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 C5

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 R1

0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 R2

0 0 0 0 −1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 R3

0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 R4

0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 0 0 0 R5

0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 0 0 0 0 −1 R6

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 R7

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0 R8

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 O1

(5.12)
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5.6.2 Model Validation

The parameters in table 5.1 are used for model validation of the presented model, [96].

Table 5.1: Airway dimensions and branch parameters in generations of the conductive zone. [96]

Generation da
bnmax Ibn kbn γ1bn γ2bn γ3bn

number (mm) (mm) (sl) (CmH2O) (CmH2O) (CmH2O)

1 14.1 47.6 10.68 5.567 6080 64.03

2 9.58 19.0 12.15 25.77 2527 28.58

3 6.47 7.60 13.79 33.59 1351 16.90

4 5.20 12.7 6.767 46.34 835.8 11.25

5 4.04 10.7 4.819 52.01 534.5 7.738

6 3.23 9.00 3.323 58.52 370.2 5.737

7 2.66 7.60 2.162 58.72 263/7 4.564

8 2.15 6.40 1.272 59.90 192.9 3.749

9 1.78 5.40 0.585 59.90 192.9 3.749

10 1.50 4.60 0.047 59.90 192.9 3.749

11 1.26 3.90 0 59.90 192.9 3.749

12 1.10 3.30 0 59.90 192.9 3.749

13 0.95 2.70 0 59.90 192.9 3.749

14 0.85 2.30 0 59.90 192.9 3.749

15 0.76 2.00 0 59.90 192.9 3.749

16 0.69 1.65 0 59.90 192.9 3.749

5.6.3 Simulation results

The proposed model was tested using various patients’ datasets obtained with various
participants in the experimental study. The curve of the normal participant showed the
same behaviour as the inspiration – expiration curves obtained during the experimental
study. The curves with the participant with mild constriction had changing compliance
values fit to the estimated data sets. There is continuously changing lung dynamics which
explains the difference in the curves. The simulated results are shown in figure 5.8 and 5.9.

5.6.3.1 Interpretation of the graphs

The green line and blue line represent the trials with varying simulated parameters. The
pink line shows the trend of the theoretical values.

5.7 experimental study

Considering the successful formulation of the Port Hamiltonian model of the human res-
piratory system, an experiment was set up to illustrate the lung function results and bench
mark the physical performance of the proposed Port Hamiltonian model. The experiment
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Figure 5.8: Flow per volume breathing profile of a normal participant

Figure 5.9: Flow per volume breathing Profile of a participant with a constriction

is performed on adult participants and the resultant curves demonstrate their lung per-
formance. The experimental study was conducted at the University of the Witwatersrand,
Faculty of Health Sciences, School of Physiology, in the Human Nutrition Laboratory. All
procedures contributing to this work complied with the relevant national institutional
guidelines for research on human subjects and adhered to the Helsinki Declaration of 1975
revised in 2008. Permission to conduct the study at the laboratory was obtained from the
head of the department. Furthermore, approval was obtained from the University of the
Witwatersrand research ethics committee and an ethical clearance certificate was obtained
prior to the commencement of the experimental study.

In these section a brief description of the experimental set up is provided, the limitations
and the results of the experimental results.
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5.7.1 Experimental Setup

For static and dynamic flow volumes, the normal spirometry tests were conducted and to
determine flow volume loops, the flow meter, Winspiro was used. Figure 5.10, shows the
experimental set up and 5.11 is the cup like breathing mask that the participants inhale
and exhale through.

Figure 5.10: Experimental Set up

5.7.1.1 Interpretation of the graphs

The green line shows the trend of the BEST PRE trials of the selected parameter on the left
side of the graph. The pink line shows the trend of the theoretical values for the selected
parameter on the left side of the graph. The blue line is also one of the pretrials.
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Figure 5.11: Cup like breathing Mask

5.7.2 Description and Limitations

The spirometer is a piece of equipment that is used to measure the functioning of the
human lungs by measuring airflow into and out of the human lungs. It is commonly used
in the diagnosis of asthma, COPD, restrictive lung diseases and any other lung disorders.

5.7.3 Experimental Procedure

The following procedure was followed for the experimentation on the dynamic flow of air
into and out of the lung by participants:

• The participant sat on a chair in the laboratory.

• A clip was placed on the participants nose to keep both nostrils closed.

• A cup-like breathing mask was placed around the participant’s mouth.

• The participant was instructed to take a deep breath in, and to hold their breath for
a few seconds, and then exhale as hard as they can into the breathing mask.

• The tests were repeated at least three times to make sure that the results were con-
sistent. The highest value from three close test readings was considered the result.

The following are the limitations of the experimental set up:

• The ability to obtain correct results is dependent on the participant being able to
clearly take the instructions.

5.7.4 Experimental Results

5.7.4.1 Interpretation of the graphs

The green line shows the trend of the BEST PRE trials of the selected parameter on the left
side of the graph. The green dot on the graph shows the values of the BEST post trials (if
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Figure 5.12: Breathing Profile of a Normal Participant

Figure 5.13: Breathing Profile of a Participant with Mild restriction

detected) The pink line shows the trend of the theoretical values for the selected parameter
on the left side of the graph.

5.7.5 Discussion of Experimental results

The obtained experimental results also show the FVC which gives the maximum possible
exhalation of the patient after the patient has inhaled maximally. FEV1 which is the first
second exhalation volume and the PEF which refers to the Peak Expiratory Flow or the
speed of the airflow when the participant is exhaling. The simulated results follow the
same pattern as the experimental results. The normal graph, there is a linearity in the ex-
piratory limb. The inspiratory limb loop is convex and symmetric. In the graph that shows
a patient with mild restriction, the loop has a narrowing shape which is an indication of
the diminished lung volumes. The upsurge in elastic recoil of the lungs sustains or ensures
the airways are open. In the mild constriction case, the airflow is greater than the normal
graph at Comparable Lung volumes.

5.7.6 Reflection on the Contribution for the chapter

The contribution in this chapter is the expansion of the research work conducted in the
previous chapter on the formulation of a human respiratory system model. In this chapter,
the previously lumped resistors are now broken further using distributed resistors, the
model also includes the modeling of the alveoli. The Port Hamiltonian modeling approach
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provides a unified energy modelling of the system which is useful for the stability studies
of the human respiratory system. The current model captures the structure and dissipation
of the system and is easily scalable.

5.8 conclusion

A detailed model of the human respiratory system which includes the alveoli has been
presented. The incidence matrix of a directed graph has been used to define the Dirac
structure known as the vertex edge Dirac structure. The presented model can be used in
pressure analysis for COPD patients and also in the design of robust controllers for the
mechanical ventilator used to ventilate these patients. The sections to follow present a de-
tailed model of the mechanical ventilator, followed by a multiphysics model of the human
respiratory system which includes the action of the diaphragm. A generalized approach
to modeling the fluid flow in the mechanical ventilator and the respiratory system would
provide more insights into the pressure analysis in the alveoli and it is also presented in
the coming chapters.





6
A M I X E D F I N I T E / I N F I N I T E D I M E N S I O N A L
P O RT- H A M I LT O N I A N M O D E L O F A M E C H A N I C A L
V E N T I L AT O R

6.1 summary

In chapters 4 and 5, the mechanical ventilator has been assumed to be a single pressure
or voltage source. While this is true and sufficient in capturing the details of the applic-
ations presented in chapters 4 and 5, the mechanical ventilator in actual sense is more
intricate and detailed in its structure and function. This chapter presents a detailed model
of a mechanical ventilator system. This is followed by a formulation of a multi-physics,
multi-scale port Hamiltonian model of the human respiratory system. The two systems
are integrated to provide the overall detailed model of the Mechanical ventilator human
respiratory system model.

6.2 introduction

The World Health Organization (WHO) has "access to oxygen" on its model list as one of
the essentials required by an individual, especially when they are in a critical condition
health-wise and they are unable to breathe on their own. Access to oxygen is the only
medicine listed that does not have a substitute. Access to oxygen even after the worldwide
pandemic is still a major dilemma in middle and low-income countries [102]. A mechanical
ventilator is a medical device that is employed in assisting patients in cases where their
respiratory system is not functioning well, thus the patient has challenges in breathing
or has shortness of breath. The mechanical ventilator can also be used in cases where a
patient has been sedated and is undergoing surgery.

The basic operation of a mechanical ventilator is to control a high-pressure region dur-
ing the inspiration stage. In the inspiration stage, the mechanical ventilator is paused.
During expiration, air flows out due to the lung’s natural recoil which creates a higher
pressure in the alveoli. Due to the high demand for mechanical ventilators both in the past
and at present, it is imperative that efficient and affordable mechanical ventilators should
be researched, modelled, designed and implemented. To ensure that robust mechanical
ventilators are designed, it is important to formulate new models that can be used in the
research and testing stages of the mechanical ventilators.

