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Task description for a Master Thesis

Design and Control of a Novel Portable Mechanical Ventilator

The company WEINMANN Geréte fiur Medizin GmbH + Co. KG is developing mechanical ventilator technology
for both homecare and emergency applications. In the framework of the pre-development department related to
emergency medicine R&D, it is the aim of this thesis to investigate possible solutions for the design and control
of a novel mechanical ventilator. This new device is to overcome certain drawbacks imposed by the design of the
most current product — the MEDUMAT Transport — , which directly affect application scenarios.

After the derivation of concepts, one of them is to be chosen and realised in hardware as a functional model. Due
to strongly varying environmental conditions, which cannot be reproduced by the facilities available at Weinmann,
a physical simulation model is to be designed as well. The controller design is to prove the feasibility of the
concept and/or shall lead to reevaluations. The simulation model is to be obtained by white box modelling and
experimental validation of the single components’ parameters. Further non measureable parameter dependencies
are to be introduced by physical insight. In some modes of operation, the plant will be overactuated. Resulting
possible advantages with regard to energy efficiency and increased quality of control are to be investigated and
exploited. Robust controller design techniques and/or proof of robustness are mandatory, since patients’ airways’
parameters are generally unknown and only range within known bounds.

A concise list of tasks is as follows:

Task 1 Literature research on artificial ventilation, pulmonary mechanics, pneumatics, control theory and com-
petitor’s state of the art solutions.

Task 2 Establishing a detailed requirement profile based on two main factors: Economical use of resources (namely
electric energy and oxygen supply) and control of the inspired fraction of oxygen within the full physically
possible extent (21 vol. % to 100 vol. %) while maintaining support for all common modes of ventilation.

Task 3 Methodical derivation of concepts for the realisation of the ventilator’s principles of operation subject to
the requirement profile.

Task 4 Assessment of significantly different, yet comparable concepts, which promise the best performance in
terms of the requirement profile. Selection of a primary concept, subject to further investigation.

Task 5 Construction of a functional model for the chosen concept.
Task 6 Modelling of the functional model for controller design.
Task 7 Controller design and optimisation under the constraints imposed by the available hardware.

Task 8 Discussion of the results.

Dr. Ing. Florian Dietz
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Abstract / Zusammenfassung

The subject of this thesis is the design and control of a novel mechanical ventilator. It
is motivated by an increase in applicability in the field, in case of lacking supply of pre-
pressurised oxygen. The design is derived from morphological analysis with regard to its
primary required functionality: volume flow, pressure and positive-end—expiratory pres-
sure control, as well as the control of the inspired fraction of oxygen in the full spectrum,
ranging from 21 vol. % to 100 vol. %. The pneumatic system is nonlinearly modelled and
a functional model is constructed for verification and integration. Particular empha-
sis is laid on designing discrete time H,, norm based sensitivity shaping controllers,
which guarantee robust stability and performance against uncertain patient and ambi-
ent parameters. The proposed controller scheme also gives rise to the exploitation of
available degrees of freedom for energy efficient ventilation. An extension of an existing
theorem to ensure robustness for static [y gain optimal anti-windup compensation for
discrete time controllers is proposed and successfully applied to the plant. Simulation
and experimental results are presented and — where applicable — compared to previous
works.

Thema dieser Arbeit ist der Entwurf und die Regelung eines neuartigen Beatmungsgeridts.
Dies ist motiviert durch eine Steigerung der Einsatzfihigkeit im Falle nicht verfiigbarer
Drucksauerstoffreserven. Die Erarbeitung eines Konzeptes erfolgt mit Hilfe einer mor-
phologischen Analyse auf Basis der Primdrfunktionen volumenkontrollierter und druck-
kontrollierter Regelung, sowie der Regelung des positiven end-exspiratorischen Drucks
und der Sauerstoffkonzentration des Inspirationsgases zwischen 21 vol. % und 100 vol. %.
Das pneumatische System wird nicht-linear modelliert und ein entsprechendes Funk-
tionsmuster zur Verifikation und Integration konstruiert. Fin besonderer Schwerpunkt
liegt in der Synthese zeitdiskreter Regler basierend auf dem Hoo Sensitivity Shaping
Verfahren zur Gewdhrleistung robuster Stabilitdt und Regelqualitdt gegeniiber Unsicher-
heiten beziiglich der Atemwegsparameter des Patienten und Umgebungsbedingungen. Der
Vorschlag eines besonderen Regelungsschemas ermdglicht die Ausnutzung verbleibender
Freiheitsgrade zur Optimierung der Energieeffizienz wihrend der Beatmung. FEine Er-
weiterung eines bestehenden Theorems mit dem Ziel, Robustheit fiir statische, ly opti-
male Anti—-Windup Kompensation fiir zeitdiskrete Regler zu garantieren, wird entwick-
elt und erfolgreich auf die Regelstrecke angewandt. Simulationen, sowie experimentelle
Ergebnisse werden prdsentiert und — wenn madglich — mit vorangegangenen Arbeiten
verglichen.
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ARDS Acute Respiratory Distress Syndrome
ASL Active Servo Lung
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BMI Bilinear Matrix Inequality
COPD Chronic Obstructive Pulmonary Disease
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CPAP Continuous Positive Airway Pressure
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1 Introduction

1.1 Motivation

Modern—day emergency and transport ventilation devices, like the DRAGER OXYLOG
3000 or the WEINMANN MEDUMAT Transport rely on prepressurised oxygen supplies,
in order to operate. If said supplies are depleted, the devices are inoperable, despite them
still having access to electrical energy. Taking into consideration, that a typical bottle! of
prepressurised oxygen lasts for about 2.5h, given a patient breathing 12 times a minute
while consuming half a liter per breath of pure oxygen, long-range transports require
additional supplies. Delivering oxygen to the patient, however, is not even always a
necessity and less developed countries, e.g. The Gambia in western Africa, often lack
clinical, as well as mobile oxygen supplies [25], [39]. Consequently, it is suggested, that
appropriate technology includes ventilators not dependent on compressed gas [45].

It is also well known, that an abundance of oxygen in the inspired gas will result in re-
active oxygen intermediates, which can cause lung injury [38]. Oxygen is generally con-
sidered potentially toxic for concentrations exceeding 40 vol. % and the afore-mentioned
devices can only provide concentrations just as low. While both access to oxygen in
some parts of the world and during transport is limited and oxygen can — in some
circumstances — do more harm than good, the main motivation in developing a novel
mechanical ventilator resides in the need for devices, which can operate without oxygen
and administer concentrations ranging between 21 vol. % and 100 vol. % as desired.

Whereas prepressurised gas is the main pneumatic power source of current devices,
an electro-mechanical power source frequently used in ventilation devices for homecare
purposes is the blower, a near ideal pressure source. However, defined volume flow rates
are often administered to the patient in emergency medicine, which is best done by near
ideal flow sources. This thesis will therefore also focus on deriving concepts that suit
the requirements on emergency transport ventilators and cover the problem of robust
feedback control extensively.

LA typical bottle is assumed to carry 2L at 200 bar, which accounts for 400 L at ambient pressure.



1.2. Framework of the Thesis

1.2 Framework of the Thesis

This thesis’ came into existence as a cooperation between the WEINMANN Department of
Pre-Development and the Institute of Control Systems of the HAMBURG UNIVERSITY OF
TECHNOLOGY. The institute kindly supported the author’s research at WEINMANN and
agreed in confidentiality, while providing useful scientific input with respect to modern
control theory. The people at WEINMANN, on the other hand, continue to take their
part in supporting education by enabling students to graduate on topics, which are both
scientific and immediately practical. The result is thus a work of applied control theory,
as well as of product related research.

1.3 Aims of the Thesis

This thesis’ aim is to derive and evaluate concepts for a novel mechanical ventilation
device. The concepts’ common objectives mainly reside in rendering dependency on
prepressurised gas obsolete and enabling to apply oxygen concentrations of 21 vol. % to
100 vol. % to the patient. A single concept is to be chosen for further investigation, as
it will be both simulated as a physical model and constructed as a functional model for
verification and integration purposes. Benefits and drawbacks with regard to previously
existing designs are to be analysed, in order to enhance knowledge about a possible
future optimal design. Integration is subject to an extensive controller design phase, in
which it is not only the aim to provide basic functionality to the functional model, but
also to investigate possible new solutions for issues, that are related to similar, existing
designs.

1.4 Outline of the Thesis

The thesis is structured as follows: Chapter 1 has established a basic understanding
about this thesis’” motivation, the framework in which it has been written and its aims.

Chapter 2 continues by recalling fundamentals with regard to fluidics, pneumatics and
their application to mechanical ventilation in a comprehensive and concise way. The
chapter’s final section additionally covers relevant control theoretical aspects.

A requirement profile is formulated at the beginning of chapter 3 and concepts for novel
designs of mechanical ventilators adhereing to the notions expressed therein are derived
by morphological analysis. Their assessment leads to the selection of a concept, which
is subject to nonlinear modelling in chapter 4.

To verify the simulations, the concept is constructed as a functional model. The com-
ponents used for this purpose and the overall hardware layout are briefly described in
chapter 5.




1.4. Outline of the Thesis

Chapter 6 documents controller synthesis under the special consideration of robustness
against parametric uncertainties. A scheme is developed to enable energy efficient feed-
forward control in addition to reference tracking based closed—loop control. Suitable
controllers are applied to both simulation and the functional model. The results are
presented in chapter 7, leading into the final chapter 8, where a conclusion is drawn and
a brief outlook to possible future work is given.







2 Fundamentals

This chapter’s aim is to cover all aspects necessary to provide a fundamental under-
standing of the physical processes, physiology, engineering and control involved with
mechanical ventilation.

The first two sections are devoted to fluidics in general. Section 2.1 deals with the
properties and mixture of fluids relevant in mechanical ventilation. Section 2.2 continues
with basic definitions and constitutive equations, required for the modelling of dynamic
pneumatic systems. In section 2.3 on pulmonary mechanics, this is applied to the human
airways in terms of the so—called single compartment model. The following section 2.4
sheds light on more general aspects with regard to mechanical ventilation, covering its
aims, types of control, modes, associated parameters and terminology. The chapter closes
with an overview of the control theory applied in this thesis. Basic notions of continuous
and discrete time systems are given. Signal and system norms are defined and their use
to express design objectives is briefly explored. Methods and tools for the synthesis of
robustly stable Ho, controllers are explained, that also guarantee robust performance.
Eventually, a theorem is reproduced from [41], which allows the augmentation of general
discrete time controllers with anti-windup compensation.

2.1 Fluid Properties

Ventilation gas for application in emergency medicine is comprised of three different kinds
of fluids: Pure oxygen, ambient air and water. Though ambient air is a mixture itself, it
will be regarded as a basic fluid with known characteristic constants. Furthermore, the
fluids will be considered ideal throughout the thesis.

2.1.1 Ideal Gases and Fluid Mixture

The ideal gas law can be applied for gas phases of non associating substances for pressures
up to 5 bar [1]:

p-v=~Ry-T (2.1)

1
with v = — as the gas’ specfic volume,
0

R, as the substance’s gas constant in .
kg K



2.1. Fluid Properties

In mixture, ideal gases are assumed to not react or interact with each other. In a confined
space, they homogeneously fill up the complete volume.

Definition 2.1 (DALTON’s Law). In a mizture of ideal gases the partial pressures p; of
all substances i =1,...,k are added:

k
Ptotal = ZZ% (22)
=1

Likewise, their volumes V; and amount of particles n; are summed up:

k k
%otal = Z ‘/;7 Ntotal = an
i=1 =1

For non-ideal gases volumes are also known to contract or expand upon mixture.

Volume fractions ®; can be computed for each substance j as ratios with respect to the
total volume of the mixture:
_ Y
S Vi
The above formula is also valid, if the volumes V; are replaced volume flows V;. Thus,

the fraction becomes a volume flow fraction <i>j, which can be used to obtain the molar
mass of a mixture of fluids.

P,

Miix = > ;- M. (2.3)
=1
Material
Balance
ity T, Envelope
| o

Figure 2.1: Model of Dynamic Behaviour of the Mixing Temperature of Multiple Fluid
Flows

A mixture’s temperature T is given by the static equilibrium of enthalpies, in which
the temperature of every component T; equals that of the mixture, i.e.

Thix=1; fori=1,...,k

holds.




2.1. Fluid Properties

Thermophysical Properties

Invariant Standard Conditions
k 6 k
Substance R/EJK M/ =255 CP/FJK o/-% n/107°%

Dry Air  287.12  28.9583 1006.6 1.1885 18.447
Oxygen 259.8329 31.9988  919.6 1.292 20.65
Water Vapour 461.5 18.0153 1840.0 0.7475 13.000

Table 2.1: Thermophysical Properties of the Relevant Substances Water, Ambient Air
and Oxygen under Standard Conditions (¢ = 25°C,p = 1013, 25 mbar) [1]

A model of isobaric instationary fluid-mixture is given in figure 2.1. The outlet temper-
ature Thix shall be the temperature of — and constant all over — the control mass. In
equilibrium dﬂm‘x vanishes and
Z m; Cp,mix Trix Z mch,
with ¢, mix as the mixture’s heat capacity.

holds. Under the assumption of equal densities and heat capacities, the mixture’s equi-
librium temperature remains only a function of fluid volume flows:

k
Toix = = Z T (2.4)
Z =1
Table 2.1 displays thermophysical properties of the substances relevant for mechanical
ventilation purposes. Though heat capacity and density are functions of temperature
and/or pressure and would have to be compared on a wider basis than just standard
conditions, for the purpose of this thesis, the values are deemed sufficiently close to each
other for the purposes of this thesis, which justifies the above—mentioned simplifications.

2.1.2 Humid Air

Humid air is a mixture of dry air and water vapour. According to the assumptions with
regard to mixtures of ideal gases, water vapour and air do not interact or influence each
other.

Definition 2.2 (Absolute Humidity [24]). The absolute humidity is defined as the ratio
between the water vapour’s mass My and the volume V', in which it is contained:
0 _ My _ pWV(T)
oV Ry T
The absolute humidity is constrained by the water vapour’s partial pressure in saturation
Pwvsat(T') according to the vapour pressure curve of water.

(2.5)




2.1. Fluid Properties

Definition 2.3 (MAGNUS formula: Vapour pressure curve of water [40]). The MAGNUS
formula is a reasonable approximation of the temperature dependent saturation pressure
of water vapour valid for —45 C < ¥ < 60 C (cf. figure 2.2).

.5043-9

Puvsat(9) = 611.213 Pa - ¢ 211249 (2.6)

with 9 as the temperature in °C,

5 200 . . . .
e
g
Eﬂ
Q 150 L
3
e}
&
>
< 100f S o R AN
[
o
g
2
5
£osob o
=
2
g
2
<
w2 0 : I 1 1
-40 -20 0 20 40 60

Temperature 9 / °C

Figure 2.2: Vapour Pressure Curve of Water Calculated with the MAaGNUS Formula

Definition 2.4 (Relative Humidity [24]). The relative humidity is defined as the ratio
between absolute humidity oy and its mazimum value in saturation Owv sat:

QWV
o= (2.7)

Qwv,sat

Applying DALTON’s law 2.2, the density gnh, and the gas constant Ry, of humid air can
be found:
Pda Pwv

= 2.
Oha RdaT + vaT ( 8)

10



2.1.

Fluid Properties

1
Rha(ﬁ’pv SD) = Rya - 9 s
1 _ CP . pwv,j:t( ) . (1 o Rda)

with Rg, as the gas constant of dry air,

WV

Ry as the gas constant of water vapour.

Reformulation of the density for dependence on the mixture’s total pressure gives:

_ p
"~ Rpa(9,p, ) - (273.15 K 4+ 9)

ona (9, p, ) (2.10)

11



2.2. Fluid Mechanics and Pneumatics

2.2 Fluid Mechanics and Pneumatics

In this section, fundamental equations and principles will be presented, which are the
basic tools of the nonlinear modelling of the plant’s dynamics described in chapter 4.
They will enable the derivation of a pneumatic network analogon to the real world plant
and the quantification of the pneumatic network’s parameters.

2.2.1 Basic Definitions

Pneumatics can be described similar to electrical networks. Symbols based on the norm
DIN ISO 1219 will be used throughout this thesis. For readers, who are more familiar
with electrical networks, a correspondency table is given at the beginning of this docu-
ment along with the general set of pneumatic symbols used in this thesis. The following
definitions comprise a fundamental subset of pneumatic principles.

Definition 2.5 (Static Pressure, Dynamic Pressure, Total Pressure [6]). The pressure
p denotes the potential in pneumatics. Static pressure is defined as perpendicular force
per area:

F
stat = — - 2.11
Dstat A ( )

Dynamic pressure is the increase of pressure that would result from lossless and complete
conversion of a fluid’s kinetic energy into pressure:

1
Pdyn = 5971}27 (2.12)

m
with w as the fluid’s flow velocity in —.
s
Total pressure is the sum of dynamic and static pressure:

DPtotal = Pstat + Pdyn- (2.13)

Definition 2.6 (Volume Flow Rate [6]). The volume flow rate — or flow, for short
— is the volumentric quantity of a flowing fluid over time and denotes the current in
pneumatics.

- dV
V_ E.

(2.14)
Definition 2.7 (Resistance [32]). The resistance establishes a relation between pressure
and flow and quantifies the degree of impediment the flow encounters:

_d

R=—
dv

(2.15)
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2.2. Fluid Mechanics and Pneumatics

Pneumatic Effect

Visualisation Formula
4
v D=’ Resistance Ap = RinV

Ap = ]%turb‘/2
Ap

4 (E.:)—V %~ Compliance Ap =4 [Vt
Ap

ZZ —— .:)—» ZZ Inertance Ap =LV

Table 2.2: Overview about Pneumatic Effects and Constitutive Equations Relevant for
Dynamic Modelling [47, slightly altered]

The mathematical law differs between the cases of laminar or turbulent flow:

Ap = RlamV7 (216)
Ap = Ry V2. (2.17)

Whether a flow can be considered laminar or turbulent is determined by the REYNOLDS
number. Please refer to subsection 2.2.2 about fluid mechanics for details.

Definition 2.8 (Compliance [32]). The compliance defines the relation between change
in volume and change in pressure and models compressibility by storage of volume:

dVv

C=—.

dp

Definition 2.9 (Inertance / Inductivity [47]). The inductivity defines the relation be-

tween change in pressure and change in flow and models the inertance of the mass, which
s flowing:

(2.18)

_dp

L=—.
dv

(2.19)

Table 2.2 summarises the effects and constitutive equations relevant for dynamic mod-
elling.

2.2.2 Fluid Mechanics

Fluid mechanics provide means of a mathematical formulation of the flow phenomena
encountered in pneumatic systems. The following will give the theoretical tools.

13



2.2. Fluid Mechanics and Pneumatics

Reynolds Number: Laminar and Turbulent Flow in Smooth Pipes

Definition 2.10 (REYNOLDS Number [47]). A fluid’s flow condition is characterised by
the dimensionless REYNOLDS number:
Re— 29, (2.20)
v
with d as the pipe’s characteristic length in m,
m2
v as the fluid’s kinematic viscosity in o

For Re < 2320 = Reit a flow is considered laminar, otherwise it is considered turbulent
[6]. In reality, turbulent flow conditions can exist, despite Re < Recit and vice versa.
Pipe or hose geometry can account for this, for instance.

For pipes with circular cross-section, the characteristic length becomes the diameter and
flow velocity w can be expressed in terms of the volume flow V:

4V

v-d-m

Re =

(2.21)

The kinematic viscosity is related to the dynamic viscosity by influence of the fluid’s
density:

n
y=- 2.22
, (2:22)

5

m
with 1 as the fluid’s dynamic viscosity in Tos’
gs

Energy and Mass Conservation Energy conservation can be expressed by the sum
of elementary forms of energy being constant:

1
pV +  —mw®  + mgz = const. (2.23)
~—

2 ——

Pressure Energy Potential Energy

——
Kinetic Energy

With hydraulic flows (incompressible), the change of intrinsic energy W = h-m is usually
negligible [47]. Reformulation of the energy conservation equation 2.23 by division by
m and multiplication by ¢ = const. gives the BERNOULLI equation.

Definition 2.11 (BErRNOULLI Equation [47]). The BERNOULLI equation is a special
formulation of energy conservation in terms of pressures for incompressible fluids:

2 2 Q2 2
p1 + swi+og9z1 = p2 + Swi +0922 + Apaioss (2.24)
P1,stat D2,stat
P1,dyn P2,dyn
— —
P1,total P2 total

Apai 10ss denotes the losses from 1 to 2.
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2.2. Fluid Mechanics and Pneumatics

For compressible flows, energy conservation has to be formulated by means of the total
enthalpy. Additionally, change in potential energy can usually be neglected in pneumat-
ics.

1 1
hi(p1,Th) + —w? = ho(p1,Th) + —wj +Ah21 1oss

1,Spec. Int. Energy 2,Spec. Int. Energy

1,Spec. Kin. Energy 2,Spec. Kin. Energy

1,Total Enthalpy 2, Total Enthalpy
(2.25)

Definition 2.12 (Continuity Equation [47]). The principle of mass conservation is
formulated by the continuity equation:

m1 = My,
Arorwr = Azpowa (2.26)

These equations help to model pressure losses that occur for different flow phenomena.

Flow Through Smooth Pipes/Tubes Pressure loss occurs due to viscous friction
of the fluid and is proportional to the square of the flow velocity w. Its reference value
is therefore the dynamic pressure pgy, at the entrance:

Ap = C(w,...) §w2 (2.27)
——

Pdyn
The resistance coefficient ¢ depends on pipe geometry, surface properties and flow con-
ditions. Strictly speaking this proportionality only holds true in case of turbulent flow
conditions, where ((w,...) = ( is a true proportionality constant. In case of laminar
flow conditions, the resistance coefficient is a function of the flow velocity w, which then
leads to a linear equation in w.

For straight, circular pipe elements the resistance coefficient ¢ is a function of the pipe’s
diameter d and its length [, as well as of the pipe resistance coefficient A:
(=X l (2.28)
=\ .
The dependence of A on the REYNOLDS number Re and the relative roughness of the
pipe is indicated by figure 2.3.

A formula to equate pressure losses as a function of volume flow V' goes as follows:

SN\ 2

_ ooV (oY e e

Ap=¢ 2<A> —(2A2>V—RV (2.29)
R
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2.2. Fluid Mechanics and Pneumatics

-2
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Figure 2.3: Pipe Resistance Coefficient vs. REYNOLDS Number [47]

This holds true for both the turbulent and laminar case. Inserting ¢ for laminar flow
conditions (Re < Recrit = 2320) eliminates the non-linearity [47]:

l 0 5 v I o o v-l-p <128y-l-g>-
Ap = ) E = 22 — 64— % (22 .
P <Al"’m d) SR e R R S e ser R G T e AL
—_——
Rlam

In case of rough-turbulent flow (cf. figure 2.3), ¢ is independent of the REYNOLDS
number and

[ 016 | -9
Ap=| Az 22 2.
P12 o |V (2:30)
v

¢
—_——

Rturb

holds. Dependence on pipe or tube wall roughness also becomes apparent, when laminar
and turbulent flow profiles are compared (cf. figure 2.4).
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.| |

_— — —— . — _— —  ——
L 3 L

— |
5

Figure 2.4: Laminar (1.) and Turbulent (r.) Flow [47]

Values for ¢ for constructional elements, such as bends, can be drawn from tables (cf.
[47]).

