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Summary

A new type of medical emergency ventilator has been developed by Metrax GmbH in
Germany. This ventilator is based on a turbine to generate the desired airflow and has
only one valve. Therefore this design should save a lot of weight and components,
compared to other designs.

A very limited model of the system has been built. With this model it is possible to
predict the flow and the pressure in the ventilator-patient system. Gas exchange is not
considered. The model has been used in simulations. PSPICE has been used as
simulation software.

The simulations indicate that tidal volumes should be easy to achieve at low pressures.
At a tidal pressure difference of 15 mbar, the system should be able to generate tidal
volumes of at least 1.3 liters. This low pressure is advantageous for the patient, because
it prevents lung damage as a result of large shear forces inside the lungs. These shear
forces develop at high tidal pressure differences (> 30 mbar).

Besides the ventilator model, a functional design for the control system of the ventilator
has been made. This design is based on the assumption that the medical knowledge
should be separated from the technical knowledge of the system. This eases
maintenance, and creates a flexible system.
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Chapter 1

Introduction

Sometimes a patient is not able to breathe. The patient has to be helped, either by letting
a machine take over the entire respiratory cycle, or by assisting the patient in his own
respiratory efforts. This is done with a ventilator, a device that will inflate and deflate
the lungs of the patient to prevent suffocation.

Two types of patients may need ventilation: patients who are in surgery, where all
muscle action has to be disabled, and secondly, patients with severe lung injuries or
lung diseases.

According to prof. Lachmann from the anesthesiology department of the Erasmus
University in Rotterdam, The Netherlands (personal communication, 1993), the market
for ventilators is limited to about 10,000 annually. Several different types are for sale,
but at least one type of ventilator is missing: the advanced, but very simple to operate
emergency ventilator. There are ventilators that can do the job, but they need
pressurized air, or contain a heavy pressure unit.

Besides this weight problem these devices have another disadvantage. Many lung
problems are caused by an incorrectly set ventilator. Therefore a new design for an
emergency ventilator has to incorporate a two level user interface. In the first level it
needs a simple, harmless ventilation mode, in which most problems can be solved. In
the second level of operation, all modes, available in a normal Intensive Care Unit
(leU) ventilator, should be available. This second level of operation has to be shielded
from the inexperienced user by some kind of lock or password.

Metrax GmbH in Germany has developed a ventilator system which fits the description
given above. To be able to predict the behavior of the ventilator-patient system, a model
of the mechanical system is needed. In this report a proposal for a model is made, which
is restricted to pressure and flow calculations. Gas exchange is not considered.
Therefore the use of this model in simulations will only yield very limited information
about the ventilator-patient system.

Furthermore a proposal is made for the control system. This system has been developed
in cooperation with N. Govindarajan from the anesthesiology department of the
Erasmus University and should meet the requirements mentioned earlier.
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1.1 How does a normal ventilator work

A ventilator is a machine that helps patients to breathe. Several principles are used to
get the ventilation results wanted. One method will be described in this section. The
hardware setup for this method, modeled after the Siemens Servo Ventilator, is shown in
figure 1.1.

ou~ut -I
C , +- C

L.I
PEEP
valve

-+ --+ "i"':

low ... '~l~
regulator • •. .. .

~~.~". i :~::: ~:0
underpressure : l' patientvalve .'

,--- ~ : :..........,,-....... ~""'.

, C •••••• :

... --'low
regulator

input

Figure 1.1: Basic ventilator setup

During the inspiratory phase, the inspiratory valve is opened and the expiratory valve is
closed. The respiration gases have the correct mixture and flow when they enter the
ventilator. The gas is filtered in an antibacterial filter and flows into the bellows, which
forms a buffer in the inspiratory circuit and maintains the pressure at a constant level.
Via the inspiratory valve, the gases come to a flow regulator, which sets the maximum
inspiratory flow. The air reaches the patient via tubes.

When the inspiration has ended, the inspiratory valve closes. The lung volume can then
be kept constant for a short period, before the expiration starts. This is called the
inspiratory pause. When the expiratory valve is opened, the lungs deflate until an end
expiratory pressure level is reached. When this end expiratory pressure is positive, it is
called a PEEP (positive End Expiratory Pressure). This PEEP is used to prevent a
collapse of the lungs. When this pressure is negative, it is called a NEEP (Negative End
Expiratory Pressure). The NEEP is used to keep the average pressure in the lungs low,
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and the blood flow through the lungs high. Then the expiratory valve closes, the
inspiratory valve opens and the process begins all over again.