87
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6.3 modeling of mechanical ventilators

Tran et al, [49], conducted research whose main goal was to design, control, model, and
simulate a mechanical ventilator that is light in weight, portable, and suitable for use at
home. [49], modelled the mechanical ventilator as a voltage source. El-Hadj et al [103], ap-
plied the fluid-structure Interaction (FSI) to a couple of computational fluid dynamics used
for fluid flow with finite element analysis for the solid domain. This facilitated the investig-
ation of fluid behaviour, structural behavior, and interactions. Two designs were proposed
for the mechanical ventilator. The first design was reported to be uncontrollable and the
second design considers Computational Fluid Dynamics (CDF) with a moving boundary
which is applied to the piston cylinder based ventilator. Tharton et al [51], designed and
developed a ventilator prototype to be used by professionals in medical emergencies and
in any other context where the regular ventilator is not available. The mechanical ventilator
was modelled using the crank rocker mechanism in order to meet specific requirements for
mechanical ventilator design. Pivk et al, [52], developed an empirical model for a low-cost
mechanical ventilator by observing the response of each of the ventilator subsystems. The
current progress made globally in the development of affordable and effective designs is
important. However, research in mechanical ventilator development lacks model develop-
ment. The Port-Hamiltonian approach applied in this research work acts as a modelling
template for future energy-based mechanical ventilator modelling and design. It is import-
ant to develop designs that rest on a solid understanding of a significant aspect of the
design. Naggar, [53] developed a piecewise model of a mechanical ventilator which de-
scribed the artificial behaviour of a mechanical ventilator. A pressure-controlled ventilator
is created and simulated. The mechanical ventilator is modelled using a periodic function
with inequalities to control the beginning of inspiration and expiration periods. Shi et al,
[54] developed a mathematical model of volume-controlled mechanical ventilation. The
model is viewed as a pneumatic system where the ventilator is regarded as an air com-
pressor. The exhalation valve is considered as throttle. The compressor and the container
represent the ventilator. Naggar et al, [55] proposed an integrated mathematical model of
the mechanical ventilator and the lung. Linear quadratic and exponential equations were
used to model the system. The integrated model was used to simulate volume-controlled
artificial ventilation. Giri et al, [56], proposed a simplified design of a mechanical ventil-
ator, to reduce cost and automate the mechanical ventilation process. The proposed design
was simulated on the MATLAB platform. Hannon et al, [57] presented a review on the
advancement in the modelling of human anatomy, physiology and pathophysiology via
mathematical modelling and computer simulation. Clinical applications in various disease
states were emphasized. The research work discussed the current limitations and poten-
tial of in-silico modelling. There are currently no existing Port Hamiltonian models of
mechanical ventilators.
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Contribution 6.3.1

This section presents a two-fold contribution.

• Firstly, the development of a Port-Hamiltonian model representation of a
mechanical ventilator. The model consists of electromechanical and electro-
magnetic components modelled in the finite-dimensional representation, in-
terconnected with fluid components in the infinite-dimensional representation.
As a result, this Port-Hamiltonian model is of a mixed finite/infinite dimen-
sional nature.

• Secondly, formulation of a multi-physics and multi-scale Port Hamiltonian
model of the human respiratory system. The formulated Port Hamiltonian
ventilator and the detailed respiratory system are interconnected to form a de-
tailed integrated system that can be used for various applications for instance
investigation of the response to air pressure stimuli of the various segments of
the respiratory system for a ventilated patient.

6.4 detailed port-hamiltonian model of a mechanical ventilator

The mathematical preliminaries and background for this chapter have already been
provided in Chapter 3.

6.4.1 Description of the system

The overall mechanical ventilator system diagram is provided in figure 6.1. The entire
system consists of various subsystems. In this research work, the main subsystem that
contributes to the flow of air and consequently the air pressure are discussed. There-
fore, the following main subsystems will be discussed: the DC Motor subsystem, Turbine
pump/blower subsystem, Pump-shaft/impeller subsystem and Solenoid valve subsystem,

6.4.2 Blower model

In this section, the dynamical system model equations for the blower model are presen-
ted in the port-Hamiltonian framework. The blower model comprises three sub-systems,
namely a DC Motor which drives the blower-shaft/impeller, a blower-shaft/impeller that
couples the DC motor to the fluid, using the rotational motion of the motor to accelerate
the fluid and finally the fluid being driven.

In the Port-Hamiltonian perspective, the state vector Xb ∈ R4, given by

Xb :=
[

pm, ϕm, Pb, Qb

]⊤
(6.1)
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Figure 6.1: Schematic diagram of a Mechanical Ventilator

where pm ∈ R1 and ϕm ∈ R1 are the angular momentum and magnetic flux of the DC
motor, respectively, while Pb ∈ R1 and Qb ∈ R1 are the pressure and flow rate of the
blower.

The total energy of the blower is given by the Hamiltonian

Hb [Xb] =
1
2

(
p2

m
Im

+
ϕ2

m
Lm

+ CbP2
b + IbQ2

b

)
(6.2)

where Im ∈ R1
+ is the inertia and Lm ∈ R1

+ is the inductance of the DC motor, while
Cb ∈ R1

+ and Ib ∈ R1
+ is the hydraulic capacitance and inertance of the air in the blower,

respectively.
Thus, the Port-Hamiltonian model of a blower is given by

Ẋb = (Jb −Rb)∇Hb [Xb] + Gbub (6.3)

Yb = G∗
b∇Hb [Xb] (6.4)
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where

Jb :=


0 Km 0 −(Ko pm)/Im

−Km 0 0 0

0 0 0 1/(Cb Ib)

(Ko pm)/Im 0 −1/(Cb Ib) 0

 ∈ R4×4

Rb := diag
([

bm Rm 0 (Rb pm)/(Ib Im)
])

∈ R4×4

∇Hb [Xb] :=
[

pm/Im ϕm/Lm CbPb IbQb

]
∈ R4×1

Gb :=


1 0 0

0 0 0

0 −(1/Cb) 0

0 0 (1/Ib)

 ∈ R4×3

ub :=
[

Vm Qin Pin

]
∈ R3×1

where Km ∈ R1
+ is the motor torque constant, bm ∈ R1

+ is the viscous damping, Rm ∈ R1
+ is

the armature resistance and Ko ∈ R1
+ is the motor angular momentum/pressure coupling

constant. The inputs to the system are the DC motor voltage, the input volumetric flow
rate and pressure given by V ∈ R1, Qin ∈ R1 and Pin ∈ R1. One can easily show that
Jm = −J ⊤

m and Rm = R⊤
m ⪰ 0.

Taking the time derivative of the Hamiltonian

Ḣb[χb] = ub · Yb −∇Hb[Xb] · (Rb∇Hb[Xb]) (6.5)

This system has power and resistive ports.

6.5 solenoid valve subsystem

Figure 6.2 shows a solenoid valve in the open and closed position. It is assumed that the air
gaps are sufficiently small such that the effect of fringing of the magnetic flux is negligible.
Consider a solenoid in which the permeability of the core and the length of the part of the
magnetic circuit inside the core are denoted by µc ∈ R1

+ and lc ∈ R1
+, respectively. The

equivalent length of the solenoid’s magnetic circuit, leq [·] : R → R is dependent on the
displacement of the spool, qs ∈ R, and can be written as

leq [qs] = lc +
µc

µ0
(qstot − qs) (6.6)

where µ0 ∈ R1
+ are the permeability of air and qstot ∈ R1

+ is the total air-gap. The solenoid
coordinate systems is represented in Figure 6.3. Thus, the inductance of the solenoid varies
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Figure 6.2: Diagram of a Solenoid valve in the i) open position which allows fluid flow and ii)
closed position which stops fluid flow

Figure 6.3: Solenoid coordinate system

with displacement of the spool and hence can be expressed by the function Ls [·] : R → R

given by

Ls [qs] =
N2Aeµc

leq [qs]
(6.7)

where N ∈ R1
+ is the number of turns in the coil of the solenoid and Ae ∈ R1

+ is the ef-
fective cross-sectional area of the path of the magnetic flux. The magnetic and mechanical
subsystems in the solenoid valve are therefore coupled magnetically due to the depend-
ence of the inductance on the displacement of the spool.

The total energy of the solenoid is given by the Hamiltonian, Hs [·] : R3 → R, which

is a function of the state vector Xs =
[
ϕs, ps, qs

]⊤
∈ R3, expressed as the sum of the
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magnetic, kinetic and potential energies denoted by Hmagnetic [ϕs, qs] : R2 → R, Hkinetic [ps] :
R → R and Hpotential [qs] : R → R, respectively. Thus

Hs [Xs] = Hmagnetic [ϕs, qs] +Hkinetic [ps] +Hpotential [qs] (6.8)

given a magnetic flux ϕs ∈ R.
Assuming that the pretension of the spring is set to q0 ∈ R, the Hamiltonian is

Hs [Xs] =
1
2

(
ϕ2

s
L[qs]

+
p2

s
ms

+ ks(qs + qs0)
2
)
+ msqsg (6.9)

where ps ∈ R is the momentum of the spool, ms ∈ R1
+ is the mass of the spool, ks ∈ R1

+ is
the spring stiffness and g ∈ R1

+ is the acceleration due to gravity.
Hence, the solenoid’s state and output dynamics are expressed in Port-Hamiltonian

form in equations 6.10 and 6.11 respectively

Ẋs = (Js −Rs)∇Hs [Xs] + Gsus (6.10)

Ys = G∗
s us (6.11)

where

Js =


0 0 0

0 0 −1

0 1 0

 , Rs =


Rs 0 0

0 bs 0

0 0 0

 , Gs =


1 0

0 0 0

0 (As1 − As2) (As3 − As4)

 ,

G∗
s = G⊤

s , us =

Vs

ps

 and ∇Hs [Xs] =


ϕs

Ae N2µc

(
lc −

µc(qs−qstot )
µ0

)
ps
ms

Ae N2µ2
c µ0

(µ0lc−µc(qs−qstot ))
2 + ks(qs + qs0) + msg


where Rs ∈ R1

+ is the resistance of the coil, bs ∈ R1
+ is the viscous damping acting on

the spool and ∇ is the gradient operator. As1 , As2 ∈ R1
+ are the various cross-sectional

areas of the lands of the spool and the input vector us ∈ R2 consists of the input voltage
Vs ∈ R1 and the supply pressure ps ∈ R1. It can be seen that Js = −J ⊤

s ∈ R3×3 possesses
skew-symmetry, while Rs = R⊤

s ∈ R3×3 is positive semi-definite.
Taking the time derivative of the Hamiltonian

Ḣs[χs] = us · Ys −∇Hs[Xs] · (Rs∇Hs[Xs]) (6.12)

This system has power and resistive ports.