Although, in practical applications, resistance values of pipe or tube elements will prob-
ably be identified experimentally, these equations can provide first estimates. They also
show, that pressure loss within pipes scales linearly with density and to the fourth power
with the reciprocal of the diameter.

Flow Through Orifices Figure 2.5 depicts flow phenomena occurring at a sharp-
edged orifice of area A,. The pipe’s and orifice’s cross-sections are assumed to be circular
in shape. Applying equation 2.25 gives:

Dead

< Orifice
pace
k [ ,/ .
! <0 |
| " |
4, _|w_ ‘,_._‘_.w’_l,.,qz
_T\\\—i
!/ ” ',I . Sas /!
? o
P Effective
i 4p,,
‘ >— l ’ Pressure

Remaining

Pressure /4\ AN /—W Pressure Loss
on Axis \ ?

2

Figure 2.5: Phenomena Occurring at Flow Through Sharp-Edged Orifice [7]

01 02
p1+ ?w% =p2+ Ewé + Ahot 1oss (2.31)
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2.2. Fluid Mechanics and Pneumatics

Together with the continuity equation 2.26, one can formulate an expression for the flow
through the orifice [14]:

Ve:aAm/g@Lifﬁ, (2.32)
02

K
with « = ——— as the flow coefficient,
/1 — &2 52 K2
01
Ah
and Kk = /1 — 9221’1;55 as the loss coeflicient.
o Wy

The flow coeflicient « corrects for flow contraction, friction losses and ratio of areas

A3 d3
gr="2=_2 (2.33)
At d?
For smooth pipes a approaches 1, whereas for sharp-edged orifices a ranges within
[0.59...0.62]. Ideally sharp-edged orifices can be calculated with o = 0.611 under the

assumption of potential flow (frictionless) [7].

Flow phenomena that happen due to the viscosity of the fluid, such as the formation of
a dead space after the orifice (cf. figure 2.5) either decrease o (displacement effects) or
enlarge o (rounding of the orifice) and depend on the REYNOLDS number [7].

More detailed formulae for the calculation of the flow coefficient a(3, Re) by the
READER-HARRIS/GALLAGHER—equation, and an empiricial formula for the loss coeff-
cient k£ (also known as the expansion factor €) are given in [7] based on the Euronorm
EN ISO 5167-2(2003) [17]. The assumption of o = 0.611 is deemed sufficiently accurate
for this thesis, though.

In order to quantify an orifice as a pneumatic resistance Roifice, €quation 2.32 can be
reformulated in accordance with the general law for pressure drops over resistances in
case of turbulent flow:

Ap = Rorifice - V27
02

where Roﬁﬁce == m

(2.34)

Employing the conductance value, rather than the resistance can appear beneficial if
Ao — 0, e.g. in case of variable throttles, that are capable of shutting off flow completely:

a?A3

02

Gorifice = 2 (2.35)
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2.2. Fluid Mechanics and Pneumatics

Pneumatic Capacity /Compliance of a Pipe/Tube Segment [47] Compliance of
a pipe/tube segment is a phenomenon induced by compressibility. The proportionality
factor C' can be calculated by

c=p3-V, (2.36)
with § as the fluid’s compressibility factor,

V' as the fluid’s volume inside the segment.

The compressibility factor of air for isothermal compression can be expressed by

_ ﬂ — 7‘/ — ﬁ — 1 — 1
~dp  oRT p  oRT’
with ¢ as the fluid’s density,

(2.37)

T as the fluid’s temperature in K.

S N 51 _ —3_1
For standard conditions® g~ 11075~ =1-107"—— holds.

Inertance of a Pipe/Tube Segment [47] Inertance follows from NEWTON’s law:
F=m-a.
Formulated in terms of volume flow and pressure, a formula for the inertance of fluids

inside pipe or tube segments can be derived:

A

L
with ¢ as the fluid’s density,

(1)
Ap = @ e (2.38)

[ as the pipe/tube segment’s length,

A as the pipe/tube segment’s cross-section area.

Equivalent Resistances for Laminar and Turbulent Flow Conditions [47] Re-
sistances in series add up for both laminar and turbulent flow conditions, assuming that
the volume flow remains constant (incompressibility):

Rseries = Z Ri- (2.39)

For laminar flow conditions, resistances in parallel (cf. figure 2.6) are simplified to an
equivalent resistance by taking the sum over the reciprocals:

LR (2.40)

Requiv,lam i Rz
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2.2. Fluid Mechanics and Pneumatics

Figure 2.6: Flow Divider Circuitry

For turbulent flow conditions, the reciprocals’ square roots are added:
1

1
AV4 Requiv,turb B ; \/E

During this thesis, density changes are assumed to be negligible, when calculating net-
works of resistances.

(2.41)

L9 = 25°C, p = 1013.25 mbar
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2.3. Pulmonary Mechanics

2.3 Pulmonary Mechanics

This section will provide a brief overview about pulmonary mechanics and put them in
the context of the pneumatic modelling language. After that, the well-known single com-
partment model of the human lung is presented and its use is justified against different
— generally more complex — models for the context of this thesis.

2.3.1 The Single Compartment Model of the Human Lung

The human airways can be modelled — with the pneumatic elements defined in section
2.2.1 — by what is widely-known as the single compartment model (see figure 2.7).

P

Figure 2.7: Simplified Drawing of the Human Respiratory Tract and its Pneumatic
Model: The Single Compartment Model

It shall be noted at this point, that other more complex models exist, of which the
DuBois model [27] is given as an example in figure 2.8. The DuBoIS model also takes
into account tissue resistance and compliance, inertance regarding both the airways and
the tissue, as well as a pressure source modelling spontaneous breathing. However, the
single compartment model is often prefered in clinical practice, as the parameters of more
complex approaches often pose difficulties in the identification of their respective values.
Furthermore, in pneumatics the mass moved is generally small compared to other fluids
considered in hydraulics. Inertance effects are therefore usually negligible [21].

Range of Values Practical values of the airway’s pneumatic parameters depend on
age and the disease the respective patient suffers from. Figure 2.9 [14, slightly altered]
depicts parameter ranges for patients categorised by age. Table 2.3 further quantifies
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v
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. ~——

O—» .
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Figure 2.8: The DuBo01s Model of the Human Respiratory Tract

Range of Values

Quantity Commonly Used Units SI-Units
Raw 2...50 n;j;‘c;f 100,000 .. 5,000,000 m@jg
Caw 0.01...01 L 0.01...0.1-1075 =
Vaw  0...300 L 0...0.005
PDaw 0...100 mbar 0...100,000 Pa

Table 2.3: Range of Values Regarding the Respiratory Tract and Single Compartment
Model [32]

these ranges and provides a comparison between the commonly used units and SI-units.

2.3.2 Pathophysiology and Influence of Diseases on the Airways’
Parameters

Apart from neuromuscular diseases, which require the support or complete take—over of
the patient’s respiratory function by a ventilation device, there are two main types of
diseases associated with the human airways.

Diseases Causing Reduced Compliance (Restrictive Diseases) [28] A reduced
compliance may be caused by
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Figure 2.9: Visualisation and Categorisation of the Range of Values Regarding the
Respiratory Tract and Single Compartment Model [14, slightly altered]

o Acute Respiratory Distress Syndrome (ARDS)?,
e Pneumonia,

« Aspiration?,

 Pulmonary Fibrosis?,

amongst others. Either the available volume inside the lungs is reduced, or — more
likely — the lungs become less elastic, which can be caused by scar tissue, for instance.
To further safeguard a sufficient ventilation of the lungs, higher work of breathing is
required. Patients suffering from one of the above diseases, therefore usually breathe
faster and less deeply [28].

Diseases Causing Increased Resistance (Obstructive Diseases) [28] As be-
comes obvious from equation 2.30 (law of HAGEN—POISEUILLE), resistance scales by the
inverse of the fourth power of the airways’ diameter:

1

Row X ——.
4
ay

2ARDS is the inflammation of the lung caused by a variety of direct and indirect issues.
3 Aspiration denotes the unwanted intake of fluids or solids alien to the human airways.
4Pulmonary fibrosis is the pathological increase of connective tissue inside the lungs.
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2.3. Pulmonary Mechanics

An increased resistance may be caused by [28]
e Asthma,
 Chronic Obstructive Pulmonary Disease (COPD),
or a functional stenosis (narrowing) of the airways, e.g. induced by a tubus.

Patient’s suffering from obstructions usually breathe slowly, since resistance increases
with higher flow.
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2.4 Mechanical Ventilation

Mechanical ventilation is the full or partial support of gas exchange within the human
airways. Spontaneous breathing is thus either fully replaced or assisted. In the most
basic ways, this can be done by a physician manually operating a bag with a breathing
mask attached. More sophisticated means employ automated mechanical ventilation
devices, which are the subject of this thesis.

Traditionally, mechanical ventilators were distinguished as positive pressure and negative
pressure ventilators, depending on the sign of the pressure applied relative to atmosphere.
Negativ pressure is applied by lifting up the ribcage or contracting the diaphragm by
means of underpressure. A famous example of those devices is the iron lung. Positive
pressure ventilators ventilate by either invasive or non-invasive access to the airways (cf.

figure 2.10).

Masks for non-invasive ventilation generally incorporate leakages, which have to be ac-
counted for by the control algorithms and which provide a natural means for expiration.
Invasive ventilation does not make used of masks, but applies flow or pressure via an en-
dotracheal tube or a tracheotomy. Expiration valves are designed as a means to control
time of expiration and the expiratory pressure or flow, as well as to provide a defined
path for the expired gas.

For the context of this thesis, the term mechanical ventilators usually refers to auto-
mated positive pressure ventilation devices as explained above. Additionally this thesis
predominantly focuses on invasive ventilation.

Non-Invasive Mask
Ventilation

Endotracheal -
Tube Ventilation

Larynx
'/( Trachea
40/\ Ribcage

/— Lungs
/\)— Diaphragm

Invasive L
Ventilation through - -----"""

Tracheotomy

Figure 2.10: Rough Delineation of Anatomy and Non-Invasive and Invasive Access to
the Human Airways
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2.4.1 Aims of Mechanical Ventilation

Mechanical ventilators are life support devices to replace or partially support the res-
piratory function of patients. This is done in one or more of the following areas [§],
[32]:

1. Ventilation facilitates gas exchange and thus eliminates COg, in order to achieve a
desired arterial pH level,

2. Pump support assists breathing by support of the respiratory muscles, short- or
long-term.

3. Oxygenation aims at increasing the amount of oxygen in the arterial blood.

4. Protection aims at preventing the human airways from obstruction or aspiration
usually by selecting an appropriate patient interface.

Most generally, these goals are achieved by applying a defined pressure or volume flow
at a defined level of oxygen concentration.

Modern mechanical ventilators can be classified into three main categories:
« ICU® Ventilators,
e Portable Ventilators,
e Homecare Ventilators.

Homecare devices should blend into the patient’s personal life as seamlessly as possible
for convenience, still maintaining effectiveness of therapy.

Whereas ICU ventilators generally are host to many different modes of ventilation, since
they are stationary devices intended to cover all aspects of clinical applications, modern
portable ventilators try to provide similar functionality under the constraint of max-
imised portability. The latter are used in various situations that place different require-
ments on their design [18]:

e Primary transfer from an accident scene,
o Secondary transfer between healthcare facilities (intra- or inter-hospital),
e Domiciliary ventilation,

o Improvised intensive care facilities, i.e. military field hospitals, civilian contingency
planning.

Portable ventilators are the main focus of this thesis.

5Intensive Care Unit
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2.4.2 Ventilation Control — Delimitation

Closed-loop ventilation control can be regarded as a two level hierarchical control system
depicted by figure 2.11.

----- . )
! > Physician Reference
Patient ! Values
—»| Monitoring = » Rule-Based Control
System i
E »| Classical Feedback
! Control
I s o
|
i . P Mechanical \
Sensors < Patient < Venti i
\ entilator
\
\
| |
: Feedback Signals I
\
\

Figure 2.11: Two Level Hierarchical Closed-Loop Control System of Mechanical
Ventilation

The inner, fast control loop — denoted by the dashed line — comprises the mechanical
ventilator with a reference tracking controller. It operates on an intrabreath basis, main-
taining ventilatory targets such as those explained in the following section within each
single breathing interval [42]. The reference values are set by the outer control loop,
which operates on an interbreath basis, adjusting parameters between single or multiple
breaths. It can be driven by rule-based control, classical feedback control® and/or a
physician, who — in addition to evaluating values provided by the patient monitoring
system — is also able to infer the patient’s state of health by word of mouth or visuals.

2.4.3 Parameters of Mechanical Ventilation

Closed-loop feedback control is subject to a set of parameters, which determine the
controlled respiratory function. These will be briefly defined next.

Definition 2.13 (Ventilation Cycle [32]). A wventilation cycle is the duration from the
beginning of the inspiration to the end of the expiration. The total duration is the sum
of the durations of inspiration Tinsp and expiration Tegp:

Tye = CZjinsp + Texp (242)

5The term classical feedback control refers to driving the control error to zero by a mathematical
approach. The control error is denoted the difference between reference signal and feedback signal.
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Definition 2.14 (Frequency of Ventilation [32]). The frequency of ventilation is the
amount of breaths per time unit:

Jve = 1 (2.43)

Tye
Definition 2.15 (L:E Ratio [32]). The ratio between the duration of inspiration and
expiration defines the I:E ratio:

T‘insp

[:E=— 2.44

Tows (2.44)
Definition 2.16 (Tidal Volume and Minute Volume [32]). The tidal volume Viiga) is the
air volume introduced into the human airways with each ventilation cycle. The minute
volume Vi is defined as the amount of volume ventilated per minute:

va = Vvtidal . fvm (245)
. L 1
with [va} = : [fvc] = -
min min

Definition 2.17 (Ventilatory Flow, Pressure and PEEP [32]). The ventilatory flow and
pressure are defined as the flow inside the human airways Vinsp = Vaw of inspired gas at
the pressure pPinsp = Paw Telative to atmospheric pressure pamp-

The positive end-expiratory pressure ppggp 1S the pressure applied during expiration,
against which the patient has to exhale.

Definition 2.18 (Fraction of Inspired Oxygen Fio, [32]). The fraction of inspired oxygen
Fio, denotes the percentage of oxygen inside the inspiratory gas, where

21vol. % < Fio, < 100vol. % holds.

2.4.4 Ventilation Modes

Names for ventilation modes are not standardised and vary between manufacturers, due
to patent law, sales strategy and language differences. A three-level denomination system
is proposed by [10], which prevents the mixing up of the inner and outer control loop
described above. Only the main items relevant for this thesis will be pointed out.

Control Variables Ventilation can be pressure or flow controlled. Flow control im-
plies volume control and vice versa, but the actual value, which is used for feedback
enables to distinguish [10]. Both pressure and flow cannot be used for control at the
same time, but only on an interbreath basis or in a switching control manner, which
aims at limiting the maximum pressure or flow, respectively. A basic control algo-
rithm will thus be refered to either as volume controlled (VCV) or pressure controlled
(PCV). A ventilator’s inner control system’s capability to perform either VCV or PCV
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and bumplessly switch between these will enable it to perform any combinations on a

breath-by-breath basis.

Figure 2.12 displays idealised graphs for both volume control and pressure control and

explains the characteristic shapes.

Volume Controlled Ventilation
(Degree of Freedom: P )

Slope (V. /C.)

* |

Pedk Insp. Pressure (PIP)

Pressure to
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Pressure Controlled Ventilation
(Degree of Freedom: 7, )

|
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Decelerating F. /‘g'w
| Passive
Expiration
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Figure 2.12: Volume Controlled (1.) and Pressure Controlled (r.) Ventilation Curves,
[32, compiled and augmented]

Table 2.4 lists indicators and advantages of pressure controlled and volume controlled

ventilation.
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Ventilation Mode by Control Variable

Volume Controlled Pressure Controlled
Indicators Reanimation (CPR), Postoperative,
Simple and Safe COPD,
ARDS
Advantages Simple, Pressure Limitation
Safe (if pressure limited) Equally  Pressurised  Lung
Compartments,

Better Oxygenation,
Enables Leakage Ventilation,
Patient Comfort

Table 2.4: Indicators and Advantages of Volume Controlled and Pressure Controlled
Ventilation [32]

Spontaneous, Intermittent and Mandatory Ventilation [10] Continuous
mandatory ventilation (CMV) means full ventilatory support: The patient’s complete
respiratory function is thus taken over by the mechanical ventilator.

Continuous spontaneous ventilation (CSV) triggers ventilatory support by detection of
the patient’s own effort. Both time and sizing of the breath are patient controlled.

Intermittent mandatory ventilation (IMV) is a combination of both spontaneous and
mandatory ventilation. Spontaneous activity is allowed between mandatory breaths. If
mandatory breaths are patient triggered, it is referred to as synchronised intermittent
mandatory ventilation (SIMV).

Volume controlled ventilation prohibits spontaneous breathing activity, as the ventilation
pressure denotes the degree of freedom.

From a ventilator design point of view it is important to allow for spontaneous breathing
activity in case of pressure controlled ventilation.

CSv CMV MV
Mandatory Spontaneous Spontaneous . IMV.
breaths breaths allowed breaths allowed with active
allowed? between mandatory within mandatory expiration
breaths? breaths? valve

Figure 2.13: Distinction Graph between Continuous Spontaneous, Continuous Manda-
tory and Intermittent Mandatory Ventilation [10]
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2.4.5 Dangers of Mechanical Ventilation

Higher than ambient oxygen levels during mechanical inspiration usually have the goal
to prevent a decreased partial pressure of oxygen in the blood (hypoxemia). While,
increasing the oxygen content in the blood (hyperoxemia) is a common treatment, it also
has its drawbacks. [38] states, that an often seen problem resides in the misconception,
that too much oxygen is better than too little. Recent reseach has shown, that both
hypoxemia and hyperoxemia can be reasons for increased mortality. These results come
in addition to the fact that oxygen in higher concentrations is toxic, because reactive
oxygen intermediates can precipitate, causing lung injury. For Fio, > 60 vol. % toxicity
is increasing exponentially [28].

These facts give rise to the indication, that mechanical ventilators should be able to
deliver the full spectrum of Fjo,, while the ventilation remains in demand for reasonable
treatment by the attending physician.

Further dangers result from mechanical injury, that may happen during mechanical

ventilation. Pushing inspiratory pressure to levels higher or lower than the inflection
7

points (cf. figure 2.14) can cause the so—called barotrauma” or atelectasis®, respectively

32],[28].

Expiration

Lung Volume / L

Lung Pressure / mbar

Figure 2.14: Schematic Pressure-Volume Curve During Ventilation and Risks of Baro-
trauma or Atelectasis [28, slightly altered]

As rectangularly shaped flow or pressure reference profiles are the norm (there is not
enough evidence for an indication for sinusoidal, accelerating and decelerating flow [37]),
in terms of control systems, the mechanical risks of ventilation can be avoided by im-
posing the constraint of little or no overshoot to step reference signals.

"A barotrauma happens, when the surrounding tissue cannot withstand the increased lung pressure.
8 Atelectasis means the collapse of parts of the lung.
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2.5 Control Theory

2.5.1 Continuous Time and Discrete Time Systems

Linear dynamic systems can be formulated as transfer functions y(¢) = G(s)u(t) or state
space models:

-
—~
~
~—
I

Ax(t) + Bu(t)
Cx(t) + Du(t)

<

—~
<+~

~
I

Both representations are related to each other by
G(s)=C(sI—A)'B+D

While the above formulations represent continuous time behaviour of a system in time
or frequency domain, sampled data systems are systems, whose behaviour is defined at
discrete sampling intervals t = k - T only.

To transform a continuous time system into discrete time, e.g. zero order hold discreti-
sation or a bilinear transformation known as the TUSTIN approximation can be used.
Figure 2.15 gives an example of a continous time signal and its discrete counterparts
obtained by both zero order hold and TUSTIN discretisation.

LS 00

A R e SRR

m | A

0.5~ A T A e

N I I R N N N N N B N

0 5 10 15

Time /s or Sampling Instants 7= 4T
Figure 2.15: Comparison of TUSTIN and Zero Order Hold Discretisation, — Con-
tinuous Time Signal, — TUSTIN Approximation, — Zero Order Hold
Approximation,

It becomes clear from figure 2.15, that the zero order hold discretisation more accurately
describes the sampling of data at discrete time intervals. For this reason, zero order hold
discretisation will be refered to as the standard discretisation technique throughout the
thesis.
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. . . e 1
A TUSTIN approximation is obtained by substituting s = % i +§,1, whereas a zero order

hold discretisation is given by sampling a signal at time instant ¢ = k- T and holding it
for the duration Ts. This latter exact discretisation is more easily given in terms of the

transformation in state space 2:

x(k + 1) = ®x(k) + Tu(k),
y(k) = Cx(k) + Duk),

T2
where & = A7 :I+ATS—|—A22—S'+...
T, '
r:/&%a
0

Again, both representations are related to each other by

H(z) =C(:I- &) 'T+D.

Tables exist, that facilitate direct transformation from continuous time LAPLACE domain
into discrete time z domain [23]. Poles are mapped by z = e~7=** | but care has to be
taken with regard to the zeros. Discretising introduces n — m sampling zeros, where n
denotes the number of continuous time poles and m the number of continous time zeros.
The excess zeros approach the zeros of the exact discretisation of an integrator of order
n —m for Ty — 0.

The z-operator can be interpreted as if it were shifting time. Time delays can thus be
easily formulated by

y(k —ka) = y(k) - 27",

Generalised Plant Representations Modern control theory often employs the de-
scription of dynamic systems in terms of generalised plants, which also include fictitious
inputs w and outputs z.

x =Ax+B,,w-+B,u A ‘ [wa Bxuw
P(S) =49z =Cux+D,yw+D,u = P(S) - C.. .Dzw Dzu.
v = Cfumx + Dvu)w + Dyuu CU$ Dvw Dvu

Sometimes this same representation is also used for brevity and transfer function matrix
and state space formulations are typically mixed.