A ventilator can regulate a patient's respiration in a number of ways. This so called
ventilation mode depends on the condition of the patient. Roughly the ventilation modes
can be divided into two groups: the controlled modes, in which the patient cannot
influence the ventilation, and the support modes in which the ventilator helps the patient
to breathe and takes over whenever needed.

Most ventilators have several ventilation modes. One of these is volume controlled
ventilation, which makes sure that the patient gets a constant amount of air (and thus
oxygen) in his lungs. The pressure can become very high in this mode. Another mode is
pressure controlled ventilation. This mode prevents that the pressure inside the lungs
gets to high. In this mode it is not certain that the patient gets the wanted tidal volume.
A combination of these modes is called Pressure controlled volume regulated
ventilation, and combines the advantages of both ventilation modes. These ventilation
modes will be discussed in sections 1.1.1 to 1.1.3.

1.1.1 Volume controlled ventilation

Volume controlled ventilation is a ventilation mode which has been designed for
patients, which do not have the ability to breathe. The ventilator operates in a
controlling mode, thus it controls all ventilation parameters.

During a set time, a set volume of air is delivered to the patient. The flow is kept
constant during the inspiration, which may take 20% to 80% of the respiratory cycle
time. This so called I:E ratio (Inspiration:Expiration, typically 30%) is set by the
anesthesiologist, as well as the tidal volume and the respiratory frequency. Expiration is
started when the tidal volume has been delivered.

Pressure

flow
tidal volume

Figure 1.2: Volume controlled ventilation
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1.1.2 Pressure controlled ventilation

Pressure controlled ventilation has been designed for patients which do not have the
ability to breathe, have lung compartments with a different compliance or resistance or a
large leakage in the endotracheal tube. The ventilator controls all the ventilation
parameters.

The ventilation gases are delivered to the patient at a constant ventilator pressure during
inspiration. The airway flow depends on the airway pressure, the lung compliance and
airway resistance and will be high in the beginning and decelerating towards the end of
the inspiration.

time

Pressure

flow

~
_pressure control
~ level L

~__.....:::=.:::=:-====~ .:::=:-====_PEEP
inspIration expiration

Figure 1.3: Pressure controlled ventilation

time

The I:E ratio and the frequency are fixed, set by the physician. Tidal volumes can vary,
due to changes in the airway pressure, resistance and lung compliance. Expiration is
started immediately at the end of the inspiration.

1.1.3 Pressure controlled volume regulated ventilation

This is a ventilation mode which has been designed for the same type of patients for
whom pressure controlled ventilation has been designed. Again, the ventilator operates
in a controlling mode and controls all ventilation parameters.

In this mode the patient gets the inspiratory air at a fixed, low pressure, and the flow is
monitored to ensure that the tidal volume is reached. If the tidal volume is not reached,
the inspiratory pressure is increased with 2 - 3 mbar, until the wanted tidal volume is
reached. The pressure and flow characteristics look like figure 1.3, but with a possibly
different pressure control level per breath.
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1.2 The ventilator system to be modeled

A ventilator consists of many components. This has been described in paragraph 1.1 and
can be seen in figure 1.1. In addition to the shown components, a pressure unit is needed
to provide the necessary air flow at the input. Often the heart of this pressure unit is a
high pressure system or a couple of gas bottles. It is used to build up pressure, instead of
the required airflow with oxygen, which generates the needed volume directly. This
disadvantage adds up to the drawbacks mentioned in the introduction, see page 5. One
solution to bypass some of these disadvantages, is shown in figure 1.4.

Patient

Turbine

control I
!rigger
unit

CO
2

detector

Differential tow detector
Pressure detector

Solenoid valve

Figure 1.4: Schematic drawing of the new ventilator.

The heart of this new ventilator design is a turbine which replaces the pressure unit. It
generates a constant, excess flow towards the only valve in the system, the expiratory
(solenoid) valve. When the valve closes, the airflow coming from the turbine cannot
escape towards the valve. It is redirected into the connecting tube to the patient and the
inspiration starts. The flow decreases due to a diminishing pressure difference between
the lungs of the patient and the output of the turbine. The pressure in the lungs of the
patient increases until either the maximum turbine pressure is reached, or the expiratory
valve opens, whichever occurs first.
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As the solenoid valve opens, the expiration starts. Note that a PEEP (Positive End
Expiratory Pressure) is always present. The PEEP value depends on the flow coming
from the turbine, the geometry of the Y-piece and the airway resistance of the
expiratory circuit. Because the speed of the turbine cannot change rapidly, it is
recommended to minimize the airway resistance of the expiratory valve and tube. The
influence of the Y-piece on the PEEP value will be discussed in section 2.3.