6.5.1 Pipe model

In this section, a port-Hamiltonian model of a single pipe segment is developed. The basis
of these developments is the Navier Stokes equations for one-dimensional non-stationary
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flow of gas in a pipe. The following assumptions are taken for the sake of model simplific-
ation [104], [105]:

1. The pipe is taken as rigid (it does not expand in cross-section as a result of fluid
flow).

2. Frictional and gravitational effects are neglected (this will be relaxed in future works
in this research area),

3. The model parameters of the gas remain constant along the pipe cross-section but
vary in time along the pipe length. Thus they can be averaged about the cross-section
and thus the gas flow is one-dimensional.

4. The temperatures of the pipe walls are assumed to be constant and equal to the
ambient room temperature. Hence temperature effects are ignored.

Taking into account these assumptions, the coordinate system attached to a segment of
pipe is illustrated in figure 6.4. Thus, for a given time interval ts ≤ t < t f with start time

Figure 6.4: Pipe segment coordinate system

ts and finish time t f , the length normalized one-dimensional Euler equations for gas of
density ρ(t, z) : (ts, t f ] × (0, ℓ) → R1 flowing at a velocity ν(t, z) : (ts, t f ] × (0, ℓ) → R1

through a pipe of length ℓ ∈ R1
+ and cross-sectional area Ap ∈ R1

+ are given by:

∂t(ρAp) + ∂z(ρApν) = 0 (6.13a)

∂t(ρApν) + ∂z(ρApν2 + pAp) = 0 (6.13b)

where p(t, z) : (ts, t f ]× (0, ℓ) → R1 is the pressure and ∂i := ∂/∂i is the partial derivative
with respect to the temporal and spatial variables given by the subscripts i ∈ {t, z}.

6.5.1.1 Port-Hamiltonian formulation of pipe-flow model

The fluid dynamics can be written in terms of mass per unit length, i.e. ϱ := ρAp, as well
as the fluid momentum, m := ϱν. Thus equations 6.13a and 6.13b can be expressed as

∂tϱ = −∂zm (6.14a)

∂tm = −∂z

(
m2

ϱ
+ pAp

)
(6.14b)
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Defining the state vector of the gas flow through a pipe segment as χp :=

 ϱ

m

, the energy

of the gas can be expressed in form of a Hamiltonian Hp
[
χp
]

: R2 → R1 given by

Hp
[
χp
]
=
∫ ℓ

0
Hp
[
χp
]

dx =
∫ ℓ

0

(
m2

2ϱ
+ ϱU

[
ϱ/Ap

])
dx (6.15)

where Hp [·] : R2 → R1 is the Hamiltonian density and U [·] : R1 → R1 is the internal
energy of the gas which in the case of an isentropic fluid, can be expressed as a function
of density.

The port-Hamiltonian dynamics take the following form

∂tχp = J
[
χp
]

δχpHp
[
χp
]

(6.16)

where J
[
χp
]
, the formally skew-symmetric operator and δχpH

[
χp
]
, the variational deriv-

ative of the Hamiltonian density are expressed as

J
[
χp
]
= −

 0 ∂z

∂z 0

 and δχpHp
[
χp
]
=

h − m2

2ϱ2

m
ϱ

 (6.17)

where h is the enthalpy, and J
[
χp
]

is a formally skew-symmetric operator.
The rate of change of the Hamiltonian can be found as

Ḣp = u⊤
p yp (6.18)

where

up = WBRext

δχpHp
∣∣
0

δχpHp
∣∣
ℓ

 and yp = WCRext

δχpHp
∣∣
0

δχpHp
∣∣
ℓ

 (6.19)

with components given by

WB =
1√
2

1 0 0 1

0 −1 1 0

 , WC =
1√
2

0 1 1 0

1 0 0 −1

 , Rext =
1√
2


0 −1 0 1

−1 0 1 0

1 0 1 0

0 1 0 1



and

δχpHp
∣∣
0

δχpHp
∣∣
ℓ

 =



(
h − m2

2ϱ2

)∣∣∣
0(

m
ϱ

)∣∣∣
0(

h − m2

2ϱ2

)∣∣∣
ℓ(

m
ϱ

)∣∣∣
ℓ


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Expanding up and yp

up =


(

m
ϱ

)∣∣∣
ℓ(

h − m2

2ϱ2

)∣∣∣
0

 and yp =


(

h − m2

2ϱ2

)∣∣∣
ℓ

−
(

m
ϱ

)∣∣∣
0

 (6.20)

Thus, the rate of change of the Hamiltonian is

Ḣp =

(
h − m2

2ϱ2

)∣∣∣∣
ℓ

(
m
ϱ

)∣∣∣∣
ℓ

−
(

m
ϱ

)∣∣∣∣
0

(
h − m2

2ϱ2

)∣∣∣∣
0

(6.21)

6.5.2 Electric Circuit Model of the Lung

The port Hamiltonian formulation for nonlinear electric circuits is presented in this section.
Since the main focus of this article is on the mechanical ventilator model, the lung model is
simplified by considering an electric circuit analogy. The model under consideration is that
of a fully sedated patient who relies completely on the mechanical ventilator to breathe.
The circuit model is shown in Figure 6.5. The circuit can be represented in the form of a

Figure 6.5: Circuit diagram of an electric model of a lung of a fully sedated patient [94]

network graph using graph theory. The graph of the circuit given in Figure 6.5 is given in
Figure 6.6. The model has n = |V| = 7 vertices.

The complete graph of the circuit, A0, is

A0 =

RML RIT RTB RBA CT CB CA CL CCW uV



1 0 0 0 0 0 0 0 0 −1 1
−1 1 0 0 0 0 0 1 0 0 2
0 −1 1 0 1 0 0 0 0 0 3
0 0 −1 1 0 1 0 0 0 0 4
0 0 0 −1 0 0 1 0 0 0 5
0 0 0 0 −1 −1 −1 0 1 0 6
0 0 0 0 0 0 0 −1 −1 1 7

(6.22)
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Figure 6.6: The graph associated with the circuit diagram given in Figure 6.5

The ventilator input voltage is represented as a source S = (DS ,LS ,RS ). The set of
sources is S = {v7} and the dimension |S| = 1 source. The circuit also consists of mC = 5
capacitors (storage elements) that are represented as Ci = (DCi ,LCi ,RCi) where the ith

index is used to distinguish between the components is i =
{

CL, CT, CB, CA, CCW

}
.

Furthermore there are mR = 4 resistors (dissipative elements) that are represented as
Ri = (DRi ,LRi ,RRi) where the ith index is given by i =

{
RML, RIT, RTB, RBA

}
.

Selecting node 7 as the ground, the reduced incidence matrix, A, is given by

A =
[

AR AC AS

]
=



1 0 0 0 0 0 0 0 0 −1

−1 1 0 0 0 0 0 1 0 0

0 −1 1 0 1 0 0 0 0 0

0 0 −1 1 0 1 0 0 0 0

0 0 0 −1 0 0 1 0 0 0

0 0 0 0 −1 −1 −1 0 1 0


︸ ︷︷ ︸

AR
︸ ︷︷ ︸

AC
︸︷︷︸
AS

(6.23)

where the dimensions of the components of A are dim(AR) = (n − |S|)× mR = 6 × 4,
dim(AC) = (n − |S|)× mC = 6 × 5 and dim(AS ) = (n − |S|)× mS = 6 × 1.

The total energy of the circuit is given by the Hamiltonian

HC = ∑
∀i

HCi(qCi) =
1
2 ∑

∀i

qCi

Ci
(6.24)

where qCi ∈ R1 is the charge of the ith capacitor for i =
{

CL, CT, CB, CA, CCW

}


I AC AR AS

O O O O

O O O O

O O O O




− d

dt q

− d
dt qC

−iR

−iS

+


O O O O

−A⊤
R O I O

−A⊤
C I O O

−A⊤
S O O I




ϕ

uC

uR

uS

 = O (6.25)
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where I and O are appropriately sized identity and zero matrices, respectively and q = 0
and ϕ is the node potential. Expanding Equation 6.25

AC
d
dt

qC + AR(A⊤
Rϕ) + AS iS = 0 (6.26)

−A⊤
C ϕ + uC = 0 (6.27)

−A⊤
S ϕ + uS = 0 (6.28)

The Dirac structure is given by the set where (D,L,R)(
− d

dt q, − d
dt qC , −iR, −iS , ϕ, uC , uR, uS

)
∈ D (6.29a)(

q, qC , ϕ, uC

)
∈ L (6.29b)(

−iR, eR
)
∈ R (6.29c)

6.6 model network topology

(Directed graph) [106] A directed graph, G denotes the pair (V ,A), where V(D) and A(D)

denote the set of vertices and arcs respectively. An arc is a distinct ordered pair of vertices.
The directed graph of a mechanical ventilator model is composed of the disjoint union

of the vertices associated with the patient, as well as the inspiratory and expiratory limbs
of the ventilator given by vO,VI and VE respectively. Similarly, the patient, inspiratory and
expiratory arcs given by aO,AI and AE, respectively. Each arc and vertex can further be
subdivided into those associated with blowers, valves, pipes and electric circuits present
in the mechanical ventilator. Thus the totality of vertices and arcs are given by

V(D) = {vO} ∪ VI ∪ VE = {vO} ∪ (VIb ∪ VIv ∪ VIp ∪ VIe) ∪ (VEb ∪ VEv ∪ VEp ∪ VEe)

and

A(D) = {aO} ∪ AI ∪AE = {aO} ∪ (AIb ∪AIv ∪AIp ∪AIe) ∪ (AEb ∪AEv ∪AEp ∪AEe)

respectively, where the subscripts i ∈ {O, p, b, v, p, e} are used to indicate the patient,
blowers, valves, pipes and electric circuits components, respectively.