9Difference in state space matrix or transfer function denomination will be dropped for the remainder
of the thesis, where it is clear from the context.
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2.5.2 Signal Norms and System Norms

Definition 2.19 (The £3/lo Norm [19]). The Lo norm is defined as the integral over a
stgnal’s magnitude:

Iy(®)l: = ( / y<t>Ty<t>dt> , (2.46)

— OO

for continuous time systems. For discrete time systems, the norm is termed lo and the
integral degenerates to a summation:

ly(B)ll2 = ( > Y(k)TY(k)) - (2.47)

k=—o00
The L5/l norm of a signal can often be interpreted as the signals energy, as well as the
root mean square value.

Definition 2.20 (The Ho Norm [23]). The Hoo norm is the mazimum singular value,
i.e. the mazimum gain over all input directions, over all frequencies:

1G] = sup& (Gljw)). (2.48)

For discrete time systems the Hoo norm is defined as

Gl = 5p7 (G(2)). (2.49)
Figure 2.16 illustrates this.

In combination with the small gain theorem, this can be utilised to express a required
constraint on the generalised plant with modelled bounded additive uncertainty A(jw).
It can also be used to express design constraints in terms of shaping filters to achieve
certain control objectives. Necessary definitions to understand how these objectives are
associated with frequency responses of the closed-loop plant will be explained next.

2.5.3 Design Objectives and Sensitivity Functions

Figure 2.17 depicts a general control loop with negative feedback and defines all relevant
signals. Sensitivity functions are a useful tool in frequency domain analysis to judge the
closed-loop behaviour of a system. The are defined as follows [23]:

Definition 2.21 (Sensitivity Functions). The transfer function S(s) (Sensitivity) de-
scribes closed-loop behaviour according to e = S(r —n — d) and is calculated as

S(s) = (I+ G(s)K(s)) .. (2.50)
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a(G)

IGll.. 1

Figure 2.16: Visualisation of the H,, Norm in the Frequency Domain

The transfer function T(s) (Complementary Sensitivity) describes closed-loop behaviour
according to'y = T(r —n) and is calculated as

T(s) = (I+ G(5)K(s)) 'G(s)K(s) =T — S(s). (2.51)

The transfer function KS(s) (Control Sensitivity) describes closed-loop behaviour ac-
cording to u = KS(r —n — d) and is calculated as

KS(s) = K(s)S(s) = K(s)(I + G(s)K(s)) . (2.52)

The transfer function SG(s) (Input Sensitivity) describes closed-loop behaviour according
toy = SGi and is calculated as

SG(s) = S(5)G(s) = (I+ G(s)K(s)) 'G(s). (2.53)

The same holds for discrete time systems. Desired closed-loop behaviour can be inter-
preted in terms of the sensitivity functions defined above and can be summarised as
follows:

Ideal Reference Tracking Requires that S(s) is small, T(s) should be 1, respectively.
Having this at low frequencies means good reference tracking for static reference
inputs.

Disturbance Rejection Requires that S(s) is small.

Noise Attenuation Requires T(s) to be small. Noise rejection is generally wished for
at higher frequencies. Thus T(s) should show low pass behaviour, attenuating the
measurement noise frequency.

Control Effort Requires that KS(s) is reasonably bounded. KS(s) being small at higher
frequencies also reduces excessive control action, i.e. oscillations.
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d
r——0O— K(s) — G(s) —>T y

Figure 2.17: General Control Loop with Controller K(s), Plant G(s), Reference Input
r(t), Control Error e(t), Controller Output u(¢), Plant Output y(¢), Input
Disturbance i(t), Output Disturbance d(¢) and Measurement Noise n(t)

?4— ~.

2.5.4 Controller Design Tools

Hoo-Norm Based Mixed Sensitivity Controller Design Controller design based
on the Hy norm usually has the aim to achieve certain objectives on || - ||o subject to
closed-loop stability. [19]

When refering to mixed sensitivity controller design, these objectives are to shape the
sensitivities according to the criteria given above. Employing the H,, norm, this can be
done by defining weights in the form of shaping filters, that pose constraints

IW(s)S21(s)[loc <1

on some sensitivity function Ss; from input 1 to output 2. These inputs and outputs may
well be fictitious. Figure 2.18 shows how the generalised plant for H,.-norm based mixed
sensitivity controller design is constructed if sensitivity S(s), complementary sensitivity
T'(s) and control sensitivity K (s)S(s) are to be shaped by the respective filters Wg(s),
Wr(s) and Wig(s).

The respective constraints on the closed-loop behaviour are

Wi(s)S(s)
Wiks(s)K(s)S(s) <1< ||T(9)|eo < 1.
Wr(s)T(s)

o0

If this constraint is posed this way, a maximum approximation error occurs, if the in-
dividual shaping constraints are equal in magnitude. This approximation error goes
to zero, in frequency regions, where only one constraint is “active”, i.e. all the other
magnitudes are small.

Table 2.5 lists typical first order shaping filters, with w.; denoting the desired closed-loop
bandwidth.
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Frequency Response

Inverse Filter

1
Sensitivity Wil
J— We S+wel 3
Ws(s) = Mswe s+we |
M- |
0 < we K wel f f
a)é wCl a)
Control IWAI
Sensitivity MKS
Ks ‘
_ ¢ stwq |
WKS(S) — Mpgs st+cwg 1 \
Mys | ‘
c>1 oy vy o
Complementary IVVAI
e e e T
Sensitivity M.
__ _Cc Sstwgq 1
Wr(s) = 37 5T :
c>1 © cw w

Table 2.5: Overview about Standard Shaping Filters for Mixed Sensitivity Hso-Norm

Based Controller Design [23], [29]
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W(s) ——=

WKs(‘y) " ZKS

WT(S) — 3

G(s) y

Figure 2.18: Construction of the Generalised Plant for H..-Norm Based Mixed Sensi-
tivity Controller Design [23]

The Ho norm based design for sensitivity shaping can be solved by posing the problem
as a linear matrix inequality (LMI). The LMI is given only for the continous time case
for brevity.

Theorem 2.1 (Ho, Performance for Continuous Time Systems [23]). || T|loc < 7 if and
only if there exists a positive definite, symmetric matriz P that satisfies the linear matriz
inequality

AP +PAT B PCT

* -—~I DT | <o, (2.54)
* * —~1
with * indicating symmetric completion. (2.55)

v denotes the Hoo performance.

The above theorem has to be expressed in terms of the closed-loop system, which involves
a linearising change of variables and some algebra. How this is solved in detail can be
read in [23]. MATLAB tools are readily available, which solve this problem in continous
time. The solution is a controller with the same dynamic order as the plant. This may
often be too complex for actual implementation. Furthermore, controller synthesis in
continuous time with consequent discretisation of the controller demands for sampling
frequencies of wg > 20...30-w and poses additional problems, with regard to explicitly
taking into account time delayed plants.

Further theorems and tools, which directly apply to discrete time systems have been
developed. One used in this thesis will be briefly explained next.
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Hs Norm Based Design of Fixed Order Controllers Synthesis of fixed order
controllers based on the Ho norm is an active field of research [51]. Solutions have
been proposed based on bilinear matrix inequalities or iterative algorithms. A solution
belonging to the latter is the MATLAB toolbox HIFOO , which has been developed to
deal with the synthesis of Hs, norm optimal controllers of dynamic orders lower than that
of the plant, or even with controllers predefined in structure and order [9]. Additionally,
constraints can be imposed for a family of plants, asking the algorithm to search for
a single controller to robustly guarantee stability and performance with performance
measure . The toolbox has been extended to carry out the design for discrete time
systems as well (HIFOOD) [35].

The controller synthesis is carried out in two steps by gradient—based search techniques:

1. Stabilisation First a set of controllers K;(s) or K;(z), respectively, is sought, which
stabilises the closed-loop system, thus guaranteeing robust stability. This is done
by minimizing the maximum real part of the closed-loop eigenvalues.

2. Optimisation The closed-loop Hs, norm is then optimised, in order to try and guar-
antee robust performance with performance measure .

With LMI based H, controller synthesis described above, stability is implicit, due to
the appearance of the LYAPUNOV stability equation in the LMI conditions. This is not
the case with the gradient—based tool HIFOOQO, which is why the above two distinct steps
are necessary.

Finding a robust low or fixed order controller is a non—convex problem. The gradient—
based nature of the optimisation approach would thus make the tool prone to getting
stuck in local minima. This is dealt with by multiple iterations with randomly choosen
additional initial controllers to supplement the previous best solution. Reports have
shown, that despite the local search approach, HIFOO leads to good results [5], [35].

2.5.5 Generalised LMI-Based Synthesis of Anti—-Windup
Compensation for Discrete Time Systems

Most common controller synthesis methods do not take actuator constraints into ac-
count. If controllers with (near) integral action are employed and a system is driven to
its physical limits, a phenomenon called integrator windup occurs: While the system’s
actuator is constrained, integrators charge up, trying to no avail to enforce faster settling
to the desired reference value. The system overshoots, because the integrators need ad-
ditional time to discharge again. The left plot in figure 2.19 illustrates this. Anti-windup
measures generally feed back the extent of controller action surpassing the constraints
to the controller. Figure 2.20 displays a typical control loop with actuator saturation
and anti-windup feedback.

While it makes intuitive sense to subtract § = u— from the error signal entering a PID
controller’s integrator, controller’s of arbitrary structure are more difficult to modify.
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Figure 2.19: Exemplary Step Responses with (r.) and without (1.) Anti-Windup Con-

trol, — System Response y, — Constrained System Input @, ---- Un-
constrained System Input u

e

Y- K(s) A G(s) y

O

Figure 2.20: Typical Control Loop with Actuator Saturation and Anti-Windup
Feedback

A general framework for the formulation of anti-windup designs, applicable to MIMO
systems, is given in [26]. Amongst others, high gain conventional anti-windup, which
forms an altered control error & = e — ad,a > 1 and the above mentioned anti-reset-
windup applied to PI/PID controllers are special cases of the described framework. A
common approach is to first synthesise a nominal controller and afterwards augment it
by some anti-windup scheme. [41] proposes such a scheme in the form of a LMI-based
explicit static anti-windup scheme for discrete time systems, which has been used in this
thesis and the relevant information for its application is given in the following theorem.

Theorem 2.2. (Explicit Static Anti-Windup Synthesis for Discrete Time Systems) [41]
Define the diagonal saturation G = ¥(u) with sector condition ul W(u — ) > 0, W
being an arbitrary positive definite diagonal matrix and the stable, strictly proper plant

G(z) = [Ag Bg] (2.56)
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with ng states, n, inputs and n, outputs. Further define the nominal controller

K(z) = [ é: IB;Z ] (2.57)

with order ni. Also define the augmented explicit static anti-windup controller
Ak 0 A1 Bk
K(z)y=]10 0 A 0 (2.58)
e 1 [ o] [p4]

with order ny+mny, and additional input §(k). The interconnection as given in figure 2.21

I-v
(%) u(4)

r(k) — PR (a)

Figure 2.21: Generalised Interconnection of Generalised Plant and Saturation

formulated as a generalised plant

Ax(k) + Bé(k) + B,r(k)
P(z)=u(k) = Cux(k) + Dyd(k) + Dyr(k) (2.59)
C.x(k) + D.3(k) + D, (k)

with matrices

-B.C, Ay

o [3]. nfl. n-fi2)
Cu=[-DiCy Ci|, Du=[Dy|, C.=[-C, 0],

D., — [I]

A_ [A —- B,D,C, Bck17 B—B;_B.A,

is globally stable for all ¥ and has a mazrimum induced lo gain performance of vy, if
there exists a matriz Q = QT > 0,Q € RMstnetnu)x(ngtnetnu) o diggonal matriz

T
M > 0,M € R™*™  qan arbitrary matrizv X := [A{ AQT} M € ROw+na)xnme gpg
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scalars v > 0, d > 0, such that the following LMIs with objective to minimize v are

satisfied:
) .
0 I
CUQ Dur
C.Q D.
AQ B,
0 0

*
*
—2M
0

B;M — B.X

M

*
—~1
0
0

* X X X

* Kk X X X

—dI |

< 0. (2.60)

Refering to figure 2.19 again, the right hand side plot was generated by augmenting the

controller with the help of above theorem.

Further theorems, that also consider non-static discrete time anti-windup controllers can

be found in [46].
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3 Concept Development

This chapter documents the thesis’ conceptual phase. The morphological analysis has
been chosen as a means to develop a feasible pneumatic structure for a novel ventilation
device, preliminarily entitled MEDUVENT.

At first, the requirement profile for the pneumatic structure is given in a concise way,
which actually already forms the first step of the morphological analysis. Section 3.2
expands on the analysis, providing a brief explanation of the method, defining the utilised
parameters and stating the results in terms of a synthesis of different concepts. The
closing section further evaluates these concepts and gives reasons for the final solution,
which is adopted as a functional model and for controller synthesis.

The thesis will continue with the proof of concept in the forthcoming chapters.

3.1 Requirement Profile

The pneumatic structure to be designed has the aim to enhance applicability in the field
compared to the MEDUMAT Transport with respect to operation in case of lacking
oxygen supplies (cf. section 1.1). Concepts, i.e. their realisation as production models,
should be able to provide. ..

e Support for both robust pressure and volume controlled based modes of ventilation,
e Support for robust control of PEEP,
o Economical use of resources (electric energy and oxygen supply)

o Control of the inspired fraction Fjp, of oxygen within the full physically possible
range (21 vol. % to 100 vol. %) for both pressure and volume controlled based modes
of ventilation,

o Maintain ventilation functionality for Fio, = 21 vol. % in case of depleted oxygen
supplies.

e Light-weight and robust options for construction,

o Compliance with european norm for emergency and transport ventilators [12].
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3.2 Morphological Analysis

3.2.1 Method

The general morphological analysis is a method to develop solutions based on the inves-
tigation of isolated subproblems invented by Fritz Zwicky [44]. Approaching the problem
by this creativity method, lets the user deliberately detach himself from existing solu-
tions. It is the aim to consider the problem at hand from a certain distance, leading to
approaches that have previously been unaccounted for.

A complex problem is subdivided into different dimensions to form the morphological
boz.

The procedure according to [44] contains five steps:

1. Concise formulation of the requirement profile for a given problem.
2. Assessment of all parameters relevant for the solution.

3. Construction of the morphological box, including all potential solutions for each
parameter.

4. Evaluation of the individual solutions.

5. Synthesis of configurations of solutions and practical application.

In this thesis, the morphological analysis has been used to the extent of two dimensions:
Setting up desired functions and finding multiple solutions for each of them. In the
synthesis step, these complementary or contrasting solutions to the individual functions
have been combined in feasible ways, in order to derive a new pneumatic concept for the
MEDUVENT ventilation device.

3.2.2 Parameters of the Analysis

From the requirement profile five major functions F1 to F5 have been isolated to con-
struct a morphological box with:

F1 Ambient air source,
F2 Oxygen source,
F3 Realisation of pressure controlled ventilation modes,
F4 Realisation of volume controlled ventilation modes,
F5 PEEP pressure control.
These functions have been chosen, because they characterise the overall pneumatic struc-

ture of a ventilation device in just five aspects, while their formulation is closely related
to the control of the ventilation.
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3.2.3 Morphological Box

Table 3.1 shows the morphological box resulting from possible solutions to the individual
functions.

Solution
Function St S3 S4 S5 Sé6 Sv7
Fa Venturi Blower Pressurised Compressor  Piston Pump  Double Action Pneum.
Ambient Injector (Pressure Source) Clinical Air (Flow Source) (Flow Source) Bellow System Driven
Air Source Reservoir (Flow Source) Blower
O (Flow Source)
F2 Pressurised N, N, Gas Electrolysis
o Gas Filtration Adsorption Centrifuge
Soufce (Flow Sourceé (Semipermeable (Molecular Sieve)
Membrane)
Fs3 Fast Flow Pressure Directly by Large Bore
Pressure Control Divider Circuit | FHEEIEE Valve

Control Valve Source

Fg Flow Divider |  Directly by Large Bore Fractional
Flow Circuit Pneumatic Feedback of.
Control Source Flow
Fs5 Leakage Switching Controllable Dedicated Main Dedicated Flow  Electrically
Blind Valves Pressure Pressure Source  Flow/Pres. Source Actuated
PEEP
(Gas Pulses) Divider (Small Size Source (Small Size Patient Valve
Control O i "
(Prop. Valves) Blower) Compressor) (Voice Coil)

Table 3.1: Morphological Box Depicting the Isolated Design Objectives and Principles
of Solution. @sss=== Concept La € 1b, @ Concept Ib only, €0
Concept 11, ® Concept 111

Three major concepts — candidates to the implementation as functional model — have
been synthesised from the individual functions. They are indicated by their respective
markings.

In the following, the individual solutions for each function are briefly characterised and
evaluated in terms of advantages and disadvantages.
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3.2.4 Solutions to Functions

F1 — Ambient Air Source A source for ambient air has to function independently
from the oxygen supply. The concept realised in the MEDUMAT Transport makes
use of a venturi injector, which in principle uses the oxygen’s expansion energy to draw
in ambient air. Though this principle is efficient, it imposes a lower bound on Fjq,.
In terms of the MEDUVENT ventilation device, it can therefore only be regarded as an
additional means to increase energy efficiency by unloading an active ambient air source.

Employing reservoirs of pressurised clinical air immediately raises the risk of depleted
supplies during transport, while electrical energy is always more likely to be available.

Blower technology — in contrast to compressors — is very common to medical appli-
ances. Most homecare devices rely on them and the experience gained over the time
increases the efficiency obtained in the short—term over solutions that might promise
higher efficiency after long—term research. A blower is an ideal pressure source as a first
approximation. Given the fact, that — at the level of current knowledge — pressure con-
trolled ventilation hosts more advantages and is more frequently indicated than volume
controlled ventilation (cf. table 2.4), it is a suitable choice.

Other flow sources, like a double action bellow system is more suited to closed—loop
anesthesia and requires a relatively large constructional volume, while piston pumps
generate unacceptable pulsation.

Table 3.2 summarises the advantages and disadvantages of the respective solutions.
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Evaluation
Solution Pro Contra
- Limited lower Fio, bound
S1 EE7 + Uses Oz expansion energy - Passive, difficult control
+ Low constructional effort - Limited (Oz) flow, if injection
Venturi Injector channel closed
+ Ideal for pressure control
Sa + Low research effort - Energy consumption
Blower + Multi-stage design increases ef- - Relatively slow response
(Pressure Source) ficiency
Q + Ideal for flow control - Stationary
S3
Pressurised  Clini- + Low research effort - Requires infrastructure
cal Air Reservoir
(Flow Source)
S4 @Z + Ideal for flow control - High research effort (medical
+ Possibly higher efficiency applications rare)
Compressor
(Flow Source)
S5 @ - Pulsation inacceptable
Piston Pump
(Flow Source)
- Bellow volume limited (not fea-
+ Experience from anesthesia sible for leakage or NIV sys-
S6 tems)
+ Semi—continuous flow if doubly
Bellow actuated - Requires relatively large con-
(Flow Source) structional space
@: - Limited lower Fjo, bound
S7 + Uses O3 expansion energy - Passive, difficult control

Pneumatically

Driven Blower - Mechanically complex

(Pressure Source)

Table 3.2: Solutions to Function F1 — Ambient Air Source
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F2 — Oxygen Source Despite the fact, that an oxygen infrastructure in most devel-
oped countries is usually well established, alternatives to the dependence on pressurised
oxygen from bottles or hospital supplies have been sought.

Oxygen concentrators used in homecare solutions employ molecular sieves to adsorb
nitrogen from the ambient air to achieve oxygen concentrations of up to 96 %. Relatively
high pressures are necessary, though, and flow rates are usually limited to be well under
10 L/ min.

Arising from the idea of non-dissipative oxygen sensors, the deprivation of ambient air
from oxygen by a semi-permeable membrane (mechanical filtration) is thinkable as well.
This principle is already employed for the filtration of helium in oxygen rebreather diving
equipment. However, no existing research with regard to nitrogen is known to the author.

The same goes for adopting gas centrifuges to the needs of oxygen enrichment. A gas
centrifuge can separate components of gas mixtures by molecular weight and is primarily
used to separate uranium 235 from uranium 238 in the process of the enrichment of
uranium. Numerous adverse requirements makes this unfeasible for ventilation purposes.

Electrolysis in solid oxide electrolysis cells can be used for oxygen regenerative air revi-
talisation systems as employed in space engineering [33]. Energy demand prohibits this
approach, though.

Table 3.3 again summarises the advantages and disadvantages of the respective proposed
solutions.
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Evaluation

Solution Pro Contra

+ Ideal for flow control

S1 R .
+ Existing technology and infras- Limited supplies
Pressurised Gas tructure
(Flow Source)
+ Unlimited supply - Low flow rates only
Sz2 .
+ EXI:tlrtlg technology (Oz con- - High pressures over sieve
N Adsorption by centrators)
Molecular Sieve
| [
@Q o - Low flow rates only
° O o:
S (o)X 0o .
3 + Unlimited supply - High amount of research neces-
Ngo Filtration by sary
Semi-permable
Membrane
S4 H + Unlimited supply - High energy consumption
Electrolysis
- High energy consumption
S5 + Unlimited supply

- Low efficiency

Gas Centrifuge

Table 3.3: Solutions to Function F2 — Oxygen Source
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F3 — Pressure Control and F4 — Volume Control Means to provide good
quality of pressure and volume control generally depend on the possibilities to convert
the pneumatic power sources chosen into the respective need of the ventilation modes.

Near Ideal Pressure Source Near Ideal Flow Source
Resistance Dynamically Resistance Dynamically
Increasing in Magnitude Increasing in Magnitude
. \
< V & V s
© P v Pt
2 2
n —~~ n .
8 Increasing 8 I;m‘mng
al Rotational Speed [al Ra/a{ionﬂ/ Speed
of Source zy‘Sozm‘q (Compressor)
or Valve Opening Ratio
]

Volume Flow ¥ Volume Flow ¥

Figure 3.1: Comparison of Near Ideal Pressure and Flow Source and Schematic Visu-
alisation of Dynamically Varying System Characteristic

Volume controlled ventilation using a near ideal pressure source, requires highly dynamic
control of the source. Figure 3.1 compares how operating points evolve as the intersection
of a dynamically varying system characteristic and a near ideal pressure or flow source.
It becomes obvious, that a near ideal pressure source — i.e. a blower — would therefore

Blower Priower R, > <

Large Bore R, (v) c.,
Valve

Pu

Figure 3.2: Basic Pneumatic Network Topology for Using a Blower in Conjunction with
a Large Bore Valve for Flow Control

benefit from a large bore valve in series, which converts pressure energy to flow energy
by controlling the opening ratio (cf. figure 3.2). Assuming that the valve’s resistance is
dominating the system characteristic during the dynamic control phase,

1
Raw+ -

Ripy > | Z,4w(8)] = o

, s>0

flow can be controlled by observing,

y Prmblower
Vaw = —— = f(Rv)-
Ripy f(Bov)

50



3.2. Morphological Analysis

The reciprocal reasoning is valid, when an attempt is made to employ a flow source for
pressure control, except that the valve should be put in parallel to the source.