When, during inspiration, the pressure in the lungs reaches the maximum turbine output
pressure, the flow into the lungs of the patient becomes zero. In this case a pressure and
flow waveform is achieved which resembles pressure controlled ventilation. When the
pressure keeps increasing until the expiratory valve opens, a ventilation pattern appears
which has close resemblance with volume controlled ventilation. Which of these two
ventilation modes is the basic ventilation mode of this system, depends on the amount
of air that the turbine delivers (see chapter 4).

If the delivered flow is larger than the required inspiratory flow, the maximum pressure
is reached fast. Pressure controlled ventilation will then be the basic ventilation mode of
this system. This has the advantage that the ventilator can also be used with a mask
instead of an endotracheal tube. In case more than 21% oxygen is needed in the inspired
air, an extra oxygen flow can be added to the inspiratory air.

Comparing figures 1.1 and 1.4, it is clear that the turbine replaces not only the pressure
unit, but also the bellows and the flow regulator. The inspiratory valve has disappeared
and most work will be done controlling the expiratory valve. Therefore this design
should save a lot of weight, compared to other ventilator designs.
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Chapter 2

Modeling the mechanical system

In this chapter an electrical equivalent model of the mechanical system in figure 1.4 will
be discussed. The model will be limited: only pressure and flow characteristics of the
ventilator-patient system can be calculated. Gas exchange is not considered.

The design process assumes that the ventilator can be divided into several parts. This is
true for this system. The physical characteristics of every element in the ventilator
system will be the basis for an electric equivalent model of that element. The elements
of the system can be found in figure 1.4: the patient, the connection to the patient, the
Y-piece, the tubes, the turbine and the valve. The model of the oxygen source will also
be made, but it will not be used. It is only modeled as a convenience for later research.
When all the element models are combined, a model of the complete ventilator system
appears. This complete model will be used in the next chapter for the estimation of the
values of the elements in the model.

Using an electr(on)ic analogy for pneumatic systems is common practice in pneumatic
theory, see Kiinzl (1970) and Guillaume and Borello (1991). When electric analogies
are used to describe the mechanical elements of the ventilator, mechanical measurands
are projected on electrical ones. Following projections will be used:

Airway resistance:

Compliance

Pressure

Flow

2.1 The patient

Resistance

Capacitance

Voltage

Current

The patient is the key element in the model of the ventilator-patient system. Several
models for a patient are available, in all kinds of complexity. As a start, a very simple
model will be used. This model is used by Guillaume and Borello (1991). According to
them, the patient can be modeled by a resistor in series with a capacitance, representing
the airway resistance and lung compliance. The model assumes that the lungs act as a
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single chamber with a constant compliance and that no anatomical muscle groups are
active. Furthermore the restriction at the lung opening has to remain constant
throughout the breath. This simple model only allows rough testing of the system. More
extensive models are available in literature, see for example Avanzolini and Barbini
(1984) or Kaczka et a1. (1991).

Rairway

Figure 2.1: A simple patient model

2.2 The connection to the patient

The connection to the patient is the connection between the Y-piece and the patient. It
consists of the endotracheal tube, the flow and pressure transducer and possibly a
mainstream CO2 analyzer. The flow and pressure characteristics of these elements are
not known at the moment. Therefore it will momentarily be regarded as an extension of
the airway of the patient. Because the airway is modeled with a single resistor in the
patient model, this part of the system will also be represented by a single resistor.

---Ic::::JI--
Rpatcon

Figure 2.2: The connection to the patient, summarized as a single resistor

2.3 The Y-piece

The Y-piece is the connection between the tube coming from the turbine, the tube going
to the solenoid valve and the connection to the patient. This element is added to the
model of the system, because it forms an obstruction to the throughput of air. Because it
is a connection of three tubes, the electric analogy of this element is just three resistors
connected together as is shown in figure 2.3.
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RpatY

Figure 2.3: A simple model of the Y-piece

When the model needs to be more accurate, this simple model does not apply any more.
The geometry of the Y-piece has a significant influence on the PEEP value measured
near the mouth of the patient during expiration. This is shown in figure 2.4.