Figure 6.8 shows a detailed graph of the mechanical ventilator given in Figure 6.1 indic-
ating the patient vertex VO, the arcs and vertices along the inspiratory path given by

AI := {AIV12 ,AIV23 ,AIV3B ,AIV23 ,AIBV4 ,AIV4S1 ,AIBV5 ,AIV5S2}

and

VI := {VIV1 ,VIV2 ,VIV3 ,VIB ,VIV4 ,VIS1 ,VIV5 ,VIS2}
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Figure 6.7: Simplified graph of the mechanical ventilator given in Figure 6.1 indicating the elements
belonging to the patient, given by the arcs AO21 ∈ AO and vertices

{
VO1 ,VO2

}
∈ VO as

well as elements of the inspiratory and expiratory arcs and vertices given by and VI ,VE
and AIO,AOE, respectively.

respectively, as well as the arcs and vertices along the expiratory path given by

AE := {AOEV1 ,AEV12 ,AEV23} and VE := {VEV1 ,VEV2 ,VEV3}

respectively.

6.7 model interconnection/coupling conditions

In this section, the coupling conditions of the port-Hamiltonian network model of the
mechanical ventilator are given. The types of interconnections occurring in this model are
given below:

1. Pump-to-pipe interconnection The pressure and flow rate of the fluid exiting the
pump, Pb and Qb respectively, are equal to the pressure and flow rate at the inlet of
the pipe given by p(0) and m(0), respectively. Thus

Pb = p0 and Qb = m(0)

2. Pipe to valve interconnection The pressure and flow rate of the fluid entering/exit-
ing a valve, Pv and Qv respectively, are equal to the pressure and flow rate at the
inlet/outlet of the pipe given by p(0) and m(0) for the inlet and p(ℓ) and m(ℓ). Thus

Pv = p(0) and Qv = m(0) at the inlet

Pv = p(ℓ) and Qv = m(ℓ) at the outlet

3. Pipe to circuit interconnection The pressure and fluid flow-rate at the outlet of a pipe
can act as inputs to a circuit model, thus

p(ℓ) = vcin and m(ℓ) = icin
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Figure 6.8: Detailed graph of the Mechanical Ventilator given in Figure 6.7 indicating the patient
vertex VO, as well as the arcs and vertices along the inspiratory and expiratory paths.

On the other hand, the output voltage and current of a circuit can be interconnected
to a fluid pipe at the inlet of the pipe. In this case, the output voltage and or current
of the circuit should be equal to the inlet pressure and inlet flow rate respectively.
This relation can expressed mathematically as:

vcout = p(0) and icout = m(0) at the inlet

The Hamiltonian of the complete system is given by the sum of the Hamiltonian’s of
the individual systems

H = Hb +Hs +Hp +HC (6.30)

The rate of change of energy of the complete system is

Ḣ = Ṗb(∂z p(0) + Fp) + Q̇b(∂zm(0) + Mp)

+Ṗvin(∂z p(0) + Fvin) + Q̇vin(∂zm(0) + Mvin)

+Ṗvout(∂z p(ℓ) + Fvout) + Q̇vout(∂zm(ℓ) + Mvout)

+Ṗvout(∂z p(ℓ) + Fvout) + Q̇vout(∂zm(ℓ) + Mvout) +

Ḣb + Ḣs + Ḣc (6.31)
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The terms Fp, Mp, Fvin , Mvin , Fvout and Mvout are the external pressure and flow rates
acting on the system. They should be equal to zero to complete the interconnection.

6.8 structure preserving discretization

The port Hamiltonian model of the pipe is a partial differential equation, continuous in
space. As such it is difficult to simulate the dynamics of a pipe section. In order to do this,
it is necessary to approximate the model with a discrete model, in this case, a finite differ-
ence model which is an approximation of the original system. Within the context of port
Hamiltonian systems, an additional requirement is the need to ensure that the discrete ap-
proximation maintains the structural properties of the original system e.g. skew symmetry
etc. Each system state can be replaced with a discrete approximation consisting of a total

Figure 6.9: Staggered grid discretization of the one dimensional port Hamiltonian pipe dynamic
model

on n elements as can be seen in Figure 6.9. As such, ϱ ≈ ϱd =
[
ϱ1, ϱ2, · · · , ϱn

]
∈ Rn×1

and m ≈ md =
[
m1, m2, · · · , mn

]
∈ Rn×1. As such, state vector χp can be replaced by

a discrete approximation χd =
[
ϱ1, · · · , ϱn, m1, · · · , mn

]
∈ R2n×1. The ith element

of ϱi, mi ∈ R1×1 is located at z = {∆(i − 1), ∆(i − 1/2)}, where ∆ is the fixed discrete step
size between points and i = 1, 2, · · · , n. In addition, the efforts at the boundaries are given
by δχ0H0 and δχnHn. Thus the Hamiltonian given in Equation 6.15 can be approximated
by a discrete approximation such that Hp[χp] ≈ ∆Hd[χd] so that the discrete system effort
is now δχd(Hd). A finite difference approximation of the spatial derivatives at the ith point
is

∂

∂z
ϱ(t, z)

∣∣∣∣
i
≈ 1

∆
(ϱ(t, zi+0.5)− ϱ(t, zi−0.5)) and

∂

∂z
m(t, z)

∣∣∣∣
i
≈ 1

∆
(m(t, zi+1)− m(t, zi))(6.32)

The central difference approximation at the ith point is

∂t

 ϱi

mi

 =
1
∆

 δmH[χi]

δϱH[χi+1]

−

δmH[χi−1]

δϱH[χi]

 (6.33)
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In matrix form this is

∂tϱd =
1
∆


−1

1 −1
. . . . . .

1 −1

 δmH[χd] +
1
∆


1

0
...

0

 δmH[χd] (6.34)

∂tmd =
1
∆


1 −1

. . . . . .

1 −1

1

 δϱH[χd] +
1
∆


0
...

0

−1

 δϱH[χ0] (6.35)

which can be re-written as

∂tϱd = DδmH[χd] + GϱδmH[χ0] (6.36a)

∂tmd = −D⊤δϱH[χd] + GmδϱH[χn] (6.36b)

where

D =
1
∆


−1

1 −1
. . . . . .

1 −1

 , Gϱ =
1
∆


1

0
...

0

 and Gm =
1
∆


0
...

0

−1


The skew-symmetric operator is clear from Equation 6.36. ∂tϱd

∂tmd

 =

 D

−D⊤

δϱH[χd]

δmH[χd]

+

 Gm

Gϱ

 δϱH[χ0]

δmH[χn]

 (6.37)

6.9 numerical simulation results and discussion

The pipe and solenoid valve model parameters used in this work are given in Tables 6.1
and 6.2, respectively.

Table 6.1: Pipe model parameters values.

Parameter Description Value Units

Ap Pipe cross-sectional
area

3.8013 × 10−4 m2

Dp Pipe diameter 2.2 × 10−3 m

ℓ Pipe length 1.5 × 10−1 m
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Table 6.2: Solenoid model parameters values [107].

Parameter Description Value Units

Ae Effective
cross-sectional area

8 × 10−5 m2

As1 Spool land area 2.657 × 10−3 m2

As2 Spool land area 3.525 × 10−3 m2

As3 Spool land area 5.586 × 10−3 m2

As4 Spool land area 5.586 × 10−3 m2

bs Viscous damping
factor

2 × 10−1 Ns · m

g Acceleration due to
gravity

9.81 m · s−2

ks Spring stiffness 1 × 10−4 N · m−1

lc Length of the part
of the magnetic

circuit inside the
core

1.15 × 10−2 m

ms Mass of the spool 2.7 × 10−1 kg

N Number of turns in
the coil

1250 turns

qstot Total air-gap 3.3 × 10−4 m

qs0 Pre-tension in the
spring

1.1 × 10−3 m

Rs Resistance of the
coil

13 Ω

µ0 Permeability of air 4π × 10−7 N · A−2

µc Permeability of the
magnetic core

4.8π × 10−5 N · A−2
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Table 6.3: Lung circuit model parameters values [94].

Parameter Description Value Units

RML Resistance of the
Mouth to Larynx

1.021 cmH2O ·s· l−1

RLT Resistance of the
Larynx to Trachea

3.369 × 10−1 cmH2O ·s· l−1

RTB Resistance of the
Trachea to Bronchi

3.063 × 10−1 cmH2O ·s· l−1

RBA Resistance of the
Bronchi to Alveoli

8.17 × 10−2 cmH2O ·s· l−1

CL Compliance of the
Larynx

1.27 × 10−3 l/cmH2O

CT Compliance of the
Trachea

2.38 × 10−3 l/cmH2O

CB Compliance of the
Bronchi

1.31 × 10−2 l/cmH2O

CA Compliance of the
Alveoli

2 × 10−1 l/cmH2O

CCW Compliance of the
Chest wall

2.445 × 10−1 l/cmH2O

6.9.1 Model validation

The model was validated using parameters obtained from the literature. The simulated
results provided in the results and discussion section were found to be comparable to
those in the existing literature.