Using the valve as the main actuator for pressure control, while still using a pressure
source, on the other hand, is theoretically feasible, as much faster dynamics and a lower
energy consumption of the valve can be assumed. This generates pneumatic losses,
which may be unwanted for, though. These losses, however, might be acceptable, if
high ventilation frequencies, e.g. in pediatrics, are necessary and it is both more energy
efficient and beneficial in terms of control quality to keep a blower at a near constant
level.

Flow divider or pressure divider circuitry mark two more basic principles of converting
pneumatic power sources. They come at the risk of producing losses in the amount of
gas transported, though.

These losses could be reduced by feeding back portions of the flow to recirculate, which
is restricted by the amount of cooling necessary for the pneumatic power source.

Tables 3.4 and 3.5 list the advantages and disadvantages of the respective proposed
solutions for both pressure control and volume control related topological solutions.
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Evaluation

Solution Pro Contra

=

Requires high pressure at inlet

S .
b Existing technology Highly dynamic pressure con-
Fast Flow Control trol
Valve
S2 )( High quality of control Losses of gas
Pressure  Divider
Circuit
S3 @ High quality of control for na- Lowered efficiency due to many
tive pressure sources changes in source duty cycles
Directly by Pneu-
matic Source
. Pneumatic losses
Low response time
S4

Large Bore Valve

Low energy consumption

Need for highly dynamic pres-
sure control

Table 3.4: Solutions to Function Fg — Pressure Control
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Evaluation

Solution Pro Contra

S1

=

Fast Flow Control
Valve

Existing technology

Well suited to flow control un-
der supercritical flow condi-
tions

Requires high pressure at inlet

S2

i

Flow Divider Cir-
cuit

High quality of control

Losses of gas

S3

&

Directly by Pneu-
matic Source

High quality of control for na-
tive flow sources

Lowered efficiency due to many
changes in source duty cycles

S4

Y

Large Bore Valve

Low response time
Low energy consumption

Well suited for conversion of
pressure to flow source

Pneumatic losses

S4

~—
—
—

Fractional Feed-
back of Flow

Potentially no losses

Well suited for conversion of
pressure to flow source

Pneumatic losses

Heat is trapped in feedback

Table 3.5: Solutions to Function F4 — Flow Control
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3.2. Morphological Analysis

F5 — PEEP Control The pneumatic design of the MEDUMAT Transport employs
are very small orifice — an intentional leakage blind — to convert a small flow to
a pressure, which is then transmitted via a pilot line to the pneumatically actuated
expiration valve, resembling a pilot-to-close check valve. A related concept makes use
of switching valves, which either open to charge or to discharge a small compliance.
This cost effective solution is difficult to control in terms of classical control systems
approaches, though.

Solutions making use of dedicated pneumatic sources are left out from the discussion, but
are listed in table 3.6 for completeness. This is done, because during the analysis, it has
been observed, that means of controlling PEEP can largely be developed independently
from volume or pressure control. If the main pneumatic power sources are employed
in contrast to dedicated ones, it is again a question of effectively converting flow or
maintaining pressure.

Furthermore, another general question about PEEP control deals with whether the expi-
ration valve should be located near the patient or inside the ventilation device’s housing.
This is partly related to the chosen principle for PEEP control, but does not contribute
to the main aspects of this thesis. Again, for completeness table 3.7 lists advantages and
disadvantages related to the placement of the expiration valve.
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3.2. Morphological Analysis

Evaluation
Solution Pro
+ Existing technology
Si1 Minimal gas losses
+ Conversion of flow to pressure
Leakage Blind
| + Existing technology
A +
S2 -I- + Fast response Difficult control
Switching Valves + Cost effective
Ss )( + High quality of control Patented solution
Controllable Pres-
sure Divider
S4 i + Simplicity Frequent load cycles
Main  Pneumatic
Power Source
+ High quality of control
@ + Independent from inspiratory Additional actuator
S
5 control Main pneumatic sources inac-
Dedicated Pressure + Low energy consumption of the tive during expiration
Source source
Not well suited for pressure
+ Independent from inspiratory control
control
S6 Additional actuator
+ Low energy consumption of the
Dedicated Flow source Main pneumatic sources inac-
Source tive during expiration
@ High energy consumption
S7 + Dedicated and direct actuation Additional actuator

Electrically Actu-
ated Patient Valve
(Voice Coil)

Main pneumatic sources inac-
tive during expiration

Table 3.6: Solutions to Function F5 — PEEP Control
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3.2. Morphological Analysis

Evaluation

Solution Pro Contra

- Increased hose compliance due
to double tube ventilation hose
+ Many options for valve control:

Expiratory Valve electric, pneumatic - Quadratically increased hose
Inside Housing resistance if tube area de-
+ Easy integration of leakage creases

ventilation

- Contamination by patient’s ex-
pired gas; filter needed

- PEEP pilot pressure signal de-
layed by speed of sound
+ Single tube ventilation hose
Expiratory Valve - Accumulation of oxygen near
Near Patient + Reduced ventilation hose com- patient and in patient’s clothes
pliance and resistance
- weight raises danger of extuba-
tion, especially with infants

Table 3.7: Advantages and Disadvantages of Possible Expiratory Valve Placements
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3.3. Candidate Evaluation

3.3 Candidate Evaluation

The main concepts extracted from the morphological box have already partly undergone
an evaluation, since only combinations of solutions have been selected, that were defi-
nitely able to deliver the full spectrum of oxygen concentrations. As a further step, the
candidate concepts chosen are evaluated based on a condensed requirement profile given
by the items:

E1 Energy and resource efficiency,
E2 Potential for high quality of control (PCV, VCV, PEEP),

E3 Research and constructional effort, robustness.

3.3.1 Common Principles

As becomes obvious from the morphological box given in table 3.1, the synthesised
candidate concepts share a number of principles. The core idea, that has been decided
to investigate consists of employing a blower in conjunction with a large bore valve, to
make sure that quality of control for both volume controlled ventilation and pressure
controlled ventilation is high. In addition, prepressurised oxygen together with a fast
proportional flow control valve is regarded as the most realistic oxygen source. It can
cater to the prevailing demands in emergency medicine, both in terms of flow capabilities,
disposability and research effort.

As discussed previously, PEEP control can be designed to be largely independent from
the power sources and control principles employed for the inspiration phase. However, it
is deemed desirable to first investigate solutions that do without additional actuators and
assess the quality of control thus obtained. Therefore, all concepts rely on controlling
PEEP via a blind, a solution established in the MEDUMAT Transport . It is assumed
and subject to verification, that this principle is feasible in all ventilatory situations with
respect to the proposed MEDUVENT designs as well.

For lack of non-consuming and sufficiently reliable F;o, sensors, no dedicated F;p, sensor
is used for feedback. Instead, the oxygen concentration is calculated from the respective
flows. To reduced losses, the oxygen flow is measured on a high pressure level (= 3 bar) in
front of the proportional valve, rendering the pressure drop over the sensor insignificant.

Excess and emergency pressure valves are common to all designs as well, making sure,
that the patient is both protected from pressures exceeding 100 mbar and enabled to
draw in additional air, in case of system failure.
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3.3. Candidate Evaluation

3.3.2 Concept 1

The pneumatic structure is based on a modular design: It essentially consists of two
ventilation devices, one of which can provide Fjo, = 100vol. %, while the other can
provide Fio, = 21vol.%. They are joined at a mixing chamber with a PEEP blind
attached to it. The large bore valve is put in front of the blower, as a decrease of up to
20 % in power consumption can be expected for particular blower designs, in case of a
totally closed valve. This has been verified experimentally. To ensure a sufficient cooling
flow, a fixed leakage is introduced at the blower outlet.

A pneumatic network topology of concept Ia is given in figure 3.3.
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|
|
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i ‘ e
|
i ‘ ®
! Excess | Ventilation Patient Patient
! . 0, Pressure & .| Hose Valve Airways
| 1V -2 2 o
‘ ‘ : total Emergency " | ‘ 4 ‘
‘ ? Vo=t 02 Valves e - = — =X =4 - N=q
o
I > \AARE | 1 H
|
‘ Prop.

Device
Housing

! 7~ N i amb

! . Large Bore PEEP " Inlet i
! Vew Valve Blind Filter |
|

Figure 3.3: Pneumatic Network Topology of Concept la

In terms of control, sensors providing feedback for airway pressure payw, PEEP blind
pressure ppp, inspiratory flow Vi and oxygen flow VIO2 are sufficient. Any further
sensors are used for monitoring purposes and alarms. Pressure control is assumed to be
largely independent from the oxygen flow in the air mix, maintaining beneficial dynamic
properties. However, a check valve is necessary to prevent oxygen flowing towards the
blower in case of Fip, = 100 vol. %, or when the oxygen flow’s dynamic pressure exceeds
the pressure built up by the blower. PEEP control is held variable to be executed by
both the blower, the large bore valve or the oxygen valve. To investigate feasibility, using
only the large bore valve is considered in this thesis. This promises a faster response
time and relative independence from the blower speed during expiration.
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3.3. Candidate Evaluation

The effort to realise this concept is kept intentionally low. Apart from the large bore
valve, the individual technologies and components employed can already be found in
other devices produced by WEINMANN, effectively merging principles of homecare and
emergency devices.

An extension — denoted concept Ib (cf. figure 3.4) — is suggested by adding a venturi
injector, which can draw in air from the ambience. The inlet is connected to the large
bore valve’s outlet, in order to be able to cut off flow completely, rendering an additional
valve to bypass the venturi injector unnecessary. This extension comes at the expense
of a potential increase in control effort, for the oxygen source and ambient air source are
coupled.
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‘ .
! P Vi
‘ ®
: Excess Ventilation Patient Patient
1j° Pressure & . Hose Valve Airways
g Emergency Vi L ‘
v Valves (2) — == —. —. — _ N_

@AAM
vyy

I

total
Jower
b

ran
v

Loy 7, - 4/% V' Valve

|
o, ‘
Source |
|
|

‘ ’ramb
|

i@g&é? :
<A

Device v
Housing —‘V‘ | AV',”“\
[ M l ~ A r L ! l
[ T jramb
b Large Bore PEEP " Inlet |
: Vi Valve Blind Filter |
|
v A4

Figure 3.4: Pneumatic Network Topology of Concept Ib
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3.3. Candidate Evaluation

3.3.3 Concept II

A second concept makes use of a 3-2 way large bore valve. Figure 3.5 depicts the
network topology, which — with respect to the oxygen flow control — is similar to the
first concept.

P V.
OE
Excess Ventilation Patient Patient
Lo Pressure &3 . Hose Valve Aire wa)/s
i v, rotal Emergency v X ‘ L
‘? ;o Valves @ 777777 - =
(5 LAA R | T i

N
|
|

|
|

|
|

|
0 | : > < ‘
Sfllj”f(’ ! Large Bore | !
e | 3-2 Way Prop. . :
I Valve | ‘

|

|
[ i !
Device i - |
Housing -"" > ‘L O

e

Figure 3.5: Pneumatic Network Topology of Concept 11

The basic idea consists in dividing the total ambient flow between a leakage and the
patient. Under the assumption, that

1
SClaw

holds, i.e. the leakage resistance is properly dimensioned. The total resistance of the

1bv,max

simplified network in terms of the ratio p = R 7o is given by

Uy (e ey () (e )
R PR+ 1 wwm

Rlbv,max
’U2

R~ Rleak ~ |Z aw ‘Raw + —

, s>0 (3.1)

Rtotal

where Ry (v) = denotes the resistance of each of the valve’s branches.

A simplified pneumatic structure only concerning the ambient flow is given in figure 3.6

(r.).
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Figure 3.6: — Total Resistance Riya versus Large Bore Valve Opening Ratio v un-
der the Assumption that p ~ 102, ---- Total Resistance Riotal, Where

Ricak/ | Z o (s)] = 1/200 or ~ 200, respectively (1.), Simplified Ambient
Air Flow Pneumatic Network Topology of Concept II (r.)

Assuming a ratio p ~ 102, the plot 3.6 (1.) clearly indicates, that the opening ratio v only
has minimal influence on the total resistance calculated by equation 3.2. If assumption
3.1 does not hold, the plot also shows, that the variation on the total resistance is
significantly limited.

The above considerations give rise to a VCV control scheme, where the blower is actuated
to provide a total flow, which is the sum of necessary cooling flow and patient reference
flow:

‘/total = Vieak + Vaw,ref

The large bore valve is controlled to divide the total flow in the respective branches.

In this scheme a significant drawback resides in the fact, that at the end of inspiration,
the blower motor either has to be actively braked, or the large bore valve has to direct
all flow to the environment, away from the patient. A combination of both approaches is
possible, still — with respect to energy efficiency — free blowing is highly undesirable.
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3.3. Candidate Evaluation

3.3.4 Concept III

The third concept marks an attempt at effectively integrating the blower into the oxygen
flow path. To prevent oxygen losses and — because a certain cooling flow is to be main-
tained through the blower — a portion of the flow is fed back to recirculate. However,
active cooling might be necessary, as the feedback flow’s temperature goes up.

Accurately controlling for the desired Fp, also proves to be more difficult, for the feed-
back flow’s oxygen concentration is unknown. This poses the issue of developing and
installing a reliable, dedicated Fip, sensor.
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Figure 3.7: Pneumatic Network Topology of Concept 111

3.3.5 Comparison with Competitive Products

Prior to the morphological analysis, different competitive products have been analysed
with regard to their specific pneumatic structure. Only products, whose specifications
announce, that are capable of operating without oxygen supply have been considered.
The PULMONETICSYSTEMS LTV1000/1200 , DRAGER CARINA and the AIROX LEG-
ENDAIR are a selection of devices, with which the previously introduced concepts are
now briefly compared. Mandatory pneumatic elements, such as an excess pressure valve
or an emergency valve, have been neglected in the schematics. Furthermore, the de-
gree of detail and accuracy is limited by the information available in the respective user
manuals.
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Figure 3.8: Simplified Pneumatic Network Topology of the AIROX LEGENDAIR Home-
care Ventilation Device, Adapted to this Thesis’ Pneumatic Symbol
Nomenclature from [3]

Airox LegendAir The AIROX LEGENDAIR is a homecare ventilation device. There-
fore, it is only capable of having a low pressure O3 supply attached to it. Fjo, measure-
ment is optional and as can be infered from the manual [3], is not subject to control.
The manual is not accurate, as to where exactly the ambient air and oxygen flows are
mixed. The same goes for the expiration pilot line attached to the blower. The blower is
controlled during inspiration and expiration. During expiration, the piezo valve controls
the so—called “blowby”: A remaining flow is maintained and controlled by the valve to
guarantee cooling and prevent the expired gas from entering the ventilation hose again

[3].

Figure 3.8 displays a simplified pneumatic network topology adapted from [3].
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Figure 3.9: Simplified Pneumatic Network Topology of the DRAGER CARINA NIV—
ICU Ventilation Device, Adapted to this Thesis’ Pneumatic Symbol
Nomenclature

Driger Carina The DRAGER CARINA is a ventilation device originally intended for
clinical non—invasive ventilation. The product brochure also claims, that it is capable
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of performing invasive ventilation [16]. The device hosts both a low—pressure and a
high—pressure oxygen inlet (simplified in figure 3.9) and employs a dedicated oxygen dif-
ferential pressure flow measurement. The operating manual [15] states, that gas mixture
happens inside the blower. Flow is said to be controlled directly by the blower, which
is possible due to its very low moment of inertia. A valve can be operated externally to
switch between a pilot line controlled expiration valve and leakage ventilation. Figure
3.9 shows a rendition of the device’s pneumatic structure [15].
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Figure 3.10: Simplified Pneumatic Network Topology of the PULMONETICSYSTEMS
LTV1o000/1200 Transport Ventilation Device, Adapted to this Thesis’
Pneumatic Symbol Nomenclature from [36]

PulmoneticSystems LTV1i000/1200 The PULMONETICSYSTEMS LTV1000/1200
is the only actual transport ventilation device considered here. It hosts an internal
oxygen blender and mixes ambient air and oxygen in an accumulator in front of a “rotary
compressor turbine”. This turbine adds energy to the mixed gas for pressure and flow
control. The flow valve after the silencer lets ventilation gas flow towards the patient.
Excess flow is diverted and fed back to the accumulator. The bypass valve is controlled in
order to maintain a positive pressure drop over the flow valve, yet it also has the objective
to “ensure that excess energy is not wasted” [36]. The flow valve is of proportional nature
and is characterised, such that it also functions as a flow meter based on differential flow
measurement.

A solenoid valve is used to control the expiration valve pilot pressure.

Comparison with the Concepts Concept la is significantly different to all competi-
tor’s products described above: It employs less actuators than the LTV1000/1200, but
adds the large bore valve in comparison to the AIROX LEGENDAIR to account for higher
quality demands on flow control in emergency ventilation devices. The large bore valve at
the blower inlet possibly increases energy efficiency, an issue the popular LTV1000/1200
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is facing [11]. In addition, the approach employed with both concepts I and IT com-
pletely separates ambient air and oxygen flow control, whereas the LTV1000/1200 has
a valve placed in paths conducting the gas mixture.

The constant leakage enables to maintain cooling flow if correctly dimensioned, while it
remains unclear, how possible heat problems are coped with by the LTV1000/1200 or
DRAGER CARINA design.

Concept III is based on the LTV1000/1200 design, but makes an attempt at reducing
the number of actuators, by employing a single 3-2 way large bore valve.

3.3.6 Conclusion
Based on the aforementioned condensed items to assess the candidate concepts’ potential

performances in terms of control, effort and efficiency, an evaluation matrix is given in
figure 3.11. A significant amount of uncertainty encompasses the assessment, but a crude

E3 Effort

Concept III

Concept II
Concept Ib

Ex Energy <—
Efficiency
~ E2 Potential
Quality of
Control

Figure 3.11: Evaluation Matrix Assessing the Candidate Concepts’ Potential
Performances

relative comparison can be drawn from the graphic. Naturally, uncertainty is largest,
where potential effort is highest. This has been tried to reflect in the size of the boxes.

Concept Ib promises the best performance, but poses additional effort due to the in-
clusion of the venturi injector. As a first step, though, and based on this evaluation
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and the previous discussion of the concepts, concept Ia will be chosen as a functional
model to be constructed, nonlinearly modelled and controlled for a thorough practical
investigation of its viability and performance as a novel mechanical ventilator design.

66



4 Nonlinear Plant Modelling

It is this chapter’s intention to document the plant’s modelling and provide the relevant
equations and principles. The chapter is structured to present the individual compo-
nents’ modelling separately from section 4.1 to 4.9. The following section 4.10 is dedi-
cated to describe the methodology applied to synthesise a nonlinear overall state space
model for simulation. The final section deals with simulation and validation issues.

4.1 Blower

4.1.1 Brushless Direct Current Motor Model

BLDC! motors employ the principle of rotating the magnetic field induced by current
through the stator windings by electronic commutation, hence they are also called EC?
motors. Thus, with BLDC motors, the rotor is a permanent magnet and the current
in the stator windings is changed by electronic control, instead of having the armature
current commutated to swap polarity while rotating in the center of a permanent magnet
stator. This results in good dynamic performance and ease of controllability. The
brushless technology is free of wear and maintenance [22].

Figure 4.1 depicts a model circuit of a typical BLDC motor. For simplicity phase resis-
tances and inductances are assumed to be identical, as well as mutual inductance M is
assumed to be covered by L =L — M.

The commutation is assumed to always let the voltage vyt be applied to two phases
in series and to be a square-wave commutation in nature. The commutation is not to
be modeled, such that for the stator winding current ¢ = i, = i, = 4. holds. Thus the
circuitry can be simplified to figure 4.2.

'BLDC — Brushless Direct Current
2EC — Electronically Commutated
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4.1. Blower

Figure 4.1: Model Circuit of a Typical BLDC Motor in Star—Connection [31, slightly

altered]
By
“lD D
4;,_41'_

Figure 4.2: Simplified Model Circuit of a Typical BLDC Motor in Star—-Connection

The electrical dynamic equation of the electric circuitry therefore follows the same struc-
ture, a conventional DC motor could be described with:

Umot = 2L - di/dt +2r-i+2-e, (4.1)
with vt as the (controllable) motor supply voltage,
L as the phase inductance,
r as the phase resistance,
1 as the winding current,

e as the voltage resulting from back—electromagnetic force.
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4.1. Blower

The mechanical dynamics are governed by the same differential equation as if applied
to conventional DC motors, as well:

Theeh =J - w+b-w, (4.2)
with Tihech as mechanical torque exerted by the motor,

J as the mechanical moment of inertia,

w as the motor’s rotational speed,

b as the mechanical damping coefficient.

Mechanical power is computed by

Prech = Thmot * Vmot * %, (43)
with 7yt < 0.88 as the motor’s coefficient of efficiency [30],

and proportionality of torque with respect to current is established by

P mech

= Nmot * Km - %, (4.4)

with ky, as the motor’s characteristic torque constant.

Tmech =

This is due to the back-EMF? voltage being proportional to the rotational speed via

e=ke-w, (4.5)

with k. as the motor’s characteristic back-EMF' constant.

The resulting linear parameter-varying state—space representation yields:

(3] _r _ ke i 1
_ L L 2L | .
w - nmotkm _% w + 0 UmOt (46)
L L
XBLDC AgLpC XBLDC  BpLbc
) 1 0 ')
= . . 4.7
n 0 S?r] lw] (4.7)
~—~ ————
YBLDC CgLpCc  XBLDC

As the motor is not going to be actively braked, a lower bound of 0 A is to be imposed
on the current iy0. Furthermore, the energy supply is set to saturate at 2.5 A, which
also has to be taken into account. Figure 4.3 illustrates the state space model of the
BLDC motor with state saturation and figure 4.4 shows a simulated step response of the
blower motor model.

Also shown in figure 4.4 is a first order approximation of the BLDC motor model, which
will later be used for controller synthesis.
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Figure 4.3: State Space Model of BLDC Motor with State Saturation
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Figure 4.4: Simulated Step Response of the Blower BLDC Motor, — BLDC Motor
Model with Integrator Saturation, ---- First Order Approximation, —

Simulated Motor Current

4.1.2 Static Characteristics

A blower’s static characteristics usually follow a curve similar to figure 4.5.

As afirst approximation, the entirety of the blower is modelled as an ideal pressure source
with an additional throttle under turbulent flow conditions. Applying the BERNOULLI

equation 2.24 and the equation for turbulent flow through orifices 2.32 accounts for the
static characteristics being expressed by:

Apblower = Apﬁ(e)i}er - Ap{/)}ll(gwera (48)

. : 1 u\2
with Apﬁg%\}er = §Q0ut ( > s

1 Cthr .
A thr _ = b V2
Prlower = 2Q0ut Athr blower*
b

SEMF — Electromagnetic Force
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Figure 4.5: Typical Static Characteristics of a Blower Depending on Rotational Speed
and Volume Flow

The throttle’s flow coeflicient Cﬁhr, the characteristic throttle area A™* as well as the
characteristic fan area radius 7, can be determined experimentally as concentrated pa-
rameters.