6.9.2 Simulation environment

Simulations were conducted using MATLAB

6.9.3 Results

Three conditions were used to simulate the mechanical ventilator behaviour with the fol-
lowing lung conditions: compliance 50 mL/cmH2O and resistance 5cmH2O-s/L, compli-
ance 20 mL/cmH2O and resistance 20cmH2O-s/L and compliance 10 mL/cmH2O and
resistance 50cmH2O-s/L. For each condition, all the sizes were tested for 2 min per size
and the ventilation curves air volume, The conditions were chosen in order to have a fair
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comparison with results that exist in literature that used similar lung compliance. pressure
and flow over time were obtained. The simulation results are shown in Figures 6.10 and
6.11, where A, B, C, D, and E represent various cams sizes of the mechanical ventilator
from extra small (A), small(B), Medium(C), Large (D) and extra-large(E)

Figure 6.10: Air pressure, volume and flow versus time graph

Figure 6.11: Mechanical Ventilator Simulation results

The figure show ventilation curves for a lung under two conditions, for a partially dam-
aged lung whose compliance and resistance of 20 mL/cmH2O and 20cmH2O-s/L respect-
ively. The lung with complete damage is represented by lung compliance and resistance
of 10 mL/cmH2O and resistance 50cmH2O-s/L. As the cam size increases the ventilation
curves maintain the same sinusoidal behavior. For a damaged lung case study, minimum
ventilation values of flow over time and air volume are achieved. In a damaged lung, the
compliance and resistance of the lung increases the pressure.
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6.9.4 Multi physics modelling of the respiratory system

The model of the respiratory system presented in this section is a multi-physics and multi-
scale model of the lung. The detailed model presented incorporates the action of the dia-
phragm, as well as the fluid flow.

6.9.5 physical system

Figure 6.9 provides the physical system diagram of the multi-physics model.

Figure 6.12: The Port Hamiltonian model of the Multiphysics respiratory system

6.9.6 The Port Hamiltonian model of the Multiphysics respiratory system

The description of the physical model is as follows:

• The upper part Labeled A represents up to the 6th generation and it is represented by
incompressible Navier stoke equations. The trachea has a Mach number of less than
0.3 even during forced inspiration and expiration, therefore the flow incompressibil-
ity is valid.

• The distal part labelled B represents the 7th to the 17th generation. An assumption
is made that Poiseuille’s law or criterion is satisfied in each bronchiole.
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• The last part of the model is labelled C, namely the Acini. This is where oxygen dif-
fusion takes place and it is embedded in an elastic medium named the parenchyma.

• It is assumed that there is uniform pressure in the acini part and it is embedded in a
box which is used to represent the parenchyma.

• A mass-spring model is used to describe the motion of the diaphragm and the par-
enchyma.

6.10 intergrated multiphysics port hamiltonian model of the mechan-
ical ventilator respiratory system

The formulation of fluid flow using the incompressible Navier stokes is presented in detail
in Chapter 7. The final equations of the fluid flow is in the distal part are provided below.

Therefore the Stokes-Dirac structure DIF of the incompressible fluid defined by the set

DIF :=
{ (

fν̃, fη , fp, f∂p, eν̃, eη , ep, e∂p

)
∈ F× E

∣∣∣∣ fν̃

fη

 =

 1
⋆η ι♯◦⋆(·)dν̃ d

d 0

eν

eη

−

 1
⋆η

0

 ep,

fp =
(

1
⋆η 0

)eν̃

eη

 ,

e∂e

f∂e

 =

 0 1

−1 0

i⋆(eν̃)

i∗(eη)

} (6.38)

The distal part is modeled using an electric circuit. The formulation is presented in
detail in chapter 7 of this research work. The Dirac structure of the electric circuit can be
represented as follows:

so that the associated Dirac structure of the electric circuit is De is

De :=
{

(j, −uL, −iC , −iR, −iS , ϕ, uL, uR, uS ) ∈ Rn−|S| × Rm × Rn−|S| × Rm
∣∣∣∣

I 0 AC AR AS

0 0 0 0 0

0 −I 0 0 0

0 0 0 0 0

0 0 0 0 0





j

−uL

−iC

−iR

−iS


+



0 −AL 0 0 0

−AT
R 0 0 0 0

−AT
L −I 0 0 0

−AT
C 0 0 0 0

−AT
S 0 0 0 I





ϕ

iL

uC

uR

uS


= 0


The acini part is presented as a model which is made up of a system of coupled masses,

springs and dampers. The summed-up energy of the system is represented by the Hamilto-
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nian function, H3, which is made up of the sum of the kinetic energy T3 and the potential
energy U3 described by

H3 (x3) = T3 + U3 (6.39)

where

T3 =
1
2

(
π2

3a

M3a

+
π2

3c

M3c

+
π2

3d

M3d

)

U3 =
1
2

(
K3a ψ2

3a
+ K3b (Lψ3a − ψ3c)

2 + K3c ψ
2
3c
+ K3d ψ2

3d

)
where the subscripts 3a, 3b, 3c and 3d represent the various alveoli within the parenchyma.
M(·) is the mass, π(·) is the translational momentum, ψ(·) is the displacement, K(·) is the
parenchyma stiffness and G The Port Hamiltonian model of the parenchyma box is there-
fore represented as:

∂tx3 = (J3 −R3) ∂x3 H3 + G3u3

y3 = G∗
3 ∂x3 H3 (6.40)

where y3 is the output, the state vector is

x3 =
[
π3a ψ3a π3c ψ3c π3d ψ3d

]T
(6.41)

the skew-symmetric matrix J3 = −J T
3 is

J3 =



0 −1 0 0 0 0

1 0 0 0 0 0

0 0 0 −1 0 0

0 0 1 0 0 0

0 0 0 0 0 −1

0 0 0 0 1 0


(6.42)

the symmetric dissipation matrix, R3 = RT
3 , is

R3 =



B3a + L3B3b L3 0 −L3B3b 0 0 0

0 0 0 0 0 0

−L3B3b 0 B3a + B3c 0 0 0

0 0 0 0 0 0

0 0 0 0 B3d 0

0 0 0 0 0 0


(6.43)
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and the partial derivative of the Hamiltonian with respect to the states is

∂x3 H3 =



π3a /M3a

K3a ψ3a + L3K3b (L3ψ3a − ψ3c)

π3c /M3c

K3b ψ3c − K3b (L3ψ3a − ψ3c)

π3d /M3d

K3d ψ3d


(6.44)

and the control input allocation and control input matrix

G3 =



0 0 0

1 0 0

0 0 0

0 1 0

0 0 0

0 0 1


, G∗

3 =


0 1 0 0 0 0

0 0 0 1 0 0

0 0 0 0 0 1

 , u3 =


u3a

u3c

u3d

 (6.45)

The three parts are interconnected to form a multi scale, multi physics Port Hamiltonian
model of the mechanical ventilator respiratory system.

6.10.1 Reflection on the Contribution for the chapter

The contribution in this chapter is the formulation of a detailed mechanical ventilator
in the port Hamiltonian framework. This is followed by a Port Hamiltonian multi scale
and multi physics model of the respiratory. These two systems are then integrated. There
are currently no Port Hamiltonian models of the Mechanical ventilator system and no
Port Hamiltonian models of the human respiratory system. This contribution introduces a
paradigm shift in the modelling of the mechanical ventilator as well as the human respir-
atory system using the Port Hamiltonian framework. The work conducted in this research
provides clear proof the Port Hamiltonian approach is a valid method in the modelling of
such systems.

6.11 conclusion

This chapter has presented a detailed port Hamiltonian formulation of the mechanical vent-
ilator model. The presented model is made up of electromechanical and electromagnetic
components. A multiscale and multiphysics model of the human respiratory system using
the Hamiltonian approach has also been presented. In future, this work can be improved
by relaxing some of the assumptions that were previously taken. Experimental results have
also been presented for illustration purposes.





7
F O R M U L AT I O N O F A G E N E R A L I Z E D
M U LT I P H Y S I C S P O RT H A M I LT O N I A N M O D E L O F
T H E M E C H A N I C A L V E N T I L AT O R H U M A N
R E S P I R AT O RY S Y S T E M

7.1 summary

Motivated by the work presented in the previous sections, in this chapter, we formulate
a Port Hamiltonian generalisation of a mechanical ventilator lung system. This leads to
a new class of algebraic constraints in the modelling of the mechanical ventilator lung
physical system. The new class of constraint is due to the coupling of Partial Differential
Equations (representing the fluid) with ordinary differential equations. In the context of
Port Hamiltonian systems, this class of systems is called a mixed Port Hamiltonian system.
This chapter presents a port Hamiltonian multi-physics generalized modelling approach
for the mechanical ventilator lung system. The fluid flow is modelled using the Stokes-
Dirac structure for an incompressible fluid. The main result presented is a novel intercon-
nected Dirac structure of the fluid/electrically coupled system. The presented generalized
model can be employed in the investigation of the influence of airway secretion on airflow
dynamics in the mechanical ventilator lung system.

7.2 introduction

Systematic modelling and analysis of a multidisciplinary complex system has been one
of the dilemmas faced by scientists and engineers. For physical, chemical and biological
systems, energy plays a significant role in building unified complex models of the system.
These models are composed of interconnected systems defined in various domains for in-
stance mechanical, electrical, thermodynamics and hydrodynamics systems. These systems
are known as multiphysics systems in which energy and power are viewed as the "lingua
franca" for the various physical domains. One of the key attributes of Port Hamiltonian
formalism is that its outcome is a power-preserving interconnected system which results
in another composite energy, dissipation and interconnected structure. Therefore, consid-
ering this principle, multi domain complex systems are modelled.

The evolution of Paynter’s work which has been used for various decades has resulted
in the formalization of the Port Hamiltonian systems. The Port Hamiltonian approach

111
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applies techniques from differential geometry and techniques from various methodologies
in dynamical systems. The Dirac structure and Dirac manifold concepts are employed
in the definition of Port Hamiltonian systems. The representation of the Dirac structure
and connection of the Port Hamiltonian systems have been presented by various authors.
[108] and [109] provide a detailed and precise description of fluids from a mathematical
perspective. [110] Proposes a detailed focus on fluid mechanics models using differential
geometry. [111] presented a one-dimensional Naiver Stokes formulation. [112] accounted
for vorticity that naturally appears in higher space dimensions. dimensional

7.3 contribution

Contribution 7.3.1

The contribution in this chapter is the formulation of a multi-physics Port Hamilto-
nian generalized model of a Mechanical Ventilator-Human respiratory system with
Navier stokes for the fluid flow in the mechanical ventilator lung system. A new
class of algebraic constraints in the modelling of the mechanical ventilator lung
physical system is formulated. The new class is due to the coupling of Partial Dif-
ferential Equations (representing the fluid) with ordinary differential equations.

7.4 multi physics generalized modelling approach for the fluid flow in

mechanical ventilator lung system

The primary references for the content in this section are; [85], [92] and [110]. In this work,
fluids in the trachea, bronchioles, alveoli as well as the air-tube of the MV are modelled
as Eulerian fluids, evolving on manifolds M of dimension n with boundary ∂M. Smooth
functions are treated as elements of C∞(M), smooth vector fields as elements of X(M) and
k(M) is used to denote the module of differential k-forms that are smooth. Each manifold
M is compact with a Riemannian metric, g : X(M) × X(M) → C∞(M), volume form
ηvol ∈n (M) and the operator, ⋆ :k (M) →n−k (M), is the Hodge star.

The flat and sharp maps, denoted by ♭ and ♯, respectively are defined as

♭ : X(M) →1 (M) and ♯ :1 (M) → X(M)

so that for vector fields u ∈ X(M) given by

u := ui ∂

∂qi (7.1)

and k−forms β ∈1 (M), given by

β := βi1···ik dqi1 ∧ · · · ∧ dqik (7.2)
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they are given by

♭(u) := g(u, ·) and g(♯(β), u) := β(u)

respectively, where

g := gijdqi ⊗ dqi (7.3)

is the Riemannian metric.
The state, x, of a fluid in the lung system or air-tube can be expressed in terms of the

mass density ϱ ∈ C∞(M) and the vector field v ∈ X(M),

v := νi ∂

∂qi (7.4)

which is the fluid velocity. The first state of the fluid is the velocity state denoted by the
one form

ν̃ := ♭(v) ∈1 (M) (7.5)

ν̃ = gijν
idqi (7.6)

The second state of the fluid is the mass density,

η := ϱηvol = ⋆ϱ ∈n (M) (7.7)

where ηvol =
√

det(gij)dq1 ∧ · · · ∧ dqk is the volume form.
Thus the two dimensional fluid state

x =
(

ν̃, η

)
∈ X(M)×n (M) (7.8)

The kinetic energy of the fluid is therefore given by the Hamiltonian

H(ν̃, η) = 1
2

∫
M(⋆η)ν̃ ∧ ⋆ν̃

The effort associated with the fluid velocity is

δν̃H(ν̃, η) = ϱ ⋆ ν̃ ∈n−1 (M) (7.9)

where

⋆v :=
1
2

√
det(gij)ϵijkνidqj ∧ dqk (7.10)

is the n − 1 velocity form for a manifold of dimension n = 3. Take note that ϵijk ∈ C∞(M)

is the Levi Civita symbol.
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The effort associated with the fluid density is given by the 0−form

δη H(ν̃, η) =
1
2

ιvν̃ ∈0 (M) (7.11)

where

ιv :k (M) →k−1 (M) (7.12)

ιv ν̃ = g(v, v) = ν̃(v) (7.13)

is the inner product.
Thus one can define the rate of change of the Hamiltonian by the pairing between the

flow variables (η̇, ˙̃ν) and the effort variables (δν̃, δη H)

Ḣ =
∫

M
˙̃ν ∧ δν̃H + η̇ ∧ δη H (7.14)

=
∫

M

(
ϱgijν

iv̇j + 1
2 gijν

ivjϱ̇
)

ηvol (7.15)

Since the fluid flow under consideration is incompressible, pressure acts as a Lagrange
multiplier. Hence there is no power flow through the distributed pressure port given by
the pairing

(p, 0) := (p, 0 · ηvol) ∈0 (M)×n (M) (7.16)

The power flow through the boundary due to the fluid pressure is∫
∂M

e∂p ∧ f∂p (7.17)

where e∂p ∈ C∞(∂M) is the effort and f∂p ∈ C∞(∂M) the flow due to the pressure at the
boundary.

The Stokes-Dirac structure of the incompressible fluid is given by the subspace for which∫
M

˙̃ν ∧ δν̃H +
∫

M
η̇ ∧ δη H︸ ︷︷ ︸∫

M ẋ∧δx H

= p · 0 +
∫

M
e∂p ∧ f∂p (7.18)

where x = (η, ν̃). Since the term
∫

M ẋ ∧ δx H is equal to the rate at which energy in the
system changes, that is, Ḣ, it is clear that pressure changes due to sources outside the
boundary, resulting in the overall energy change given by

Ḣ =
∫

M
e∂p ∧ f∂p (7.19)
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The fluid dynamics take the following form∂tν̃

∂tη

 = −J

δν̃H

δη H

−

 1
⋆η dp

0

 (7.20)

0 = d ◦ 1
⋆η (δν̃H) (7.21)

e∂p = i∗
( 1

2 (⋆η)ιvν̃ + p
)

(7.22)

f∂p = −i∗
(

1
⋆η δν̃H

)
(7.23)

where i∗ : ∂M → M is the pull-back of the inclusion map and the operator J :n−1 (M)×0

(M) →1 (M)×n (M) is skew-symmetric

J :=

 1
⋆η ι♯◦⋆(·)dν̃ d

d 0

 (7.24)

Therefore the Stokes-Dirac structure DIF of the incompressible fluid defined by the set

DIF :=
{ (

fν̃, fη , fp, f∂p, eν̃, eη , ep, e∂p

)
∈ F× E

∣∣∣∣ fν̃

fη

 =

 1
⋆η ι♯◦⋆(·)dν̃ d

d 0

eν

eη

−

 1
⋆η

0

 ep,

fp =
(

1
⋆η 0

)eν̃

eη

 ,

e∂e

f∂e

 =

 0 1

−1 0

i⋆(eν̃)

i∗(eη)

} (7.25)

7.4.1 Interconnection of the system

Consider an electric circuit with current and voltage source vectors of dimension mS :

iS =


iS1
...

iSmS

 and uS =


uS1

...

uSmS


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so that the associated Dirac structure of the electric circuit is De is

De :=
{

(j, −uL, −iC , −iR, −iS , ϕ, uL, uR, uS ) ∈ Rn−|S| × Rm × Rn−|S| × Rm
∣∣∣∣

I 0 AC AR AS

0 0 0 0 0

0 −I 0 0 0

0 0 0 0 0

0 0 0 0 0





j

−uL

−iC

−iR

−iS


+



0 −AL 0 0 0

−AT
R 0 0 0 0

−AT
L −I 0 0 0

−AT
C 0 0 0 0

−AT
S 0 0 0 I





ϕ

iL

uC

uR

uS


= 0


Assuming that the source voltages and currents is due to the union of two sets:

uS := uSe ∪ uS( f /e)
and iS := iSe ∪ iS( f /e)

where there are

1. Purely electric sources:

• Current sources iSe ∈ R
mS(e) and

• Voltage sources uSe ∈ R
mS(e)

where mS(e)
is the number of purely electric sources.

2. Sources due to the fluid/electric coupling:

• Current sources iS( f /e)
∈ R

mS−mS(e) and

• Voltage sources uS( f /e)
∈ R

mS−mS(e) .

The Stokes-Dirac structure DIF of the incompressible fluid defined by the set

DIF :=
{ (

fν̃, fη , fp, f∂p, eν̃, eη , ep, e∂p

)
∈ F× E

∣∣∣∣ fν̃

fη

 =

 1
⋆η ι♯◦⋆(·)dν̃ d

d 0

eν

eη

−

 1
⋆η

0

 ep,

fp =
(

1
⋆η 0

)eν̃

eη

 ,

e∂e

f∂e

 =

 0 1

−1 0

i⋆(eν̃)

i∗(eη)

}

Assuming that the fluid boundary, ∂M is the union of the purely fluid boundary and a
boundary due to the fluid/electric coupling:

∂M := ∂M( f ) ∪ ∂M( f /e)
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The fluid and electric circuit are coupled at k = 1, . . . , mS( f /e)
locations, where

mS( f /e)
= mS − mS(e)

so that the fluid/electric coupling boundary is given by

∂M( f /e) := ∂M( f /e)1
∪ · · · ∪ ∂M( f /e)mS( f /e)

The inclusion map due to the purely fluid boundary and the kth fluid/electric coupling
boundary are

i( f ) : ∂M f → M f and i( f /e)k
: ∂M( f /e)k

→ M

for k = 1, . . . , mS( f /e)

7.5 dirac structure and the interconnection

The main result is now introduced:
Consider an electric circuit coupled to a fluid system to form a fluid/electrically coupled

system.

1. The electric circuit has mS(e)
purely electric current and voltage sources together with

mS( f /e)
sources due to the fluid/electric coupling.