Data for the blowers employed in WEINMANN homecare ventilation devices is available
and a multiple linear regression has been done to determine the coefficients rpjower and
Rplower- A normalisation with respect to standard conditions density further enables to
model the influence of ambient pressure on the blower performance:

1

DPvlower = §Qout : (rblower : n2 — Rplower - Vbzlower) . (49)

Figure 4.6 depicts the measured performance characteristics of the blower employed.

4.1.3 Integration

Figure 4.7 depicts the integration of the individual elements of the blower model de-
scribed above. It also indicates the integration of the model into the overall pneumatic
system, which happens via the signals pplower functioning as an input to the pneumatic
network and Vblower = Vlﬁglb — the resulting volume flow through the large bore valve
and blower. Ambient parameters, as well as the blower pressure, influence the density
at the blower outlet.
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Figure 4.7: Block Diagram Indicating the Integration of Individual Model Elements of
the Overall Blower Model
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4.2. Proportional Large Bore Valve

4.2 Proportional Large Bore Valve

The large bore proportional valve’s conductance Gy is modelled utilising equation 2.35
for turbulent flow through sharp-edged orifices. Figure 4.8 compares measured values
and the characteristic curve created by the model equation. The measurements have
been conducted by applying constant pressure drops for defined opening ratios, while
measuring flow. Calculation of conductance values by the quotient
Vl%v,meas
Glbv,mcas Aplbv,meas (4 1 0)

resulted in characteristics independent of flow and pressure.

A constant offset Gy leak = Glbv,meas\vzo has been extracted from the measured data
to respect leakages.

The final equation for modelling the large bore valve goes as follows:

. ar
ViZ, = Apiby (Gioe (V) + Gy teak) v = —20 S ¢ 1o 1] (4.11)
Qlbv, opened
a2a2
with Gy (v) = 2—2Y . 52 (4.12)
Oout

(L/ min)?
mbar
where oo = 0.611 for potential flow at ideally sharp-edged orifices,

Giby,leak = 0.1602 as the leakage conductance,

Qlby = Alby, opened ~ 160 mm? as the area for fully the opened valve,

Oout as the air density at the large bore valve outlet.

Because v has been treated as if the opening area were proportional to the opening angle,
the function o(v) is introduced to accommodate the deviation from the ideal quadratic
relation and thus improve the fit.

Figure 4.9 displays data stored in a lookup table, used to shift the characteristic curve.
For the lower opening ratios, the deviation resembles a square root function, showing
that the valve actually behaves linear in that area. The curve then enters a linear regime,
indicating a constant bias of approximately 0.1 (note the dashed lines). At v ~ 0.9 the
valve saturates.
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4.2. Proportional Large Bore Valve
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4.3. Pressure Control Valve

Coeflicients
N ppevin/bar  k{'/ Ln/li?irn ky'/ % k3 / m
1 2.7 41.169 0.271 20.989
2 3.0 41.115 0.252 21.129
3 4.5 22.141 0.072 11.456
4 6.0 14.659 0.032 7.676

Table 4.1: Look-Up Table Coefficients for the Static Pressure Control Valve Model [20]

4.3 Pressure Control Valve

The pressure control valve is a passive proportional controller, with the aim to regulate
for a constant output pressure ppeyrer = 2.5bar. Due to its comparably fast dynamics,
only a static model is used for simulation to incorporate the pressure control valve’s
steady state error into the simulation [20].

Deviations from the reference pressure occur due to increased flow V., and due to
decreased inlet pressure ppcy,in:

ppcv,out = ppcv,out (ppcv,ina Vpcv)- (413)
Measurements and least squares approximations have been done in [20] based on different
inlet pressures P{)ch,im N =1,...,4. Results were fit to the functions
. . _ N' y
Ppeviout = ki Vpey — ki« Vi, + 2.5eFs Voev (4.14)

The results are implemented in terms of a 2-dimensional look-up table as depicted in
figure 4.10. The coefficients klN are given in table 4.1.
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4.3. Pressure Control Valve
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Figure 4.10: Static Characteristics of the Pressure Control Valve with Respect to Vol-
ume Flow and Inlet Pressure
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4.4. Proportional Oxygen Inlet Valve

4.4 Proportional Oxygen Inlet Valve

The oxygen inlet valve used in the functional model has been modelled in detail in [20].
It has been shown, that supercritical flow conditions always hold, except for a negligible
error. This makes the proportional oxygen valve a near ideal mass flow source.

An important result of [20] exists in the static relation between volume flow V;9* and
valve opening ratio vgy:

‘./;I?Q (’UOV) = 0.484m - DOV . M Y 2- RambTamb : hov,max " Vov, (4'15)
DPpb + Pamb

with Doy = 4.0 - 1073 m as the valve’s membrane diameter,
Pamb as the ambient pressure,
Ppb as the pressure after the oxygen valve,
R.mp as the ambient universal gas constant,

Tampb as the ambient temperature,

Ahoymax = 2.0 - 10~* m as the valve’s maximum armature lift.

A feedforward control algorithm corrects for changes of the static valve characteristic
due to Thmp and pamp, which is already implemented in the MEDUMAT Transport .
The influence of pyy, is deemed negligible, since ppey,out > Ppb-

100
S
8 3 £ 1
= & = 5
g 50 o
3N %
0o s = 0.5
@) N 251 ©) &
@)
0 i i i 0
0 025 0.5 0.75 1 0 0.02 0.04

Normalised Oxygen Time #/s

Valve Current i,

Figure 4.11: Static Characteristic of Measured Oxygen Valve Flow versus Measured
Normalised Current (1.) and Simulated Oxygen Valve Opening Ratio
Step Response (r.)
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4.4. Proportional Oxygen Inlet Valve

The dynamic behaviour is modelled by a linear transfer function G, ;.. (s) ,which is
composed from

Growsion (8) = Goy,Fruag (5) * G Fagiion (5), (4.16)
%V(S) — AF . wgv
Fmag<8> rag,max s2 + 2<0Vw0V ©5+ ng7
as the transfer function from magnetic force to opening ratio,
G Fnagriov (8) = ]j.mag(s) — Dlovpmx ! ,
ov($) AFmagmax (148 Tov1)(1+ 8- Tov2)

as the transfer function from normalised current to magnetic force,

with GUOV,FH,ag(S) =

where AFjagmax is cancelling out,

ra
Woy = H45b—— is the mechanical system’s natural frequency,
s

Cov = 0.2 is the mechanical system’s damping coefficient,
Algy,max = 380mA — 130 mA is the linear span of current inputs,
Tov,l = 4.88 ms,

Tov,2 = 2.34ms are the electrical system’s time constants.

A step response of Gy, .. ($) is shown in figure 4.11 (r.) [20]. The valve’s static char-
acteristic of flow VH? 2 with respect to normalised valve current iy, is given in figure 4.11

(L).
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4.5. Check Valves

4.5 Check Valves

Several check valves have been incorporated into the pneumatic network. Their charac-
teristic’s have been determined in [20] and follow

Pev = Rcv,lam : ‘./cv + Rcv,turb : ch%; (417)
b
With Rey jam = 0.1667 0
min
_5 mbar
Ry turt, = 2.3068 - 10 3
( min)
Figure 4.12 illustrates the construction and defines flow and pressure nomenclature.
1% P

8
Forward gy o-> O%N—o
Flow /

Check Valve

Membrane

Figure 4.12: Check Valve Constructional Drawing [48] and Modelling Circuit

4.6 Ventilation Hose

The inspiratory flow is fed through a flexible ventilation hose. Due to its elasticity and
the comparably large volume it contains, the ventilation hose is modelled as a pneumatic
low pass with resistance and compliance (cf. figure 4.13). The ventilation hose’s dynamics

Figure 4.13: Model of the Ventilation Hose as a Pneumatic Low Pass
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4.7. PEEP Blind

Type of Ventilation Hose

Quantity Reusable Single—Use
—4 b —4 b.
Ry 2.4691-10 (LZ“T?;)Q 1.0884 - 10 (L]ZnT?;)Z
Con  16-107% = 23-107°0

Table 4.2: Ventilation Hose Parameters [20]

are governed by

Pvhin = Pvh + Dvh,C»

1
Dvh,C = o Vin,co,

Pvh = th ' V2

vh,in»

Vinout = Van,in + Vin,c-

Resistance characteristic curves and compliance estimates have been determined in [20]
for two types of ventilation hoses — single—use and reusable hoses. Table 4.2 reproduces
the results in terms of concentrated parameters assuming turbulent flow. Experimental
measurements in [20] showed, that time constants range between 7y, ¢y € [0.8...2.3 ms]
and Tyh mu € [0.3...0.8ms] for the single—use and reusable ventilation hoses, respectively.

Due to the fact, that pressure is transmitted by the speed of sound, a time-delay is
introduced by

DPvh,C (t - tvh,d) = Pvh,in (t) (418)

With the speed of sound of a = 343.27F and an assumed length of 2...3m this accounts
for a time delay of ¢y, 4 ~ 5.8...8.7ms.

4.7 PEEP Blind

The PEEP blind is a small orifice, through which the mixing chamber can discharge and
equalise with ambience. This orifice is a component already used in the MEDUMAT
Transport and its resistance value is known [20]:

Appb = Ry, - szba (4.19)

mbar

ith Rpp = 51.6529—F——.
WA b (L/ min)?

A dimensional drawing and the pneumatic circuitry, which considers the PEEP blind in
conjunction with the mixing chamber’s compliance, is given in figure 4.14.
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4.8. Patient Valve

Forward
Flow

Figure 4.14: Dimensional Drawing of the PEEP Blind [48] and the Model Pneumatic
Circuitry also Considering the Mixing Chamber’s Compliance

The mixing chamber’s compliance is determined experimentally by measuring the pres-
sure ppp, during discharge. An exemplary curve is given in figure 4.15. The dashed lines
indicate the approximate duration of discharge as Atpeep ~ 50ms. The time constant
Tpeep A 35 ms is identified from pyp, having decreased by 63.2 %, thus assuming first order
dynamic behaviour. Eventually an approximate compliance is determined by varying the
parameter Cp}, and comparing nonlinear simulation results with the measurement. The
value is identified to Cpp, = 5...7- 1075 L/ mbar, which corresponds to applying equation
2.36 with an estimated mixing chamber volume of V;, = 70 mL

Af
peep

S

pb

—_
o

— A O
VA

Mixing Chamber
Pressure p / mbar

0.10 0.15 0.20 0.25 0.30
Time /s

Figure 4.15: Measurement of Discharge via the PEEP Blind, — Measured Discharge
Curve, — Simulated Discharge Curve

4.8 Patient Valve

The expiration valve acts as an almost ideal pressure controller, with which a controlled
expiration with or without positive end-expiratory pressure ppeep is realised: A mem-
brane is installed on top of the expiratory outlet. The pilot pressure ppiiot, which equals
the pressure drop over the PEEP blind (cf. section 4.7), results in a force closing the
expiratory path, whereas the patient’s airway pressure results in an opening force. The
ratio of areas rpeep Of both sides of the membrane determines a characteristic ratio of
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4.9. Patient Airways

pressures for enabling expiration against a certain PEEP. An additional check valve
prevents the expiratory flow Ve, from reentering the ventilation hose.

Figure 4.16 depicts both a constructional drawing and the pneumatic circuit by which
the patient valve is modelled.

The PEEP is modelled by the following equation:

Ppeep = Ggelep ) Vexp ~+ T'peep * Ppilot (4.20)

L/ mi
1 0.0392 rr/ﬂr)r;,lrn ,fOI‘ Paw > rpeep : ppilot

with Gpeep = ¢ 1, / min
0 mbar ,fOI' Paw < rpeep : ppilot

Tpeep = 1.7

Dpilot (t - tpilot,d) = ppb(t)

With the speed of sound of a = 343.277 and an assumed length of 2...3m this accounts
for a time delay of tpiiot,q ~ 5.8...8.7ms.

In the above formulation Gpeep — 0 will result in a singularity, which is automatically
avoided in the complete system description. Section 4.10 will expand on this. Further-
more, it should be noted, that the patient valve’s characteristic can be approximated by
linear (laminar) behaviour, which has been shown in [20].

Pilot Pressure P
Connector \ Cover — v
-~ v @W__>ﬁ
Control Membrane & \ ;.
\ Expirator
RN R,
Rl '''''' /g\ /» :
Inspirator ! F- Py ! ?
%law ) '-’ J' E
5, U |
Check Valve é

Figure 4.16: Patient Valve Constructional Drawing [48] and Modelling Circuit

4.9 Patient Airways

The patient’s airways are modelled according to the single compartment model intro-
duced in section 2.3. It is augmented by a pressure source, which simulates the patient’s
spontaneous breathing activity (cf. figure 4.17). Laminar flow is assumed with the pa-

84



4.9. Patient Airways

Figure 4.17: Model of the Patient’s Airways According to the Single Compartment
Model

tient’s airways, which results in the following differential equation governing the patient’s
airway pressure:

. 1
Paw = Raw : Vaw + =" Vaw- (421)
Caw

Taking into account spontaneous breathing, the airway pressure becomes

ﬁaw = Paw + Pmus- (422)

Realistic values for the airways’ resistance and compliance are given in section 2.3.
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4.10. Pneumatic Network

4.10 Pneumatic Network

The pneumatic network is simulated as two superimposed subsystems, as to reflect am-
bient air and oxygen volume flows. Check valves and the expiration valve introduce
topology switches, which are accouted for by first deriving dynamic equations for in-
spiration and expiration separately. The following principles are applied to model the
complete network:

Pseudo—Linear Modelling The pneumatic network equations will be formulated by
mesh and node equations as if it were a linear network. The nonlinearities in-
troduced by turbulent flow conditions are then taken into account by

Ap=R(V) V,

with R(V) =R - |V|.

System gains are continuously updated according to the system’s current flow
magnitudes.

Superposition The linear representations of subnetworks belonging to single pneumatic
power sources or ventilation gas types, respectively, are superimposed. Still, flow
dependent resistances change according to the total flow, e.g.

Ap = Apt + Ap'L,
with Ap' = R(V) - V1,
Apt = R(V) -V,
R(V)=R-|[VI4 V1.

and superscripts ! and ! indicating subnetworks 1 and 2.

Switched Systems To appropriately model the influence of the check valves on the
system’s behaviour, pressure drop over check valves will be formulated in terms of
conductance: GAp = V. If the respective conditions require a valve to stop flow,
G = 0 holds. The system is therefore modelled as an linear—parameter—varying
(LPV) in the broadest sense of its definition: The system depends linearly on its
states and inputs and nonlinearly (softly or hard) on a set of parameters, denoted
0 [4].

4.10.1 Inspiration

Subnetwork 1 — Blower Figure 4.18 displays the pneumatic subnetwork for the
blower pneumatic power source during the inspiratory phase. The topology incorpo-

86



4.10. Pneumatic Network

Pea P Pa Py
EE— e e — R — I;;/
- aw
,7 * <3W\v'\|I @AVAV’\‘I <=/ — | OAVAVA‘_ e
¢ amb 14 .
le L‘ \{ | le Rr\l " R h V\w:r \ Rw
ek
ol
Prioves G Pac Pus
[
RS,
(e P
1
pb,C \ |
Run(’d) ><' Py pr > < th /7“’1 P
| =
A\ A4 $

Figure 4.18: Pneumatic Subnetwork 1 for the Blower Pneumatic Power Source during
Inspiration

rates three energy storages (compliances). Correspondingly three equations model the
dynamic behaviour. The following mesh and node equations have been selected:

1 1 I I
Pyh,¢ = Paw = Ppv — Pmus = 0 (Mlinsp)
1 1 I I
ppb — Pyh,c — Pvh — pcv,Q =0 (M2ilnsp)
“ramb “ramb ya! 71 71 71 I
Vi?)vm - Vigzrxrll( - Vvvh,C - Vaw - Vpb - Vpb,C =0. (Nlinsp)

The ambient air flows can be expressed in terms of the blower pressure (while check
valve 1 is being neglected for simplicity), which marks another mesh equation used to
eliminate the ambient air flow:

vi%z;nb = (pblower - p%)b) : Glbv(”)v (4.23)

It has been chosen to express Vl%{,nb in this way, such as to introduce the blower pressure

input to the system and obtain a simpler formulation, since péb can easily be expressed
by the compliance’s stored volume V;b ¢ anatural choice for a system state. The leakage
flow can be expressed by

Vi = - (4.24)
ea.
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Figure 4.19: Pneumatic Subnetwork 2 for the Oxygen Pneumatic Power Source during
Inspiration

Subnetwork 2 — Oxygen Source Figure 4.19 displays the pneumatic subnetwork
for the oxygen pneumatic power source during the inspiratory phase. Again, mesh and
node equations yield

11 11 11 _ I
pvh,C — Paw — ppv — Pmus = 0 (Mlinsp)

11 11 1 I I
Ppb = Pyh,C¢ — Pvh — Pev,2 = 0 (Mzinsp)

7O2 yal! yall yall S I
‘/in - Vvh,C - Vaw - Vpb - Vpb,C =0. (Nlinsp)

4.10.2 Expiration

The system’s topology enters the expiratory phase, if the expiratory valve opens. Check
valve 2 is then assumed to close, preventing flow from entering the ventilation hose.

Subnetwork 1 — Blower Figure 4.20 displays the pneumatic subnetwork for the
blower pneumatic power source during the expiratory phase. Selected mesh and node
equations yield

I I
Ppeep — Paw — Pmus = 0 (Mllexp)
“ramb “ramb 71 ya! I
Vi%gl - Vig;rll( - Vpb,C - Vpb =0. (Nlexp)

Equation 4.23 applies here as well to introduce the blower and large bore valve as the
actuating elements. An additional switch of the system’s topology may occur, if check
valve 1 closes. This is assumed to only take place during expiration. Furthermore,
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Figure 4.20: Pneumatic Subnetwork 1 for the Blower Pneumatic Power Source during
Expiration

the pressure drop over this check valve may have been neglected for simplicity, but its
influence on the topology is taken into account (cf. figure 4.21). In this state, the blower
is prevented from providing flow through the PEEP blind, which discharges directly
against atmosphere.

Subnetwork 2 — Oxygen Source Figure 4.22 displays the pneumatic subnetwork
for the oxygen pneumatic power source during the expiratory phase. The right hand
side of figure 4.22 remains unchanged compared to the blower power source subnetwork.
Still it is part of subnetwork 2 as the state for oxygen volume stored in the patient’s
lungs is calculated separately from the ambient air.

Mesh and node equations yield

11 11 _ II
ppeep — Paw — Pmus = 0 (Mlexp)
702 yall ya! I II
‘/in - Vpb - Vpb,C - Y (Nlexp)

4.10.3 Subnetwork State Space Formulations

Defining
Vaw Vaw
x'=|Vool, xX=|Vacl: (4.25)
Vob,c Vob,c

with i € [I,11]
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Figure 4.21: Pneumatic Subnetwork 1 for the Blower Pneumatic Power Source during
Expiration and Check Valve 1 Shut

as states and state derivatives of subnetworks 1 and 2, respectively, as well as

o,
ul = [Apb] ;o oull= lVin ] : (4.26)

mus mus

as inputs, enables to formulate the subnetwork’s dynamics in terms of state space systems
with nonlinearly changing gains by calculating the respective Jacobians. The methodical
approach employed here is based on standard linearisation, which is well described in
[29]. Subscripts insp and exp are dropped, since the following derivations apply for both
conditions of topology.

Node and mesh equations above are compiled to vector functions
fi(x!,x,ul) =0 with f € R>. (4.27)
If a subnetwork’s dynamics in a specific condition of topology is sufficiently described

by less than 3 equations, a zero equation is added.

The subnetworks’ state space formulations in implicit form for i € [I,II] yield
E'x — Aix + Biul
where Ef, Al B! are derived from

Ei:aiifi(-), Al = (1), B'= _=fi(-). (4.28)

oxi oul
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7 02
[vn

Figure 4.22: Pneumatic Subnetwork 2 for the Oxygen Pneumatic Power Source during

Expiration

Since fi(x!,x!,u') are all differentiable and due to the fact, that all nonlinearities are

hidden in the resistance coeflicients

o1

x
£1(0, x4, uj)) + [—Ei Al Bi} | x
—_— ul

=0

holds. Explicit formulation is obtained by inversion of E':

x= A" x+ B' u
~~ ~~
(Ei)—lAi (Ei)—léi
The output equations
Xi
yi — Ci X Xi
ul

=0 (4.29)

(4.30)

(4.31)

are extended to also depend on state derivatives x' and inputs u'. They are obtained in
a similar way, by setting up the respective terms that formulate several quantities used

in the model. Details are omitted here for brevity.
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4.10. Pneumatic Network

4.10.4 Topology Switching Conditions

The above derivations have omitted dependency of the system gain matrices on states
x!, state derivatives X' and system inputs u'. These directly influence the resistance and
conductance values of the pneumatic network compiled in the vector

ch, 1
GCV,Q
th
Ry,
Gpv
Ryeax
Giby

_Gpeep_

f(%x,x,u) = (4.32)

Superposition is applied to obtain:
% =% +x",
x = x' + x',

T
uT:{uIT uIIT} :

Pressure ratios account for discontinuous check valve behaviour. The conditions em-
ployed to set check valve conductances to zero are:

Paw > Pvh,C ~ Gpv = 07 (433)
pvhe >ppb & Gev2 =0. (4.34)
Ppilot * Tpeep = Paw <= Gpeep =0. (435)

Condition 4.35 marks the condition for inspiration (cf. section 4.8). In fact, it can be
shown, that due to the formulation of the check valve resistances as conductances, the
derived state matrices can be separated into topology dependent parts and subsequently
added, e.g. :

AI(G) = A«icommon(9> + A%nsp(e) + Aiexp(e) ie [Ia II] : (436)
always active active during inspiration  active during expiration

Figure 4.23 displays a simplified scheme of the nonlinear simulation expressed in terms
of a time-varying state space model framework.
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Figure 4.23: Nonlinear Simulation Scheme in Terms of a Time-Varying State Space
Model Framework
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4.11 Simulation and Validation

Simulation Issues Due to the nonlinear structure of the model (cf. figure 4.23), state
space matrix gains can vary strongly. In terms of linear system’s theory, dependence of
Ci(#) and Al(6) on state derivatives and inputs introduces implicit direct feedthrough.
A solver, which can handle stiff systems is therefore necessary to simulate the nonlinear
model. The MATLAB native solver ODE23s provided satisfactory results at resonable
computation times. The solver is based on a modified ROSENBROCK formula of order 2
[43].