2. The fluid has a purely fluid boundary
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The Dirac structure of the fluid/electrically coupled system, D f /e is given by the set

D( f /e) :=
{

(j, −uL, −iC , −iR, −iS , ϕ, uL, uR, uS ,

fν̃, fη , fp, f∂p( f )
, f∂p( f /e)

, eν̃, eη , ep, e∂p( f )
, e∂p( f /e)

)

∈ Rn−|S| × Rm × Rn−|S| × Rm × F× E

∣∣∣∣ (7.26a)

I 0 AC AR AS

0 0 0 0 0

0 −I 0 0 0

0 0 0 0 0

0 0 0 0 0





j

−uL

−iC

−iR

−iS


+



0 −AL 0 0 0

−AT
R 0 0 0 0

−AT
L −I 0 0 0

−AT
C 0 0 0 0

−AT
S 0 0 0 I





ϕ

iL

uC

uR

uS


= 0,

(7.26b)

iS =

 iS(e)

iS( f /e)

 (7.26c)

uS =

 uS(e)

uS( f /e)

 (7.26d)

 fν̃

fη

 =

 1
⋆η ι♯◦⋆(·)dν̃ d

d 0

eν

eη

−

 1
⋆η

0

 ep, (7.26e)

fp =
(

1
⋆η 0

)eν̃

eη

 , (7.26f)

e∂e( f )

f∂e( f )

 =

 0 1

−1 0

i⋆( f )(eν̃)

i∗( f )(eη)

 (7.26g)

e∂e( f /e)

f∂e( f /e)

 =

 0 1

−1 0

i⋆( f /e)(eν̃)

i∗( f /e)(eη)

 =

 iS( f /e)

uS( f /e)

} (7.26h)

7.6 discussion of the result

The presented main result has three key attributes that contribute to its novelty:
Firstly, the system is a combination of a lumped parameter system which represents

electric ciruit components and a distributed parameter system representing the fluid. The
lumped parameter system equations are Ordinary Differential Equations (ODE) while the
distributed parameter are Partial Differential Equations (PDE). Both these systems are
not operating in isolation, they are coupled by a bidirectional coupling. This implies, the
electric circuit components can influence the dynamics of the fluid system and vice versa.
The coordinates of the combined system are given by equation 7.26a, where one should
pay attention in particular to the equations of the source current and source voltages given
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by equation 7.26c and 7.26d, which shows that the current and voltage are composed of
two elements: The current and voltage sources that are purely electric (e) while (f/e) are
due to the fluid electric coupling which means at the point of interconnection, the fluid
acts as a source voltage or source current to the electric circuit.

In addition, equation 7.26a also distinguishes between the boundary efforts and flows
that are due to the fluid alone, this are indicated by (f) whie those due to fluid/electric
coupling are indicated by (f/e). Physically speaking, this indicates that the electric circuit
is able to act as a source of effort of flow onto the fluid hence providing the bidirectional
coupling between the fluid and the electric circuit.

(j, −uL, −iC , −iR, −iS , ϕ, uL, uR, uS , fν̃, fη , fp, f∂p( f )
, f∂p( f /e)

, eν̃, eη , ep, e∂p( f )
, e∂p( f /e)

)

∈ Rn−|S| × Rm × Rn−|S| × Rm × F× E× F̄× Ē (7.26a)

Secondly, equation 7.26b, although structurally it may look like the standard Port
Hamiltonian Matrix, it is different due to the fact that the current and the voltage sources
account for the fluid/electric coupling indicated by the subscript (f/e) as given in equa-
tions 7.26c and 7.26d. This tells us once again that at the fluid/electric boundary the fluid
is capable of acting as a source voltage or current. Equations 7.26c and 7.26d have been
repeated for reference purposes and to improve readability.



I 0 AC AR AS

0 0 0 0 0

0 −I 0 0 0

0 0 0 0 0

0 0 0 0 0





j

−uL

−iC

−iR

−iS


+



0 −AL 0 0 0

−AT
R 0 0 0 0

−AT
L −I 0 0 0

−AT
C 0 0 0 0

−AT
S 0 0 0 I





ϕ

iL

uC

uR

uS


= 0 (7.26b)

iS =

 iS(e)

iS( f /e)

 (7.26c)

uS =

 uS(e)

uS( f /e)

 (7.26d)

Since the fluid is only coupled to the electric circuit at the boundary, equations 7.26e and
7.26f do not deviate significantly from the equations derived in the literature.
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 fν̃

fη

 =

 1
⋆η ι♯◦⋆(·)dν̃ d

d 0

eν

eη

−

 1
⋆η

0

 ep, (7.26e)

fp =
(

1
⋆η 0

)eν̃

eη

 (7.26f)

Since the electric circuit and fluid are interconnected at discrete region in the lung, it
means one can divide the fluid boundary into two distinct regions. The first region is the
boundary in which there is no interconnection with the electric ciruit (f) and secondly the
boundary in which the fluid and the electric circuit exists (f/e). This are given by equation
7.26g and 7.26h.

e∂e( f )

f∂e( f )

 =

 0 1

−1 0

i⋆( f )(eν̃)

i∗( f )(eη)

 (7.26g)

e∂e( f /e)

f∂e( f /e)

 =

 0 1

−1 0

i⋆( f /e)(eν̃)

i∗( f /e)(eη)

 =

 iS( f /e)

uS( f /e)

 (7.26h)

7.6.1 Remark

Thirdly, in the absence of the fluid, the electric coupling in equations 7.26c and 7.26d
vanish. As a result equation 7.26b reduces to a standard Port Hamiltonian formulation of
electric circuits. Similarly in the absence of the fluid, equation 7.26h vanishes and the fluid
dynamics in Port Hamiltonian formulation are given by 7.26e, 7.26f, and 7.26g which are
Port Hamiltonian equations of fluid with any interaction with the electric circuit.

7.6.2 Reflection on the Contribution for the chapter

The contribution of this chapter is the formulation of a multi-physics Port Hamiltonian
generalized model of a mechanical ventilator-Human respiratory system. This is viewed
as a contribution since it leads to the development of a new class of algebraic constraints
in the modeling of the Mechanical ventilator human respiratory system. The coupling of
a fluid to an electric circuit forms a framework for applications in other fields for example
fluid power systems.

7.7 conclusion

This section has presented a generalized multi-physics port Hamiltonian model of the
mechanical ventilator lung system. The system is modeled using the Stokes-Dirac struc-
ture coupled to an electric circuit. A new class of algebraic constraints in the modeling
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of the mechanical ventilator lung physical system has been presented. The new class of
constraints is due to the coupling of Partial Differential Equations (representing the fluid)
with ordinary differential equations. Future work includes an illustration of how this novel
Dirac structure can be applied in real life. For example in the investigation of the influence
of airway secretion on airflow dynamics in the mechanical ventilator lung system





8
A P P L I C AT I O N S O F T H E D E R I V E D T H E O RY F O R
P O RT H A M I LT O N I A N M E C H A N I C A L V E N T I L AT O R
H U M A N R E S P I R AT O RY S Y S T E M

8.1 summary

This section provides summarized applications of where the developed Port Hamiltonian
theory can be applied. Firstly the application of the developed Port Hamiltonian lung
model in a dual early warning health monitoring system for mine workers. This research
work is the author’s own work, published in [113]. The second application considers the
theory of the integrated mechanical ventilator human respiratory system where the de-
rived theory is applied in the investigation of the influence of the airway secretion on
airflow dynamics for the mechanical ventilator human respiratory system

8.2 introduction

Port Hamiltonian framework for modelling of the integrated mechanical ventilator human
respiratory system is one of the main enabling tools and means by which the energy trans-
fer between the mechanical ventilator and human respiratory systems and subsystems can
be described. The Port Hamiltonian based model provides a compositional and structured
framework for multi-physics system modelling from first principles whereby the funda-
mental underlying physical structure can be identified.
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8.3 contribution

Contribution 8.3.1

The contribution of this chapter is a presentation of how the derived theory can be
applied using real-life examples. The first illustration applies the unique formula-
tion of a Dirac structure using nonlinear electric circuit elements to formulate a Port
Hamiltonian lung model for investigation of the respiratory health of mine work-
ers. The second application is a Port Hamiltonian model for investigation of the
influence of airway secretion on airflow dynamics for mechanical ventilator Lung
system by applying the theory derived on novel Dirac structure of a fluid coupled
to an electrical system.

8.4 port hamiltonian lung model for investigation of the respiratory

health of mine workers

The section summarizes the application of this model in monitoring the mine workers’
respiratory state of health. The details have already been published by the author of this
thesis in a paper titled" Smart dual occupational health monitoring system for mine work-
ers" The publication provides the details of monitoring noise-induced hearing loss as well
as a respiratory disease known as pneumoconiosis. The application presented in this sec-
tion will provide a summarized application in the monitoring of respiratory health using
a Port Hamiltonian model of the respiratory system.

8.4.1 Motivation for the application

Occupational diseases and injuries have a negative impact on an individual and society. Oc-
cupational diseases are currently increasing in South African mines due to the depletion of
minerals on the surface and the use of sophisticated machines to go deeper to achieve the
required outputs. One of these occupational diseases is pneumoconiosis which is caused
by inhalation of respirable dust. The occupational disease impact has been documented to
be approximately 1 to 3 percent of the Gross Domestic Production (GDP) in different coun-
tries. These costs may be direct; for instance compensation or indirect for example loss
of income for dependents. Mining companies are also affected by losing workers to occu-
pational disease, loss through their reputation being tarnished or loss of investors [114].
There is therefore a need in the development of integrated monitoring systems that can
be used in conjunction with the existing system to aid in minimizing the risks associated
with excessive respirable dust.
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8.4.2 Background

Considering the environment mine workers are exposed to, they are at risk of being ex-
posed to excessive dust particles from various sources. Miners are at risk of developing
lung diseases for example pneumoconiosis because of their regular exposure to airborne
respirable dust. Pneumoconiosis implying a dusty lung, can cause impairment disability
and premature death (NIOSH). Lung diseases among mine workers can be caused by ex-
posure to rock dust, coal dust, silica dust, diesel particulate matter, welding fume and
other finely powdered materials that become airborne during mining [113].

8.4.3 Methodology

In this section the methodology followed in the investigation of the respiratory health of
mine workers is provided.

8.4.4 Contextualization of the case study

Platinum and gold are mined using similar methods. In mining both minerals, the sur-
rounding rock is blasted and drilled. This research, therefore, uses raw data from a plat-
inum mine in South Africa. The developed model can be applied to any mining environ-
ment in the world. The contextualization in this research work is only used to give the
model a context and validate the model.