Validation It has been refrained from doing a thorough validation of the overall system
for the following reasons:

e The modelling approach used in this thesis has already been applied to the WEIN-
MANN MEDUMAT Transport and some components are taken from this device.
The individual components’ dynamic behaviour is thus validated and has already
been presented in the respective sections.

o Ambient effects have been introduced for the very reason to extend the potential to
analyse the ventilation device’s behaviour under circumstances, which can not be
reproduced with the facilities available at WEINMANN. For this reason, though the
mathematical modelling of the ambient parameters is plausible, Mainly qualitative
conclusions can thus be drawn from the simulation model, which predominantly
cover the aspect of robustness.

Despite this reasoning, a few measurements have been made, of which figure 4.24 provides
an example of the system’s response to a step input vmet0(t) = o(t — tstep) With patient
airway parameters R,y, = b50mbars/L and C,, = 0.03L/mbar. An IMTMEDICAL
SMART LUNG is attached to the functional model with corresponding parameters.

While the pressure curves match very well, comparing the flow reveals a shortcoming of
the model. The simulation model only employs a linear model of the patient airways
and neglects nonlinearities. As indicated in figure 2.14, the lung compliance behaves
nonlinearly above (and below) a certain volume. This is not accounted for in the simu-
lation model. Since the IMTMEDICAL SMART LUNG is also only a mechanical model of
a human lung, it is also not completely capturing the dynamic behaviour of a real lung.
Despite this fact, it can saturate, for its construction is based on a frame, in which an
inflatable bag is placed.
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5 Functional Model

This chapter will briefly explain, how the primary concept — which has been modelled
in the last chapter — is implemented in hardware. First, the most important compo-
nents are described. They are mainly taken from already available WEINMANN products
or previous research, making use of the company’s experience to the largest possible
extent. Their interfaces to the existing MEDUMAT Transport hardware, which hosts
an INFINEON XC161 16-bit microcontroller for control and an embedded PC for patient
monitoring and user interaction, are designed and configured to make a single functional
model. These interfaces are briefly explained at the end of this chapter, which gives a
concluding overview of the hardware layout.

5.1 Components

Blower The radial blower by MICRONEL (cf. figure 5.1) is powered by a one quadrant,
three-phase brushless direct current motor with hall sensors. A Maxon DEC 50/5 motor
controller takes over the commutation to power the three phases consecutively, in order
to let the motor exert torque. An analog reference signal of up to 5V can be fed to
the controller, which is set to control the motor voltage in open—loop. The closed—loop
speed controller is disabled by intention, as the higher-level controller on the XC161 will
be designed to enforce zero steady state error with respect to reference pressure. Having
the motor controller also enforce reference tracking with regard to the speed results in
double integral action and the closed-loop performance deteriorates. The blower voltage
control signal is generated by low pass filtering a digital 1 kHz PWM signal output by
the microcontroller.

Large Bore Valve The large bore valve is constructed from plastic and has a rotating
inner component, whose position is varied by a small stepper motor. Two tear drop
shaped orifices are placed onto a conical wall inside the flow channel. The rotating part
has gaps to match the orifices and can be turned 90° to either open or close the valve in
400 steps. A schematic illustration of the valve is given in figure 5.2.

The stepper motor’s data is listed in table 5.1.

A NANOTEC SMC-11 stepper motor driver processes a clock and direction bit signal
output by the microcontroller to rotate the motor. It also provides means to limit the
stepper motor current. For every negative flank of the clock signal, the stepper motor
performs a single step. Pulse widths have been experimentally identified to be required
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Figure 5.1: Technical Drawing of the MICRONEL Blower Used in WEINMANN Homecare
Ventilation Devices [48]

at least 100 ps in duration for robust stepping. Consequently the valve takes 40 ms to
completely close or open from the respective opposite starting position. For directional
changes almost 2ms are necessary. A stopping pin can be used to home the stepper
motor.

Oxygen Inlet Valve [20] The oxygen inlet valve has been used from the original
MEDUMAT Transport hardware. It is a proportional magnetic coil valve driven by
currents ranging from 0...417mA. The proportional span between opening current and
saturation current ranges from 130...380 mA.

Characteristic Value

Symbol Value
Number of Gears Nigears 100
Microstep Factor z 4
Stepper Poles P 4
Steps  Ngteps = Ngears - 2 -p 1600
Step Resolution 360°/Nsteps 0.25°

Table 5.1: Stepper Motor Characteristic Values [13]
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Figure 5.2: Schematic Illustration of the Large Bore Valve

Flow Measurement The functional model hosts two different flow sensors. An ul-
trasonic sensor uses the pulse transit—time method to infer the volume flow rate of the
oxygen. It is part of the original MEDUMAT Transport design. An additional flow
sensor is based on differential pressure measurement. A specially designed flow chan-
nel (cf. figure 5.3) borrowed from the VENTILOGIC homecare ventilation device marks
a resistance introduced into the flow path. The characteristic curve of both the resis-
tance and a SENSIRION SDP1108-W7 differential pressure sensor has been identified at
WEINMANN during previous work and is implemented on the microcontroller to deduce
the total flow. The pressure sensor signal is filtered by a hardware low—pass filter with
bandwidth 25 Hz (~ 157.1rad/s).

Figure 5.3: Differential Pressure Flow Measurement Channel [48]
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5.1. Components

Leakage The dimensioning of the intentional leakage behind the blower is subject
to the constraint of the lowest possible PEEP, which can be attained. Based on a
simplified pneumatic network in steady state (cf. figure 5.4) equation 5.1 can be derived,
to investigate this matter.

ramb I
Vi A

V”Lﬂ Y y e
“ Priowe "

P R, > < P
Ry, ‘ w0 P

Figure 5.4: Steady State Network Topology for Minimum PEEP

Ppeep,min (Rleak) =

V Rleakpr (51)

* Pblower * T
Rlbv|v:0 (\/Rleak + \/pr) + \/ Rleakpr owe peep

Figure 5.5 depicts an evaluation of the lowest attainable PEEP versus the leakage re-
sistance for different blower pressures. The dashed line indicates the resistance chosen.
A minimum PEEP of 7.2mbar can be applied, while the blower is still running at full
speed and the large bore valve is completely closed. A trade—off between low PEEP and
limited leakage flow has to be made.

From figure 5.6 it becomes obvious, that a sufficient amount of cooling flow cannot be
guaranteed with the current pneumatic structure. To amend this, the blower needs to
reduce speed during expiration. Equation 5.2 is used to calculate the cooling flow during
expiration.

. Pblower . b
Vamb — ~ Vam 52
Ibv B | N \/m leak ( )
lbviv=0 pr“l‘\/ Rleak
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5.0
4.0
3.0
Preepymin= 2.2 mbar Prsan=40 mbnr/
2.0

// Potowen= 20 mbar
blowe bar

p/ Prrwe= 10 mbar

0 0.01 0.02 0.03 0.04 0.05
Leakage Resistance R leak / (mbar/ (L/min)z)

=
o

0

Lowest Attainable PEEP / mbar

Figure 5.5: Lowest Attainable PEEP versus Leakage Resistance for Different Blower
Pressures
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Figure 5.6: Remaining Cooling Flow versus Leakage Resistance for Differen Large Bore
Valve Opening Ratios
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5.2. Hardware Layout

5.2 Hardware Layout

Figure 5.7 depicts signal flows to and from the microcontroller. Pneumatic elements
and networking have been set up according to the concepts described in the previous
chapter.
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Figure 5.7: Hardware Layout and Signal Flow Diagram of the Functional Model
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6 Controller Design

In this chapter, model-based controller synthesis for simulation and implementation
in the functional model is covered. The introductory preliminary remarks cover all
aspects common to the synthesis of the individual controllers, including a delineation
of the controllers synthesised, the common design objectives and relevant parametric
uncertainties, as well as the general synthesis procedure employed. After that, controller
synthesis is covered in detail in the next three consecutive sections, 6.3, to 6.5. Section 6.6
will briefly explore degrees of freedom with regard to energy optimisation induced by the
controller structures chosen and discusses their advantages and limitations. A simple first
approach is documented, which has been implemented for the functional model. Section
6.7 provides a short survey about bumpless transfer schemes for controllers of arbitrary
structure. Its necessity with respect to the safety of VCV based modes is pointed out,
an initial solution is proposed and its effectiveness demonstrated by simulations. The
final section 7.2 shows results of both the simulated controlled plant and the controlled
functional model.

6.1 Preliminary Remarks

Synthesised Controllers Table 6.1 provides a rough delineation of the relevant con-
trollers to prove the feasibility of the ventilation device concept. Check Marks Indi-
cate Controller Configurations Designed and Tested, Crosses Indicate Combinations
Irrelevant in the Context of this Thesis. Since efficient control for oxygen levels of
Fio, = 100vol. % has already been implemented in the existing MEDUMAT Transport
product and the functional model essentially uses the same actuators for that matter,
proof of concept in that range is deemed unnecessary.

Common Design Objectives Controllers are synthesised on the basis of linear mod-
els of the plant in its respective operating condition. The H,, norm based approach is
chosen, in order to conveniently define the desired closed-loop behaviour and demand
robustness against parametric uncertainties. Robustness against model inherent non-
linearities due to turbulent flow are neglected and the initial assumption is made, that
integral action can cope with them. This is validated by simulation and implementation.

Design objectives common to all controllers exist in the following items:

1. Robustness against uncertainty with respect to the patient’s airways’ parameters, as
well as robustness against uncertainty of ambient parameters.
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6.1. Preliminary Remarks

Mode/Phase of Ventilation
Fio,/vol.% PCV VCV  PEEP

91 v Y v
21..100 Y X v
w0 X X X

Table 6.1: Matrix of Controllers Designed and Tested, Check Marks Indicate Controller
Configurations Designed and Tested, Crosses Indicate Combinations Irrele-
vant in the Context of this Thesis

2. Fast Tracking of reference step inputs with minimum steady state error and no
(VCV) to minimum overshoot (PCV and PEEP).

3. Rejection of measurement noise and output disturbances.

Parametric Uncertainties The relevant parametric uncertainties are illustrated in
figures 6.1 and 6.2. The latter indicates how the ambient parameters pressure pamp and
temperature J,mp are combined to the single parameter of ambient pressure gump by
means of the ideal gas law.

The choice of values to generate the family of plants with is based on the parame-
ter space method [2]: If uncertain plant parameters are constant or vary only slowly
compared to the system dynamics, a controller is guaranteed to perform well in all
points of the parameter space enclosed by its physically relevant extrema. Conse-
quently, let P := {(Raw, Caw)|Raw = Raw,i,Caw = Caw,i,? = 0,1,2...,8} denote the
set of vertices representing extremal combinations of patient airways’ parameters and
let D := {0amb|0amb = Qamb,i,? = 0,1,2} denote the set of extremal ambient densities,
where each set also includes the nominal condition for ¢ = 0. Furthermore let 2 := P xD
denote the set of parameter combinations used for synthesis. Not displayed here for
brevity, ambient parameters also influence the oxygen valve’s output flow, which adds
further vertices O := {Kov|kov = Kov,i,? = 0,1,2} to the parameter space: 1 :=Q x O.

Synthesis Procedure The general synthesis procedure follows the steps described
below.

1. Continuous Time Controller Synthesis Shaping filters are designed and applied to
full order continuous time Hy, controller synthesis for the nominal plant.

Though no widely accepted research indicates, that overshoots in both flow or pressure controlled
ventilation are particularly harmful to the patient, this is how current ventilation control objectives
are expressed.
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Figure 6.1: Visualisation of the Range of Required Robustness with Respect to the
Pulmonary Parameters

2. Discretisation of Nominal Controller The found controller is then discretised and
reduced in order using balanced reduction. Control has to be sufficiently satisfying
at least for the nominal plant.

3. Direct Synthesis of Robust Low Order Controller A low order controller is directly
synthesised in discrete time, taking into account time delays and parametric uncer-

tainties. The previously discretised reduced order controller is serving as a starting
point for the HIFOOD algorithm.

4. Synthesis of Explicit Static Anti-Windup Controller Augmentation The controller
is eventually augmented by static anti-windup gains by applying theorem 6.1 for
robust anti-windup compensator synthesis, an extension to theorem 2.2 found in
[41] developed in this thesis.

The design procedure is iterative in nature and also requires some intuition for filter

design. However, the following section will only present the final design and reasoning
behind it.
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6.2. Robust Explicit Static Anti-Windup Compensation
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Figure 6.2: Visualisation of the Range of Required Robustness with Respect to the
Pulmonary Parameters

6.2 Robust Explicit Static Anti—-Windup Compensation

To achieve the best performance, the ventilation controllers are designed to make use
of the actuators within the full range constrained by their saturation boundaries. This
requires anti-windup compensation as explained in section 2.5.5.

An extension to theorem 2.2 has been developed in this thesis, to also allow for anti—
windup controllers, that work for a family of plants, enforcing robust anti—-windup per-
formance.

Theorem 6.1. (Extension of Explicit Static Anti-Windup Synthesis for Uncertain Dis-
crete Time Systems) Define the family of N strictly proper plants

Gi(z) = l‘é;” Bgvi ] , i=1,...,N, (6.1)

and further definitions are as in theorem 2.2, except that the interconnection 2.59 is
accordingly extended to form the family of N interconnections P;(z), then any P;(2)
s globally stable for all ¥ and has a mazximum induced ls gain performance of v, if
there exists a matriz Q = QT > 0,Q € RMtnetnmu)x(ngtnetnu) o diggonal matriz

T
M > 0,M € R™*™  an arbitrary matriz X := [Af Aér] M € ROwtna)xnmu gpq
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6.2. Robust Explicit Static Anti-Windup Compensation

scalars v > 0, d > 0, such that the following set of N LMIs with objective to minimize
v are satisfied:

[ —Q * * * *
0 —~1 * * *
Cu,iQ Dur —2M * * *
C..Q D., 0 AT . <0, ¢+=1,...,N. (6.2)
Aﬂ' Br‘,i B(;’Z‘M - BeX 0 —Q *
. 0 M 0 0 —dI |

A solution is not guaranteed to exist. However, experience has shown, that redesign-
ing controllers to be more conservative with respect to their performance, increases the
likelyness, that a feasible solution with acceptable Iy gain performance can be found.
Therefore, constraints imposed by the shaping filters have been slightly reduced, when-
ever anti-windup compensation synthesis has been found infeasible. This has always
solved the issue in this thesis.
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6.3. Volume Controlled Ventilation

6.3 Volume Controlled Ventilation

Control Problem and Approach Volume controlled ventilation is approached as a
SISO control problem. A reference flow Vi ret and reference fraction of inspired oxygen

Fio, ref is provided by the higher control level, from which two distinct reference flows
Vamb

awref and V02 ¢ are calculated by making use of the set of equations:

aw,re

. . b )
FiOg,ref . Vaw,ref =0.21 ;Vn:lref + V-2

aw,ref?
. __ Yramb 7O2
Vaw,ref - Vaw,ref + Vaw,ref‘

Figure 6.3 depicts the defining control loop.

N
V amb ~ eV;‘:an Kamb ( ) ulbv *> amb
aw, ref N VCVvV Z Vaw
;0 5, G ey(2) J7 02
aw, ref O_ € 0, KVCV(Z) ~ aw
Vaw u

ov

Figure 6.3: Problem Defining Control Loop for Volume Controlled Ventilation

For brevity, only the ambient air flow controller synthesis is explained in this thesis.
However, an oxygen valve controller, which is used to track Va?NQref in both volume con-
trolled and pressure controlled ventilation modes (cf. next section) has been synthesised

using the same techniques.

The large bore valve is chosen as the controlled actuator, because, considered as a
controllable resistance, it effectively converts the pressure source to a flow controllable
flow source and therefore is a natural choice for flow control. The decoupling of the
blower setpoint from valve control also gives rise to energy saving feedforward control.
Section 6.6 will expand on this.

Linear Plant Model Figure 6.4 displays a simplified pneumatic network used to
derive a linear plant model. The differential equation

(Raw + Rieal) - VAP 4 “v/Diby * Vlby (6.4)

aw -
Caw Olbv,out

defines the system’s dynamic behaviour, where o1,y out & Qamb is simplified and Rijeax =
R . = Ricakturb - Vi%ys Pibv = pi), are assumed to be at a nominal value. Due to the
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Figure 6.4: Simplified Pneumatic Network for Volume Controlled Ventilation

integral behaviour of the plant, no steady state exists. Considering typical conditions

Vlgak = 20L/min and p{ = 2.5 mbar are assumed feasible choices.

Note, that the dependence on the blower pressure ppiower 1S only implicitly contained
in the equation by the pressure drop over the large bore valve pp,,. The exact relation
is irrelevant, as this fact is exploited to decouple blower speed setpoint from volume
controlled ventilation: Since only the large bore valve’s opening ratio v,y is controlled,
the controller output ujy () will be corrected by a factor 4/ p?bv /DIy, meas, for which it is
necessary to measure the pressure drop over the large bore valve.

Figure 6.5 details the ambient air flow control problem, by taking into account the
aforementioned feedback linearisation and anti-windup feedback.

PO
Ibv
1bv, meas

. €, amb ~ A

amb Vaw u l i ”

m . .
aw, ref N amb Ibv 1bv Ibv amb /4 amb
KVCV(Z) I_,X / GVCV(Z) aw
51bv ~
u—

Figure 6.5: Problem Defining Control Loop for Volume Controlled Ventilation (Only
Ambient Flow Control is Shown)
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6.3. Volume Controlled Ventilation

The large bore valve’s behaviour is modelled to be of first order with time constant Ty .
A set of plants Gvcv,(s), | = 0,1,2,...,#Q can then be represented by normalised
state space models of the form (the superscript amb for system descriptions has been
dropped for brevity for the remainder of the section):

1/ amb _ 1 201y B 1 \/ ity 1/ amb 0

aw = CaW(RaW"FR?eak) (Raw+R?eak)Qamb . aw + 1 . vle

T1by 0 — 1 Ziby al
—_—— Tlbv —_——  — T umy(t)

Gvev,(s) == *vov(®) . Avcv, xvev(t)  Bvev

y 2aa,y R Y
Vambv* = — . | 1 Ibv Yeak lbv | .x t

= aOVV CaW(RaW—i_R?eak) (R3W+R?eak)gﬂmb VCV( )
yvev(t) p

VCV,1

(6.5)

Shaping Filters and Synthesis Figure 6.6 shows a plot of the singular values of the
discretised open-loop system. The positive slope of +20dB at low frequencies indicates
a zero at z = 1. Therefore, in order to achieve good reference tracking a near double
integral behaviour of the controller is necessary, requiring the controller to be at least of
order 2. Weighting filter constraints for the sensitivity and control sensitivity have been

10 - - - - —
g 0 .
= 1
% -10 : 1
o i
E -20 1
5 -30f O
B s0f ]
n |
-50F E i
-60 2 3 - R ~ 3 4
10 10 10 10 10 10 10
Frequency (rad/sec) o8
Figure 6.6: Singular Values over Frequency for the Open—Loop Plants, — Nominal
Plant GVCV,O<3>7 Plants GVCV,I(S)yl >0
employed:
(s+9)(s+5-1079) 7s+1-107*
%% = W =
s = 539109 15101 Ks(8) = 33700

The weight Wg respects the fact, that the synthesis algorithm does not exactly converge
to a controller with a perfect integrator cancelling out the zero, and allows the sensitivity

110



6.3. Volume Controlled Ventilation

S(s) to approach 1 for very low frequencies. Furthermore, pole—zero cancellation does
not occur for numerical inaccuracies.

Figure 6.7 shows frequency responses of the sensitivity functions, which clearly show,
that the zero z = 1 is still present in the closed-loop.

Sensitivity Complementary Sensitivity
M 50 ‘ 20
o i
~ |
S 1
— 3 -20 /
= :
éﬁ | 40
Z 1
-100 1 -60 1
10° 10 " 10° 0 "
Sensitivity to Input Disturbances
m 150 100
©
~
g 100
.é 0
. 50 |
RS |
= -100 1
w2 ! Z 3
-50 1 -200 1
10" 100 10° 10 "

Frequency / rad/sec Frequency / rad/sec

Figure 6.7: Singular Values over Frequency for the Sensitivities of the Controlled Plant,
— Nominal Plant Gycy,o(s), — Plants Gvcv,(s),l > 0, — Shaping
Filters

However, considering the controller transfer function

(z —0.3062)(z — 0.9019)(z — 0.998)
(2 —0.6694)(z — (1+¢))(z — (1 +¢))’
it becomes obvious, that the controller actually exhibits double integral behaviour. Fig-
ure 6.8 shows frequency responses with enforced pole—zero cancellation, which then more
accurately describe the closed-loop performance perceived in simulation.

KVCV(Z) = 0.24544

O<exk 1,

The closed-loop bandwidth ranges between w, = 10... 75%d depending on system pa-
rameters. Any attempt to further increase the bandwidth for faster response resulted in
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6.3. Volume Controlled Ventilation

adverse effects and, e.g. introduced resonant peaks in the (complementary) sensitivity
function.

Sensitivity Complementary Sensitivity
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Figure 6.8: Singular Values over Frequency for the Sensitivities of the Controlled Plant
after Enforcing Pole-Zero Cancellation, — Nominal Plant Gvcv,o(s),
Plants GVCV,Z(S)J >0

It has been a further approach, to both manually cancel out the zero of the plant and
adding an integrator to the synthesised controller later on. However, the best controller
has been found by the procedure described before and is of order 3, achieving an Ho,
performance of v = 1.23, which shows that the constraints are nearly met.

Anti-Windup Synthesis Synthesising robust static anti-windup gains by applying
theorem 6.1 has yielded a lo performance of v = 2.92.

112



6.4. Pressure Controlled Ventilation

6.4 Pressure Controlled Ventilation

Control Problem and Approach Pressure controlled ventilation is approached as
a SISO control problem by actuating the blower to achieve and maintain the desired
airways pressure puwref, While a further independet controller tracks an oxygen flow
pattern determined by

Va(\?v%ref (t) = FiOQJGf ’ Vaw,meas(t) - 0'21Vaa\Livn,lrlileas (t) (66)

To achieve the best efficiency the large bore valve is usually completely opened. Figure
6.9 depicts the defining control loop.

N
4 u
Paw, ref O Paw KPCV(Z) blower Pa
- w
aw, ref - €,0 KVCV(Z) ~ aw
Vaw Zlov

Figure 6.9: Problem Defining Control Loop for Pressure Controlled Ventilation

Linear Plant Model Figure 6.10 displays a simplified pneumatic network used to
derive a linear plant model. It is assumed, that the networks for both power sources
can be ideally superimposed. Despite that, the pressure induced by the oxygen flow
is considered an output disturbance with respect to the pressure controller Kpcy(z).
Consequently, only the right hand side of figure 6.10 is deemed relevant for the derivation
of the linear plant model.

By formulation of the equation of the right hand side mesh and taking into account
equation 4.9 from section 4.1

. 1 1 . 1
Raw . Vaa{;vmb + =" Vazi‘vmb + (Qb,outRblower + Rlbv) 'Vi%glb = 5 0b,out”blower * n2 (67)

Ca 2 2
Ry,
and expressing Vl%vmb via the mesh pieac = p2™ as
. R . 1
b Rieax B RicakCaw B ( )

Tb
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Figure 6.10: Simplified Pneumatic Network for Pressure Controlled Ventilation, (1.)
Oxygen Flow Source, (r.) Blower Pressure Source

the differential equation to define the system’s dynamic behaviour in terms of the state
Vamb can be found:

. 1+ Th 1
(Raw'rb + Rb) : ‘/;Nmb + T : V;Vmb = §Qb,out7"blower : n2, (69)
aw
1
where Ry, = (QQb,outRblower + Rlbv) )
Ry
™ = 1+ )
Rleak

Again, Ob,out = Qamb is Simphﬁed and R?eak = Rleak,turb : "/183,1{7 R?bv = Rlbv,turb ' ‘ylgl,amb
are assumed to be at a nominal value. Also R) . = Rplower turb ° Vlﬁglb’o is set to a
nominal value, which is chosen, such that it approximates the blower’s characteristic
curve best in the regime from Vlﬁglb =0...200L/ min. Figure 6.11 illustrates this linear
approximation.

Inserting equation 6.8 into

pgwb + By - ‘/l{a)vb = §Qb,outrblower -n? (6.10)

yields the output equation:

Rbraw amb Raw 1 2
_ yamb  Maw L ewer - 1, 6.11
Caw(Raw + Rbraw) & Row + Rbraw 2 @b,outblower ( )
Rayw

)
Rleak

amb __

paw

where 743y = 1 +
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Figure 6.11: Linear Approximation of the Blower’s Characteristic Curve for Use in the
Linear Plant Model, — Linear Approximation, — Quadratic Model

The blower’s behaviour is assumed to be of first order with time constant 7,.

A set of plants Gpcy,(s), | = 0,1,2,...,#/1 can then be represented by normalised
state space models of the form:

Vamb _ 147y 1 QambTblower n2 Vamb 0
aw — Caw (Raw"'b‘i‘Rb) 2 Rawrp+R)y, ~“max . aw + U (t)
. - 1 1 blower
In 0 . Ln T,
n n
——— —— ~——
Gpov,y (5) := { *pov() Apcv) xpcv(t)  Bpov,
1
* — Ryraw 1 QambTblower Raw 2 :| .
pvaw B pgw |: Caw (RHW +Rb raw) 2 Raw“l’Rbraw nma‘x XPCV (t)
ypcv(t)
Cpcv,i

(6.12)

A time delay of 9 sampling instants with regard to the measured pressure, to account for
the pressure signal both being transfered to the expiration valve and being transmitted

back to the sensor has been added after discretisation of the plant. Thus, the plant is
of order 11.
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6.4. Pressure Controlled Ventilation

Controller Order
v Order 1 Order 2 Order 3

Hoo Performance 3.44 3.44 3.45
lo Anti-Windup Performance 3.55 5.08 4.05

Table 6.2: Best H, Performance Versus Controller Order for Pressure Controlled Ven-
tilation Controller Synthesis with HIFOOD

Shaping Filters and Synthesis The initial continous time H, controller is designed
with the shaping filters

Wks(s) = % (6.13)

The sensitivity shaping filter allows for a slight overshoot to improve rise time. For a first
design, the control sensitivity is only shaped by the constant filter, which already resulted
in feasible outcomes. Continuous time synthesis results in a third order controller, since
only the undelayed plant can be used with the native tools of the MATLAB robust control
toolbox. Any robust discrete time controller using the discretised controller as an initial
starting point for optimisation by HIFOOD is thus limited to this maximum order of
three. Table 6.2 lists achieved Ho, performances versus the controller order.

As it turns out, first order (PI) control is sufficiently capable of achieving robust stability
and performance. In fact, anti-windup compensation synthesis for this controller yielded
the lowest Iy gain. Therefore the controller of lowest order is selected.

Figure 6.12 shows singular value plots of the controlled plant including time delay. The
closed-loop bandwidth for pressure control ranges between we = 7.75. .. 18.5%d depend-
ing on system parameters.

Anti-Windup Synthesis Synthesising robust static anti-windup gains by applying
theorem 6.1 has yielded a Iy performances as given in table 6.2.
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Figure 6.12: Singular Values over Frequency for the Sensitivities of the Controlled
Plant for Pressure Control, — Nominal Plant Gpcv(s), — Plants
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6.5 Expiratory Pressure Control

Control Problem and Approach Expiration is a passive process. By means of
ventilation device control, it cannot be accelerated beyond the rate of discharge governed
by the time constant 7, = RawCaw. The only means to control the expiratory pressure
is by applying a positive pilot pressure ppiot = ppb to the expiration valve membrane.

If the initial pressure drop due to the airway’s resistance has already happened and the
patient’s airway pressure is still above the desired PEEP level, the control error

€paw — Paw,ref — Daw

is negative, while the expiration valve is in saturation, i.e. pp, = 0. A patient with
restrictive disease — having a low compliance — could bear an example, where this
effect is prominent. This demands for an anti-windup compensator.

Furthermore, at the beginning of the expiration a pressure drop of

Apaw = Raw ‘/exp t=Tinspte
occurs. For certain patients with obstructive diseases, this can lead to a drop below the
desired PEEP level at the very instant. Considering, that it takes up to 10 ms for the
pilot pressure to reach the expiration valve and another 10 ms for the airways pressure
sensor to register, control relying on the feedback signal p,, alone, will always lack
without some sort of predictive algorithm.

Figure 6.13 illustrates both effects described above schematically for volume controlled
ventilation.

To amend the issue of strong undershoots with regard to PEEP control, two approaches
have already been examined in previous works:

Using p,1, for Feedback Relying on the PEEP blind pressure drop as a feedback signal
eliminates the time delay, but demands for gain scheduling to obtain satisfac-
tory control performance in case of a saturating expiration valve. This approach
is implemented in the WEINMANN MEDUMAT Transport and provides feasible
results.

Cascaded Control [20] A cascaded control approach has employed an inner control
loop, with aggressive control of the pilot pressure, whose reference value is provided
by an outer control loop, which tries to track the airways pressure. This strategy
has not been developed up to a feasible implementation, but has yielded robust
results in simulation.

A new approach is proposed in this thesis, which uses both the pilot and the airway
pressures for feedback, where the reference values are chosen, such that the airway
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Figure 6.13: Schematic Illustration of Strong Undershoots (Obstructive Patient) and
Low Compliance (Restrictive Patient) Effects on PEEP Control

pressure marks the desired PEEP level and the pilot pressure is chosen according to the
membrane area ratio of the expiration valve:

DPaw,ref = Ppeep,refs

1
Ppb,ref = —— " Ppeep,ref-
T'peep

Figure 6.14 depicts the defining control loop.

Linear Plant Model Figure 6.15 displays a simplified pneumatic network used to
derive a linear plant model.

The differential equations

. 1 R 2aan
Ricak - Vob.o + (1 + ) Vb 0 = Ricak——2 - /Piow - Uiy (6.14)
Cpb pr Olbv,out
. 1 T
o b flpep) Vo Vo = Ve =0 (6,15
w P
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Figure 6.14: Problem Defining Control Loop for Positive Expiratory Pressure Control

define the system’s dynamic behaviour. As before, o1, out & 0amb is simplified and Rijeax =
R?eak = Riecak,turb - Vlgak, Py = p?bv are assumed to be at a nominal value. The feedback
linearisation with respect to the pressure drop over the large bore valve py,y is employed
as with the volume controlled ventilation.

The output equations yield:

Rpeep 1 RpeepTpeep
v Vaw + 1- -V 6.16
e CaW(RaW + Rpeep) ! Cpb ( (Raw + Rpeep) Pb:0 ( )
1
Ppb = - Vabe (6.17)
pb

Consequently, a set of plants Gprgp(s), | = 0,1,2,...,#/1 represented by normalised

state space models of the form:

xpeep(t) = Apggep, - XPEEP(t) + BPEEP, - Uby (1)
GPEEP,Z(S) = N (6.18)
ypeEP(t) = Cprep, - XpEEP (1)
Vaw % 0
with xpgep(t) = |Vpbc|, YpPerP(t) = piw ,  Bpgep, 01,
Tlby pb %
r_ 1 Tpeep 0 T
Caw(Raw+Rpeep) Cpb(Raw+Rpeep)
Apggp) = 0 _ RieaktRpp 20ty /P, ,
’ Cpb (Rleak +pr ) Qamb
| ; =
-OLC’ RRPeep}% Oi(l - & Rpjgp )Tgeep 0
CPEEP,I _ | Plw Caw( SW+ peep)  Poy i\/"'l peep / Cpb 0
P2, Cpb
L pb P |
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Figure 6.15: Simplified Pneumatic Network for Positive Expiratory Pressure Control

A time delay of 9 sampling instants with regard to the measured pressure pay, to ac-
count for the pressure signal both being transfered to the expiration valve and being
transmitted back to the sensor has been added after discretisation of the plant. The
PEEP blind pressure ppy, is not subject to time delay.

Figure 6.16 displays the open—loop singular values.

Shaping Filters and Synthesis In order to achieve a fast response, the shaping
filters have been designed to allow overshoots, while pushing the closed—loop bandwidth
high. Both tracking performances are inherently coupled by the nature of the control
problem, thus enforcing fast response and good reference tracking in one channel will also
affect the other channel. Furthermore, it has been observed, that the plant is sensitive
to input disturbances at frequencies between 1rad/s and the sampling frequency w;.
Attempts to explicitly shape the sensitivity function SG(s) to amend this, have not
resulted in feasible solutions. Filters on S(s) influence SG(s) as well. Consequently, is
has been tried to find a compromise between both reference tracking and sensitivity to
input disturbances by employing the standard sensitivity shaping approach described
in section 2.5.4. Additionally, apart from quantisation errors introduced by the stepper
motor, no severe input disturbances are expected, since the motor has been configured
to robustly attain the desired angle without loosing a step.
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Figure 6.16: Singular Values over Frequency for the Open—Loop Plants, — Nomi-
nal Plant Gpggp,0(s) (Paw Channel), ---- Nominal Plant Gpgep,0(s) (Ppb

Channel), — Plants GPEEPJ(S),Z >0

This has resulted in filters, that are non—optimal with respect to the achievable Ho
performance.

_ WS,peep(s) 0 = 5+ 15
Wa(s) = ‘ Wern(s)| Wics(s) = ——=e= (6.19)
s+ 200 5+ 12
wit WS,peep(s) s+ 0.367 WS»pb(s) s+ 0.0012
(6.20)

Rescaling and reshaping to obtain a better performance measure is deemed unnecessary,
because the resulting controller provides satisfactory results in terms of the closed—loop
sensitivities (cf. figures 6.17 and 6.18).

The complementary sensitivities with the highest bandwidth correspond to the largest
resonant peaks visible in the sensitivity and input disturbance sensitivity plots. These
peaks occur at low ambient pressure as is deduced by the family of Gpggp (s). Further
optimisations are therefore postponed to future work.

The resulting closed—loop bandwidth for PEEP control ranges between w, = 5rad/s
and we = 50rad/s.
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Figure 6.17: Singular Values over Frequency for the Sensitivities of the Controlled
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6.6. Energy Efficient Ventilation Control

6.6 Energy Efficient Ventilation Control

The previous sections have provided a scheme for synthesising VCV and PEEP con-
trollers, that are largely independent from the blower pressure. The only limitation
resides in the fact, that the blower should be able to deliver the desired amount of flow
and pressure during inspiration. This not only bears the potential, but also the necessity,
to develop a blower pressure feedforward control scheme for increasing energy efficiency.
It has been shown, that frequent changes in blower speed can be disadvantageous for
energy consumption. Given an approximation for the power consumption of the blower
during ventilation [13]

1 * *
Pel,blower B (tinsppinsp + texppexp + fch(An>) 5 (621)

Tlblower
Tins T
p * exp
where tf = —""7"F ¢ = =
ins ) ex )
P Tinsp + Texp P Tinsp + Texp

Pisp marks the power consumption during inspiration,

Peyp marks the power consumption during expiration,

1
W(An) = §J (n?nsp - ngxp) denotes the work needed for accelerating the blower,
it can be observed, that the degrees of freedom in the above equation are P,sp and Peyp
for VCV modes and Peyp, for PCV modes. An depends on both inspiratory and expira-
tory power. Thus, pressure and volume controlled ventilation have to be distinguished.

Limitations, Delineation Inspiratory and expiratory durations during intermittent
mandatory ventilation are defined in terms of ventilation frequency and I:E ratio. Patient
parameters are unknown, therefore no statement with regard to the slope of the airway
pressure during volume controlled ventilation can be made. Furthermore, if spontaneous
breathing is allowed, there is also no telling as to when inspiration is triggered or ended.
These uncertainties generally limit the potential for optimisation. Safety margins are
therefore suggested for the feedforward blower pressure control, to prevent deterioration
of PEEP or flow control.

Volume Controlled Ventilation Pi,sp max is implicitly defined by the desired ven-
tilation parameters paw max and Vaw,ref. It is therefore reasonable, to employ a lookup
table or functional approximation to compute the corresponding necessary blower speed
at the end of the inspiration:

2 Rbl rooy
n(t) =g \/ * Paw,max T —OTE VaQW,ref' (622)

T'blower * Qout Tblower

Values for rplower and Rpjower have been obtained by multiple linear regression from
blower characteristic data measured at nominal ambient air density gamb0 ~ 1.2kg/ m3,
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6.6. Energy Efficient Ventilation Control

such that equation 6.22 is consistent with equation 4.9. As with the expression of the
blower’s static characteristics in the nonlinear model, equation 6.22 will have to be
corrected at different ambient pressures, simplifying oout = Qamb,meas-

For g = 1, setting the blower speed computed by equation 6.22 will result in the full use
of the large bore valve’s span of opening ratios during inspiration, consequently reducing
pneumatic losses and increasing flow control accuracy. A gain factor ¢ > 1, however, is
introduced to provide a safety margin.

During expiration, the blower should be kept at a level, which is sufficiently high, such
that it is able to deliver the sudden pressure increase Apaw = RaWVaWJGf at the beginning
of the inspiration. This incorporates knowledge of the patient airway resistance, which
is not available, and is suggested to be subject to intra—breath optimisation algorithms
not subject to this thesis.

Figure 6.19 pictures a diagram of a first blower feedforward control scheme implemented
in this thesis.

Feedforward Controlled Blower Pressure p, Safety Margin Induced by g > 1

\ Allowed Peak Insp.
Pressure (PIR P )

aw

Inspiration

Trigger \

Pressure P

aw

Flow V.

Figure 6.19: Simple First Scheme for Blower Feedforward Control

Additionally, the blower speed can also be computed dynamically using the current mea-
sured airway pressure. It is expected, that this reduces the need for sudden accelerations
of the blower, thus eliminating peaks in blower currents. The energy consumption of
both approaches will be compared in section 7.2.
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6.6. Energy Efficient Ventilation Control

Pressure Controlled Ventilation During inspiration, blower power is determined
by Paw.ret- In order to obtain high quality of control, the blower could be kept at a speed
level using equation 6.22 for no flow during expiration. The speed can be lowered, but
in theory the inspiratory pressure would then take longer to attain the reference value.

In practice, though, it can be observed, that opening the large bore valve at the beginning
of the inspiration leads to a pressure pulse induced by the blower’s inertia, which is not
accounted for by the simulation model. More accurate simulations may give rise to
exploiting this fact for improving both energy efficiency and quality of control.
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6.7 Bumpless Transfer

For safety reasons, ventilation devices have to incorporate controlled means of limiting
the pressure applied to the patient during volume controlled ventilation. This requires
transfering controller authority to the PCV controller at the instant — or slighlty before
— the airway pressure reaches a safety margin set by the physician. If the controller the
authority is transfered to is not initialised appropriately, a bump will become apparent
in the controlled variable — the pressure pay .

An advantage of employing a pressure source in conjunction with a large bore valve to
deliver a reference volume flow consists in the fact, that the pressure can be limited
implicitly by the amount, the blower is capable to deliver at a certain rotational speed.
This eliminates the need for controller authority transfer, but requires suitable feedfor-
ward control of the blower as discussed in the previous section. However, this advantage
is void, if Fjo, levels above 21 vol. % are strived for, because the injection of oxygen in
conjunction with the check valves employed in the pneumatic structure will result in
increased pressures.

Bumpless transfer remains an active field of research, in spite of it being a goal, which
has been documented since the early stages of applied control theory. Solutions for
conventional PI/PID controller structures are well known [34]. Two philosophies are
distinguished: Bumpless transfer is defined as achieving

uKl(t = tt) -] uKQ(t = tt),

i.e. trying to have equal controller outputs when switching from controller K; to Ko at
switching instant ¢ = t;. The conditioning technique, on the other hand, is defined as
adjusting uko, such that the tracking response is optimised. In [50] a solution based
on a filter is proposed, which poses an LMI condition minimising the Lo or Iy gain,
respectively. The filter, however, explicitly contains the plant’s system matrix, thus
enforcing robustness with respect to a set of plants remains non—trivial. [49] relates
the bump phenomenon to the controller states, which have to be initialised accordingly.
References are made to schemes, which enforce idle controllers to track the plant output,
while waiting to be activated. This raises performance issues, since this essentially means,
that the controllers are always active, consuming processing power. Controllers, that are
unstable in open—loop require at least a virtual connection to the plant. This, however,
does not guarantee stability.

In terms of the ventilation controller structure proposed in this thesis, both the controlled
and the actuating variable switch. The oxygen flow controller can be neglected, for
only its reference value will change according to the respective ventilation control mode.
Figure 6.20 depicts the control loop at the point of switching from VCV to PCV controller
authority.

Often bumpless transfer and anti-windup compensation are presented in a unified frame-
work. Though, authors frequently caution not to confuse both terms, anti-windup de-
signs may sometimes be efficiently adapted to the needs of bumpless transfer. Applying
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Figure 6.20: Controller Authority Transfer from VCV to PCV

this notion to ventilation control, a suggestion for appropriately conditioning the PCV
controller resides in imposing a fictitious upper saturation bound calculated from the
blower characteristics. As described in the previous section, the blower’s speed can be
drawn from a function

2 Rbl .
n(t) =g \/ * Paw ,desired + e Va2w desired? (623)
Tblower * Qout T'blower ’

where Py, desired (t) = Daw,max is chosen as the maximum airway pressure

Vb,desired (t) = Vaw(t) is chosen as the current airway flow

A gain factor g > 1 is necessary to account for pressure losses. The anti-windup compen-
sator (theorem 6.1) already in place stabilises the PCV controller and limits its output.
At the switching instant ¢ = t; the PCV controller is therefore conditioned to approx-
imately apply the pressure paw max, While being able to maintain the flow Vaw(t = ty).
The bump induced by the switch of the actuating variable is attenuated by employing
the blower feedforward control described in the previous chapter. Consequently, the
large bore valve will be in almost opened position, when the airway pressure reaches
Paw (t) = Paw,max. A drawback of this approach consists in the need for computing the
PCV controller, while it is effectively idle.

Figure 6.21 shows a successful simulation run employing the principle described above
for a reference oxygen concentration of Fio, = 21 vol. %. A steady state error of approx-
imately 1 mbar can be observed, which might be improved by further tuning.

The ventilation is assumed to remain in PCV mode during the remainder of the inspi-
ration phase, eliminating the need for retransfering authority to the VCV controller. A
more elaborate scheme, including a parameterisation of controllers to share the same
state variables, is given in [49]. The execution of this is deemed beyond the scope of this
thesis, though.
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Figure 6.21: Simulation of a Volume Controlled Ventilation with Upper Bound on the
Airway Pressure Employing a Simple Bumpless Transfer Scheme, Time
Instants #;;, ¢ = 1,2, Indicate Controller Authority Transfer to PCV,
Vaw’ref Marks the Reference Flow during the Initial Inspiration Phase,
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gers Transfer to PCV
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7 Results

This chapter presents results of the controlled plant obtained by nonlinear simulation in
section 7.1 and by experiments conducted on the functional model in section 7.2.

7.1 Simulation Results

Before controllers have been implemented, they have been tested in simulation for various
patient and ambient parameter extremes. Below, exemplary plots for PCV and VCV of

a patient with parameters R,y = 50 rgl}zr and Cyw = 30 ng;r are shown. The reference

oxygen concentration has been set to Fig, = 50vol. %, ppecpref = 3 mbar and reference
inspiratory flow and pressure are Vyy ref = 20 L/ min and pay ref = 30 mbar, respectively.
The I:E ratio has been set to 1:1.7 at a ventilation frequency of fy. = 12min~!.

g - T~
o - :
8 0.5
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Figure 7.1: Simulated Pressure Controlled Ventilation with Reference Values Fio, =
50vol. %, Ppeepref = 3mbar, pawres = 30mbar with Patient Parameters

Raw = 50 nﬁk/’ir and Cyy = 30 nrlr]f;r at Normal Ambient Pressure Level

Pamb = 1013 mbar
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7.1. Simulation Results

Figure 7.1 depicts pressure and flow curves of PCV at normal ambient pressure level
Pamb = 1013 mbar, as well as the corresponding controller outputs and resulting Fio,.
A slight overshoot is visible, which is acceptable during PCV and in accordance to the
shaping filter design and synthesis results shown in section 6.4 for the linear plant. PEEP
control is excellent, while the controller output wuy,, clearly indicates, that anti-windup
compensation works effectively in preventing the actuator from remaining in saturation
for too long. Oxygen concentration is attained well within the inspiratory phase.

Figure 7.2 depicts PCV at a reduced ambient pressure level p,y,p, = 600 mbar. As
expected, the blower actuation upjower is increased compared to normal ambient pressure,
indicating higher rotational speed. Still the ventilatory curves show only a slightly lower
slope of the pressure. The other curves are nearly unchanged.
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Figure 7.2: Simulated Pressure Controlled Ventilation with Reference Values Fio, =
50vol. %, Ppeepref = 3mbar, pawrer = 30mbar with Patient Parameters

R,w = 50 “ﬁl;zr and Cuw = 30 H‘fﬁgr at Reduced Ambient Pressure Level

Pamb = 600 mbar

Figure 7.3 show ventilation curves for VCV. The same observations can be made with
respect to anti—-windup compensation with regard to PEEP control. In comparison
with PCV, the oxygen concentration is maintained even quicker, which is expected, as
the oxygen reference flow is independent from any measurement. The ambient air flow
controller’s reference tracking is slightly impaired and tracks the reference flow with an

error of +0.5L/ min.