8.4.5 Data collection and testing protocol

Prior to the commencement of the project, permission to conduct the research project was
secured from the relevant stake holders. Data was collected through a retrospective doc-
ument review of the mine in South Africa. All procedures contributing to this work com-
plied with the relevant national institutional guidelines for research on human subjects
and adhered to the Helsinki Declaration of 1975 revised in 2008. Permission to conduct
the study at the mines was obtained from the mine management. Furthermore, approval
was obtained from the University of the Witwatersrand University Research ethics commit-
tee and an ethical clearance certificate was obtained prior to the commencement of data
collection.

8.4.6 Description of the collected data

Data sets consisting of 200 observations were collected from a platinum mine. The data was
collected from particulate matter measurement sensor and in addition to that, information
was extracted from the mine workers annual medical reports for the year submitted to
the Department of Mineral resources. The medical health details provided information on
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whether the mine worker had been exposed to various risks which included chemicals,
process emission for instance dust and gases which are associated with ill health effects
for instance pneumoconiosis and any other respiratory diseases. The mining company also
provided details of the tasks of the mine worker for instance whether they are a driller,
Dump truck driver or winch operator. The shafts in which the mine worker performs their
general duties, duration of exposure to particulate matter, type of respirator worn and the
duration of exposure were also provided. The age, gender and previous exposure to dust
history was also some of the information that was collected from the mine workers.

8.4.7 Respiratory diseases monitoring system modeling

The overall diagram for the respiratory health monitoring system is provided in figure 8.1
and the smart dual health monitoring system is provided in figure 8.2
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Figure 8.1: Monitoring respiratory diseases

8.4.7.1 Reference or Baseline

The S1 subsystem represents the baseline or the reference. The South African rules and
regulations stipulate the following amounts as standard that should be followed by mines:

• Respirable dust should not exceed 1.5 mg per metre cubed

• Crystaline silica should not be greater than 0.05 milligram per metre cubed

• The coal dust should not be greater than 1.5 milligram per metre cubed.

This subsystem also has clean air (unpolluted air) in the following percentages:

• 78.09 Nitrogen

• 20.95 Oxygen

• 0.93 Argon

• 0.04 Carbon dioxide
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• 0.4 Water vapour

• Other gases

8.4.7.2 Controller

S2 is a mandatory code of conduct imposed by the mine. The South African Mine Health
and Safety Council (MHSC) has milestones for administrators to use as a target to ensure
there is zero harm to the mine workers by the year 2024. This milestones act as a guideline
on what the mine administrators should aim for. They are listed below for reference pur-
poses.

• By December 2024: To Eliminate silicosis, the crystalline silica should be reduced to
0.05 milligrams per meter cubed.

• To eliminate pneumoconiosis in platinum mines the respirable dust particulate
should be less than 1.5 milligrams per meter cubed.

These measures are an effort to eliminate silicosis, pneumoconiosis and any other res-
piratory disease.

8.4.7.3 Actuators

The actuator is represented by the respirator that mine workers wear in order to minimize
the dust particles that they are inhaling.

8.4.7.4 Dynamic lung model

This subsystem is represented using the developed Port Hamiltonian model of the lung.

8.4.7.5 Check up

This subsystem represents both:

• Rapid check-ups to establish the respiratory health of a mine worker

• Elaborate annual check-ups that take place in the mine by thoroughly examining the
mine workers and sometimes requesting a chest X-ray

8.4.7.6 Data processing unit

Data is processed in this Unit using the Internet of Things. The methods proposed by
Madahana et al. (2019b) are applied in the data processing unit.

8.4.7.7 Artificial Intelligence and Machine learning

Artificial intelligence is implemented via machine learning. Deep learning techniques for
instance Recurrent Neural Networks (RNN) are used.
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8.4.8 Smart dual Occupational health monitoring system for mine workers
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Figure 8.2: Smart dual health monitoring system

8.4.8.1 Results and discussion

Figure 8.3: Respiratory Health monitoring system

From the results in the figure 8.3, the reference represents the minimum amount of dust
accumulation a mine worker might already have prior to employment. The main goal of
this system is to ensure the dust accumulation in the lung of the mine worker tracks the
reference. This will be achieved by the application of the actuator (respirator) and closely
monitoring the mine worker to ensure that there is no increase in dust accumulation in
the lungs. M.W.1 represents the first mine worker whose respiratory health is fine and
attempts to track the reference. M.W.2 is the second mine worker who has not violated
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the Mining Health and Safety Council (MHSC) requirements but still needs to be closely
monitored to ensure that their wearable respirator is not faulty and that it is being worn
correctly. There could be other reasons for an increase in the respirable dust. These should
be provided and corrected so that the mine worker does not violate the MHSC require-
ments. M.W.3 represents a mine worker whose respiratory health has violated the MHSC
requirements. This mine worker’s case should be treated as an emergency and measures
to prevent any further harm (to the mine worker), should be taken by the mine adminis-
trators.

8.5 port hamiltonian model for investigation of the influence of air-
way secretion on airflow dynamics for mechanical ventilator lung

system

8.5.1 Gas-Liquid Two-Phase Port Hamiltonian model

The gas-liquid two-phase is modeled using the Navier Stokes equations formulated in
chapter 7 of this research work. For reference purposes, the Stokes Dirac structure of the
incompressible fluid is provided..

The Stokes-Dirac structure DIF of the incompressible fluid defined by the set

DIF :=
{ (

fν̃, fη , fp, f∂p, eν̃, eη , ep, e∂p

)
∈ F× E

∣∣∣∣ fν̃

fη

 =

 1
⋆η ι♯◦⋆(·)dν̃ d

d 0

eν

eη

−

 1
⋆η

0

 ep,

fp =
(

1
⋆η 0

)eν̃

eη

 ,

e∂e

f∂e

 =

 0 1

−1 0

i⋆(eν̃)

i∗(eη)

}

8.5.2 Port Hamiltonian mechanical ventilator respiratory system Model

The Port Hamiltonian respiratory system model can be represented using any of the mod-
els developed in chapters 4, 5, 6 or 7. The model presented in chapter 7 is used to illustrate
the applications of the model.

If it assumed that the mechanical ventilator is a voltage source, In addition to that,
assuming that the source voltages and currents are due to the union of two sets:

uS := uSe ∪ uS( f /e)
and iS := iSe ∪ iS( f /e)

where there are

1. Purely electric sources:
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• Current sources iSe ∈ R
mS(e) and

• Voltage sources uSe ∈ R
mS(e)

where mS(e)
is the number of purely electric sources.

2. Sources due to the fluid/electric coupling:

• Current sources iS( f /e)
∈ R

mS−mS(e) and

• Voltage sources uS( f /e)
∈ R

mS−mS(e) .

8.5.3 Reflection on the Contribution for the chapter

The applications of the derived Port Hamiltonian theory for the mechanical ventilator
Human respiratory system has been presented as the contribution in this chapter. This
chapter demonstrated the application of the developed theory.

8.6 conclusion

This section provided examples of applications of the formulated Port Hamiltonian models.
The first model is applied in a respiratory health monitoring system for mine workers and
the second model is applied in the investigation of the influence of airway secretion on
airflow dynamics for mechanical ventilator lung systems.
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R E C O M M E N D AT I O N S A N D C O N C L U S I O N S

9.1 summary and contributions

This section provides a summary of the research work conducted, the contributions, and
the direction for future work. The research work presented in the respective subsection
has also presented the recommendations and conclusions

9.1.1 Main Contributions

The main contributions of this research work can be summarized as:

1. A compositional and geometric unifying approach for modeling the mechanical vent-
ilator and the human respiratory system’s complex physical network dynamics us-
ing open graphs in the Port Hamiltonian framework. The directed graph whose in-
cidence matrix is associated with a Dirac structure, that relates the efforts and flow
variables to the edges and vertices of the graph of a mechanical ventilator human res-
piratory system is formulated. In addition to that, the energy dissipating and storing
relations between the effort and flow variables of the edges and the internal vertices
are also presented. There is an association of state variables to the edges and a form-
alization of the interconnection of networks. The formulated Hamiltonian structure
presents a systematic tool for the control and analysis of the resulting dynamics.

2. Formulation of a comprehensive integrated Port Hamiltonian model of the human
respiratory system which includes the alveoli. This model can be applied in pres-
sure analysis for patients with COPD. It can also be used in the design of robust
controllers for the mechanical ventilation system

3. Presentation of a novel Port Hamiltonian model of the mechanical ventilator which
is followed by the Port Hamiltonian formulation of a multiphysics and multiscale
model of the respiratory system. The formulated Port Hamiltonian ventilator and the
detailed respiratory system are interconnected to form a detailed integrated system
that can be used for various applications; for instance investigation of the response to
air pressure stimuli of the various segments of the respiratory system for a ventilated
patient.

4. Formulation of a multi-physics Port Hamiltonian generalized model of a Mechanical
Ventilator-Human respiratory system with Navier stokes for the fluid flow in the
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mechanical ventilator lung system. A new class of algebraic constraints in the model-
ling of the mechanical ventilator lung physical system is formulated. The new class
is due to the coupling of Partial Differential Equations (representing the fluid) with
ordinary differential equations

5. The Contribution of this chapter is to present two examples of novel applications of
the formulated models. The first example applies the novel Dirac structure of a fluid
coupled to an electrical system. The second example uses the unique formulation of
a Dirac structure using nonlinear electric circuit elements.

9.2 conclusions and recommendations

The direction of future work is the following:

• To include the controller aspects of the system in the Port Hamiltonian framework.

• A test rig of the mechanical ventilator and the artificial respiratory system could be
developed for testing to ensure the finding of the model can be applied in clinical
studies
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