Tracking of all reference values is nevertheless deemed satisfactory. An additional plot
of VCV at reduced ambient pressure is omitted, as no additional information can be
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infered. Instead, the resulting curve for uy,, has been added in figure 7.3, which indicates
an increased opening ratio of the valve.
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Figure 7.3: Simulated Pressure Controlled Ventilation with Reference Values Fio, =
50vol. %, Ppeepref = 3mbar, Vi ref = 20L/ min with Patient Parameters

Raw = 50 nﬁk/’ir and Cyy = 30 nrlr]f;r at Normal Ambient Pressure Level

Pamb = 1013 mbar
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7.2 Experimental Results

Ventilation Patterns The ventilation patterns listed in table 7.1 reflect relevant pa-
tients, though no claim is made for this list to be exhaustive. The patterns range from
patients suffering from COPD', neuromuscular diseases, OHS? and ARDS? and contain a
healthy adult, as well as a neonate. Their ventilation parameters and dynamic behaviour
is simulated by the ACTIVE SERVO LUNG 5000 by INGMAR MEDICAL Inc., which is also
used to measure patient pressure and flow. An additional IMTMEDICAL PF3o00 has been
employed to measure the oxygen flow. The specific settings have been adapted from [13]
and are only slightly changed: The user interface of the MEDUMAT Transport only
allows to select integer PEEP reference values, therefore instead of 0.5 mbar, 0 mbar has
been selected to let the controller try to attain the lowest possible PEEP value. Fur-
thermore, a ventilation frequency of 12min~! with the adult pattern more accurately
reflects a human being in a healthy state. No details were available with regard to the
simulated functional residual capacity of the ACTIVE SERVO LUNG in [13]. This has
been set to 0.5 L for the experiments.

Airways Device Settings

paw,ref/ mbar

b L sa—1 .
Mode Pattern Raw/% Cow/ s Vaw,ref/( ./ min) Ppeep,ref/ Mbar  fye/min I:E
PCV COPD 20 0.075 25.0 6.0 15 1:4
Neurom. 8 0.075 15.0 0.0 / (0.5) 35 1:25
Neonate 100 0.010 15.0 0.0 / (0.5) 60 1:2.5
OHS 25 0.035 45.0 6.0 17 1:4
VCV  Adult 3.5 0.090 45.0 3.0 12/(18)  1:3
ARDS 8 0.040 25.0 0.0 / (0.5) 17 1:25

Table 7.1: Ventilation Patterns, Airway Parameters and Ventilation Device Settings,
Values in Parentheses are Used in [13] and are Slightly Altered in this Thesis

Ventilation Pattern: PCV—-COPD Figures 7.4 to 7.7 show experimental results
of a COPD patient subject to pressure controlled ventilation. Curves show, that in
the cases of Fio, = 21,50 and 80vol. % the reference pressure of pay = 25mbar is
met and the set oxygen concentration is obtained at the end of the inspiration. The
oxygen flow controller does not succeed to actually track the ambient air flow’s shape as
during simulation. The differential pressure flow sensor’s bandwidth is high enough and
therefore should not impair the tracking. It is therefore assumed, that the hose between
oxygen inlet valve and mixing chamber, combined with the additional resistances of the
PF300 flow measurement device and the check valve introduce a pneumatic low—pass,
which would be eliminated in a final product.

LCOPD — Chronic Obstructive Pulmonary Disease
20HS — Obesity Hypoventilation Syndrome
3ARDS — Acute Respiratory Distress Syndrome
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Figure 7.4: Pressure and Flow Curves of Experimental Results: Pressure Controlled
Ventilation with Ventilation Pattern COPD at Fio, = 21 vol. %

At a desired oxygen concentration of 100vol. % pressure control performance deteri-
orates, as the oxygen flow approaches its reference signal. This is expected, as the
open-loop nature of the Fip, control concept during PCV basically relies on a measur-
able flow induced by the blower pressure to generate the oxygen flow reference with.
The pneumatic design, however, allows for ventilation at Fio, = 100 vol. % solely by the
oxygen valve. Furthermore, the check valves prevent the blower from actively lowering
pressure applied to the patient.

PEEP is maintained within a control error of 1mbar. A small undershoot ppeep ref —
Ppeep < 1.5 can be observed and PEEP is slowly dropping afterwards. This is explained
with the relatively slow integral behaviour apparent in the sensitivity plots in figure
6.17. Before dropping to PEEP level, patient pressure remains at a plateau level of
approximately 15 mbar after the end of the inspiration. The higher the desired oxygen
concentration, the longer the plateau is enduring. The existence of the plateau is ex-
plained by the PEEP blind’s discharge time constant. This time constant is enlarged for
higher oxygen concentrations due to a shortcoming in the construction of the functional
model: The hose through which oxygen is fed into a mixing chamber can only discharge
the built up pressure via the check valve and the PEEP blind. The volume of the hose
thus effectively enlarges the mixing chamber’s compliance.

Figure 7.8 shows the measured blower current for ventilation at Fio, = 21 vol. %. Current
measurements have not differed significantly at higher levels and additional plots are thus
omitted. During the acceleration phase, the plot indicates a rather high peak current of
Imax = 1.91.
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Figure 7.5: Pressure and Flow Curves of Experimental Results: Pressure Controlled
Ventilation with Ventilation Pattern COPD at Fio, = 50 vol. %, - Oxy-
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Figure 7.6: Pressure and Flow Curves of Experimental Results: Pressure Controlled
Ventilation with Ventilation Pattern COPD at Fio, = 80 vol. %, ---- Oxy-
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Figure 7.7: Pressure and Flow Curves of Experimental Results: Pressure Controlled
Ventilation with Ventilation Pattern COPD at Fio, = 100 vol. %, ----- Oxy-
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Figure 7.8: Measured Blower Current Curve of Experimental Results: Pressure Con-
trolled Ventilation with Ventilation Pattern COPD
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Ventilation Patterns: PCV—-Neuromuscular Disease and PCV-—-Neonatal
Ventilation The results of the neuromuscular disease pattern reveal a general short-
coming of the PEEP control concept: The control quality is impaired due to blower
inertia. For both high PEEP levels or the blower not yet having decelerated to the lower
expiratory speed level, rapidly opening the large bore valve results in a sudden rise in
patient pressure. Though, this could actually be beneficial to obtain perfect square
shaped reference tracking, the PCV controller is currently not initialised correctly, such
that tracking is consequently delayed.

The patient pressure tracking error during expiration — actually never attaining the
desired PEEP level — can be explained by the minimum leakage of the large bore valve.
As shown in section 5.1 in figure 5.5, the lowest attainable PEEP is influenced by the
blower pressure. The applied pressure would, however, only account for approximately
0.5 mbar. Further 0.4 mbar are caused by the expiratory flow of Vemp ~ 10L/min , which
causes a pressure drop over the expiration valve according to

Ppeep = Rpeep : ‘/e:vp- (71)
Still, both effects do not explain the slow tracking. A look at the sensitivity plots in figure
6.17 reveals, that the patient parameter combination at hand marks the low end of the
achieved controller bandwidth spectrum with approximately 5.3rad/s. Furthermore, the
PEEP controller is sensitive to input disturbances, which occur due to oscillations of the
expiration valve. Such an oscillation becomes apparent at the beginning of the expiration
by a small bump, which is a known effect [13]. Figure 7.9 shows the experimental results.
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Figure 7.9: Pressure and Flow Curves of Experimental Results: Pressure Controlled
Ventilation with Ventilation Pattern Neuromuscular Disease at Fio, =
21 vol. %
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For the neonatal ventilation pattern, the pressure controller proves to be too slow, ren-
dering ventilation infeasible. The same initial plateau as with the latter pattern is
observable and explained by the opening of the large bore valve. Maximum current and
mean power consumption therefore provide little information of interest. Figure 7.10

shows the experimental results.
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Figure 7.10: Pressure and Flow Curves of Experimental Results: Pressure Controlled
Ventilation with Ventilation Pattern Neonate at Fio, = 21 vol. %

The frequency of ventilation for both neonate ventilation and the neuromuscular disease
pattern happened to be too high for the oxygen flow controller to inject oxygen for any

concentration.
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Ventilation Pattern: PCV-OHS Figure 7.11 and 7.12 show results of pressure
ventilation with the obesity hypoventilation syndrome pattern for Fio, = 21 vol. % and
80vol. %. Relatively high inspiratory flows and pressures combined pose high demands

on the blower’s pneumatic performance. Consequently, the power consumption is high
(cf. figure 7.13).

Apart from again observing the prolonged plateau at the end of inspiration for higher
oxygen concentrations, quality of control is deemed satisfactory.
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Figure 7.11: Pressure and Flow Curves of Experimental Results: Pressure Controlled
Ventilation with Ventilation Pattern OHS at Fio, = 21 vol. %
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Figure 7.12: Pressure and Flow Curves of Experimental Results: Pressure Controlled
Ventilation with Ventilation Pattern OHS at Fio, = 80vol. %
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Figure 7.13: Measured Blower Current Curve of Experimental Results: Pressure Con-
trolled Ventilation with Ventilation Pattern OHS — Independent from

Fi02

141



7.2. Experimental Results

Ventilation Pattern: VCV—Adult The ACTIVE SERVO LUNG is known to oscillate
for low airway resistance values. These oscillations are clearly visible in figure 7.14,
though quality of flow control is not impaired by this, for the reference flow is quickly
attained. However, control of the expiratory pressure deteriorates, because it is sensitive
to input disturbances as explained above. In fact, the oscillations have a frequency of
approximately 70rad/s, which is well within the frequency region, the PEEP controller
amplifies.

Oxygen concentration control works well and the respective plots have been added in
figure 7.14. The main inspiratory flow profile is virtually independent of the desired
Fio,, which is why the figure’s curve is valid also for ventilation with pure oxygen.

2.,/ mbar
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FiO, = 50vol. %

aw

vV ./
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Time #/ s

Figure 7.14: Pressure and Flow Curves of Experimental Results: Volume Controlled
Ventilation with Ventilation Pattern Adult at Fio, = 21, 50, 80, 100 vol. %,

----- Oxygen Flow at Levels as Indicated

Expectedly, as a result of the blower feedforward scheme proposed in section 6.6 the
blower’s power consumption drops with increasing oxygen concentration. The lower
bound appears, if the limit Fio, — 100vol. % is taken. In this special case, however,
the blower can be disabled. Figure 7.15 compares blower currents for different oxygen
concentrations. The blower feedforward scheme employed has been set to maintain a
pressure phlower = 1.39 - Paw at the inspiratory reference flow, saturating at the preset
maximum airway pressure with 10 % safety margin (cf. figure 7.16 (1.)). The safety factor
1.35 has been chosen conservatively as to not impair flow control quality and can be
subject to optimisation. Figure 7.18 compares the above—mentioned feedforward scheme
with maintaining a steady blower speed determined by peak pressure as illustrated in
figure 7.16. The accelerating scheme gets rid of the initial high current peak at the cost of
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Figure 7.15: Measured Blower Current Curve of Experimental Results: Volume Con-
trolled Ventilation with Ventilation Pattern Adult
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Blower Pressure 2, Blower Pressure 2

Pressure P

Figure 7.16: Illustration of Blower Feedforward Schemes with Accelerating or Steady
Blower Speed Pattern

an increased end-inspiratory current, caused by near constant acceleration. As indicated
in figure 7.18, the mean current during inspiration for the steady feedforward scheme
is gsteady = 0.91 A and therefore slightly higher than iaccel = 0.78 A. Since flow control
performance has remained unchanged — since virtually the same tidal volumes are
applied (cf. figure 7.17) —, this shows the potential of the blower pressure independent
volume flow controller with respect to energy optimisation. Mean power consumption
during inspiration then compares psteady = 36.4W versus Pyecel = 31.2W, lowering by
15 %. Further reductions are subject to optimisation.
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Figure 7.17: Comparison of Applied Tidal Volumes for Accelerating or Steady Blower
Speed Pattern, — Volume for Accelerating Blower Speed Pattern, ----
Volume for Steady Blower Speed Pattern
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Figure 7.18: Comparison of Blower Currents for Accelerating or Steady Blower Speed
Pattern Using VCV and Ventilation Pattern Adult at Fio, = 21vol. %
as an Example, — Current for Accelerating Blower Speed Pattern, -----
Current for Steady Blower Speed Pattern
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Ventilation Pattern: VCV—-ARDS The ACTIVE SERVO LUNG again oscillates with
this ventilation pattern, such that the quality of PEEP control can not be judged.
Inspiratory flow control shows good results, except for a small overshoot. With regard
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Figure 7.19: Pressure and Flow Curves of Experimental Results: Volume Controlled
Ventilation with Ventilation Pattern ARDS at Fio, = 21,50, 100 vol. %,

----- Oxygen Flow at Levels as Indicated

to the power consumption, the low flow (compared to VCV—Adult) applied renders the
differences with respect to different Fio, levels insignificant (cf. figure 7.20).
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Figure 7.20: Measured Blower Current Curve of Experimental Results: Volume Con-
trolled Ventilation with Ventilation Pattern ARDS

Additional Ventilation Pattern: VCV/PCV For the purpose of displaying an
unimpaired experimental result of controlled ventilation, a further passive test lung has
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been employed. The ventilation pattern is set to an airway resistance of R,y = 50 ”ﬁ?ir

and Cyy = 30%, indicating both resistive and obstructive symptoms. PEEP is set to
3mbar and the respective reference values for PCV and VCV are indicated in figures
7.21 and 7.22.

The plots indicate unimpaired PEEP control performance and confirm the controllers’
good tracking capabilities. Figure 7.22 again reveals the initial pressure pulse. The
blower speed has been kept at a slightly increased level, i.e. higher than necessary to
attain PEEP level with opened large bore valve, during expiration for the purpose of

displaying this effect.
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Figure 7.21: Pressure and Flow Curves of Experimental Results: Volume Controlled
Ventilation with Additional Ventilation Pattern at Fio, = 21vol. %
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Figure 7.22: Pressure and Flow Curves of Experimental Results: Volume Controlled
Ventilation with Additional Ventilation Pattern at Fio, = 21vol. %
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Comparison with Previous Work Table 7.2 summarises results with regard to the
energy consumption and also provides the results from [13].

Energy Consumption Energy Consumption [13]

Mode Pattern imax/ A Pel,mean/ W imax/ A Pel,mean/ W
PCV COPD 1.91 9.4 1.80 7.4

Neurom. 1.22 11.1 2.10 6.9

Neonate 0.98 8.8 1.60 7.2

OHS 3.12 19.6 1.80 11.2
VCV Adult 0.89...1.0 10.6...12.2 1.40 5.4

ARDS 1.0 12.3 1.20 6.4

Table 7.2: Ventilation Patterns, Energy Consumption

However, comparability is limited due to the following reasons:

Ventilation Setting Leakage ventilation is considered in [13], instead of fully invasive
ventilation considered in this thesis. The pneumatic structure differs in various
aspects and the systems’ total resistances are unknown.

Blower This thesis’ motor controller is fed 40 V supply voltage instead of 35V, causing
an increase in power consumption, which is potentially unnecessary to obtain an
increase in control quality. The blower model is identical, but the motor controllers
differ. In [13] a motor control hardware has been used, with which the microcon-
troller could directly control the blower via three different PWM signals, which also
allowed for efficient braking. This architecture is potentially more energy efficient.

The VCV control scheme chosen in [13] used the blower to control for a constant pressure
drop over a large bore valve of a different type to allow for linear behaviour of the large
bore valve. Furthermore, the PEEP has been controlled directly by the blower and a
constant pressure divider.

The following conclusions can be drawn from the comparison:

Relatively High Energy Consumption of PEEP Control Controlling the PEEP by the
large bore valve effectively wastes pneumatic energy of the blower. Its advan-
tage resides in the potential to keep the blower speed level for ventilation at high
frequencies. This, however, raises the problem of bumplessly entering pressure
controlled inspiration phase. This fact and a possibly higher total resistance of
the pneumatic structure, e.g. due to check valves, accounts for an increased power
consumption during PCV.

Elimination of Peak Currents by Blower Feedforward Scheme The feedforward
scheme proposed in this thesis effectively reduces the required degree of dynamic
blower motor actuation during volume controlled ventilation. Figure 7.23 compares
blower currents for the ventilation pattern VCV-Adult at Fio, = 21 vol. %.
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Time #/ s

Figure 7.23: Comparison of Blower Currents for the Ventilation Pattern VCV—-Adult
at Fio, = 21vol. % between this Thesis’ Implementation (—) and the

Implementation in [13] (=)

Summary The experimental results validate the controllers’ robustness and to a cer-
tain degree their performance, which has been observed during multiple simulation runs.
However, unmodelled phenomena have been revealed, including expiration valve oscilla-
tions, non—ideal pneumatic topology and bumpy behaviour at the beginning of pressure
controlled inspiration. These effects consequently result in reduced controller perfor-
mance, which is mainly due to the PEEP controller’s sensitivity to input disturbances.
Stability, however, is robustly maintained. The energy consumption is still subject to
optimisation, but the potential has clearly become visible.
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8 Conclusion and Outlook

In the course of this thesis, an electro-pneumatic topology for a novel mechanical ven-
tilator has been designed, motivated by application scenarios, in which prepressurised
oxygen supplies are lacking or administering oxygen concentrations below 40 vol. % —
the lower limit of current market leading products, the MEDUMAT Transport and the
DRAGER OXYLOG 3000 — are desired. It has been this thesis’ task to further explore
the combination of the existing WEINMANN MEDUMAT Transport emergency ventila-
tor platform with blower and valve technology to obtain a device capable of functioning
this extended field of application. The derived concept has been nonlinearly modelled
and constructed as a functional model. The main concept is based on the combination of
pressurised oxygen and a blower to enable application of oxygen concentrations ranging
from 21 vol. % to 100 vol. %. Ambient air flow control has been achieved by introducing
a large bore valve as a further actuator.

Control of the device has been considered by deriving individual low—order, discrete time,
H oo norm based, robust stability /robust performance controllers for pressure and volume
controlled ventilation and the control of PEEP. These controllers have been augmented
with anti—-windup compensation, synthesised by LMI conditions, which impose lo gain
optimality. These LMI conditions have been extended to guarantee robust performance.
An ambient air flow control scheme has been proposed and implemented, which decouples
blower control from valve control. This enabled the application of linear control theory
techniques and has also given rise to the development of blower feedforward control
schemes, which — though still subject to optimisation — effectively reduce the demands
on blower dynamic control and provide means for power consumption optimisation.
Following this same notion, control of PEEP has been designed to rely on the large
bore valve as the main actuator, allowing for trading off power consumption against the
ability to maintain good control performance for increasing frequencies of ventilation.
The control of the fraction of the inspired oxygen has been considered as an open—loop
problem by applying the respective reference flows to a dedicated oxygen flow controller.

Simulation results have shown, that the robust controllers generate satisfactory trajecto-
ries for the imposed range on patient parameters and ambient parameters. Experimental
results have affirmed robustness with regard to patient parameters. However, sensitivity
to input disturbances of the PEEP controller design have been revealed, which became
apparent in conjunction with a lung simulator also known to be prone to oscillations for
particular patient parameters. Conservativeness introduced by demands for robustness
has also rendered control too slow for ventilation frequencies upwards of approximately

35min~!. During experiments, a further issue has been revealed, which consists in a
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bumpy transfer from large bore valve actuated expiratory pressure control to inspira-
tory pressure control taken over by the blower.

Control of different Fp, levels has been proven to work excellently during volume and
pressure controlled ventilation in simulation. During pressure controlled ventilation per-
formed by the functional model in the experiments, the desired concentration has only
been attained at the end of every inspiration, though, as the tracking of the reference
flow pattern appeared to be too slow for reasons found in the non—optimal pneumatic
structure of the function model. For concentrations of Fio, > 80vol. %, pressure con-
trol performance has deteriorated, when using the blower to maintain patient pressure
both in simulation and in the experiments. This has been expected and tolerated, as
in practice, it is most important to have the options to choose from F;o, = 100 vol. %,
40 < Fio, < 70vol. % and Fio, = 21 vol. %.

8.1 Outlook

With respect to the design and control of a blower—based mechanical ventilator, different
approaches have been investigated and tried, both in this thesis and in previous work
at WEINMANN. Previous work and findings of this thesis can now be synthesised to
conclude a definite solution. A structured brief outlook on potential future work on that
topic will be given next.

Pneumatic Structure The topology derived in this thesis incorporates a major weak-
ness. As the focus has been laid on improving the blower’s energy efficiency by placing
the large bore valve at the inlet, this directly results in the intentional leakage being shut
off during valve controlled expiration. A sufficient cooling flow cannot be maintained
and it is supposed, that for high ventilation frequencies, heat problems may arise. Ini-
tial thoughts on solutions include deriving a trade off between increasing the minimum
valve leakage at the cost of an increased minimum attainable PEEP. A flow—dependent
leakage after the blower with high resistance at high flows and low resistance at low
flows would further reduce the pneumatic losses, which caters to the notion, that at high
flows the cooling flow is already maintained, rendering an additional leakage unnecessary.
A further shortcoming of the proposed pneumatic concept resides in the check valves
preventing the blower to balance pressure during forced expiration. This results in a
pressure increase, which could be avoided, if back—breathing in direction of the blower
would be possible. This is currently accepted, because no other way has been found to
combine ambient air and oxygen source without losses of oxygen.

Pressure and Flow Control Though robust controllers have been proven effective
for a wide range of operating conditions, including patient, ambient and ventilation
parameters, a certain amount of conservativeness is introduced, which becomes partic-
ularly apparent at high ventilation frequencies. With the expiratory pressure control
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and volume flow control in particular, the bandwidth spans for different patient and
ambient parameters almost range within an order of magnitude. Dedicated controllers
for different classes of patients (e.g. neonates, children, adults) could be synthesised,
which would only require the physician to make an initial choice before setting up fur-
ther parameters of the ventilation. Specialised feedforward schemes for blower control
could then be derived to obtain the best quality of control. From the notions of blower
or valve actuated PEEP control and keeping the blower speed relatively level or actively
braking it, the combination best suited to the control problem could then be selected
by the engineer and linked to the presets. Further theoretical insight to the problem
of bumplessly transfering controller authority will then become mandatory. Optimisa-
tion of the blower speed during inspiration and expiration can also be made subject to
interbreath closed—loop control, by introducing a cost function to assess control perfor-
mance and measuring the electrical power consumed, which is to be minimised. The
proposed control of PEEP by the large bore valve — though offering potential to reduce
blower dynamics — seems to be prone to a high sensitivity to input disturbances. As
attempts at directly shaping the input sensitivity have not resulted in feasible solutions,
it is considered a structural problem. At the cost of higher power consumption, a ded-
icated miniature pressure source could be reconsidered for PEEP control, which would
maintain independence from the blower.

Control of Fip, As an extension to the open-loop Fjp, control scheme proposed in
this thesis, interbreath closed—loop control can be considered, to ensure that the desired
oxygen concentration is obtained on average in each ventilation cycle. As simulation
results showed, that — in principle — tracking the ambient air flow is feasible, it is
expected, that the feedforward F;p, control scheme can be implemented on an optimised
pneumatic structure and provide satisfactory results.
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