Exlra pressure as a result of 1he air 1I0w

patient

patient

Exlra pressure as a result of air 1I0w

patient

Less pressure as a result of air speed; suction

Figure 2.4: The effect of the geometry of the Y-piece on the pressure in the connection to the patient

-13-



The turbine generates a continuous flow in the direction of the solenoid valve. The
configuration of the system influences the PEEP pressure measured at the mouth of the
patient. When the tube to the patient is situated in the direction of the airflow, the
pressure in the connection to the patient is higher than the PEEP pressure that can be
expected as a result of the flow through and the resistance of the expiratory circuit. This
extra pressure is present as a result of the air flow (compare upstream blood pressure
measurement). These situations are the top and middle situations in figure 2.4. In the
bottommost situation in figure 2.4 the connection to the patient is situated in the other
direction. In this case the pressure in the connection to the patient can be expected to be
lower than the pressure as a result of the flow through and the resistance of the
expiratory circuit, as a result of suction (compare downstream blood pressure
measurement). Therefore an extended model could include the geometry of the Y -piece.
For now, this extension is not necessary, and the simple model will be used as it is.

2.4 The tubes

The tubes are the transmission lines for the respiratory air. They connect the Y -piece
with the turbine and the valve. Just as the connection from the Y -piece to the patient, the
tubes can be modeled with a simple resistor. When needed later, the model can be
extended, for example to make the model fit for high frequency behavior testing. This
can be done according to data from literature, e.g. Kunzl (1970) or Guillaume and
Borello (1991).

----tc=::JI--
Rinlub

----tc=::JI--
Rexlub

Figure 2.5: The tubes will be modeled as a resistor

2.5 The turbine

The turbine is the other important element in the ventilator-patient system, next to the
patient. It generates the air flow. This is comparable to the behavior of a current source
in an electric circuit. Therefore, the turbine can be modeled as a current source. A
nonlinear leaking resistor is added to be able to regulate the maximum pressure at the
output of the source. This model is called a Norton replacement circuit and is equivalent
to the Thevenin replacement circuit. The Thevenin replacement circuit is a voltage
source in series with a (in this case nonlinear) resistor. Because the use of a Thevenin
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circuit is more convenient when the values of the elements are determined (see chapter
3), the Thevenin circuit will be used.

Rintemal

Rleak Vsource

Norton circuit Thevenin circuit

Figure 2.6: The turbine modeled with a Norton and a Thevenin replacement circuit

2.6 The solenoid valve

The valve is used to open and close the expiratory tube. It has no other controls besides
the commands Open and Close. It opens, as well as closes in a negligible time and it has
airway resistance. Just as in an electric circuit it acts as a switch. Therefore the valve
can be modeled as an ideal switch in series with a resistor.

--GO~
Svalve Rvalve

Figure 2.7: The valve modeled as a switch

2.7 The oxygen source

The oxygen source is a gas bottle with a flow regulator, which could for instance be
modeled as a Thevenin source. Added to the oxygen source are a one way valve, which
can be modeled as a diode, and a normal, controllable valve, which can be modeled as a
variable resistor. When the valve is closed, the resistance is infinite, when the valve is
opened, the resistance is close to zero.
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Rintemal

V80urce

Figure 2.8: Example model for the oxygen source

2.8 The complete electrical simulation model

When all the above derived models are combined according to figure 1.4, an electrical
model of the ventilator appears. It is expected that this model behaves like the
mechanical system is expected to. Because calculations on such a model are easy to do,
theoretical specifications for the pressure and the flow can be derived easily. The
combined model is shown in figure 2.9. In this model the extra oxygen source is
omitted, because it is not known at the moment at which point in the system the oxygen
will be added.

Rintemal Rintub Rpatcon Rairway

Rexpy

au,.I
Svalve Rvalve Rex1ub

Figure 2.9: The combined models of the ventilator-patient system, eXcluding the oxygen source
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Chapter 3

System specifications

The next step in the design of a model for the ventilator-patient system is the
characterization of the electric components in the model of figure 2.9. This
characterization is based upon measured data obtained from Metrax. The measurements
have been carried out by Metrax on a prototype at Metrax, which is at the moment the
only working system available. Unfortunately only one set of poor and incomplete data
is available. This makes the model not very reliable and causes the characterization of
the components in the model of figure 2.9 to be based on quite a number of
assumptions.

In this chapter the patient model will also be completed with numerical data. This data
was obtained from the anesthesiology department of the Erasmus University in
Rotterdam, The Netherlands, and from the lecture notes "Metingen in de Geneeskunde
IT" (1991).

3.1 Available data

To enable performance measurement of the turbine unit, a prototype has been built. This
prototype has been connected to the rest of the ventilator system, and measurements
have been done to determine the performance of the turbine unit in the system. The
setup (Messaufbau B, M250) used is shown in figure 3.1.

Turbine

Valve b

Measuring point !low

Measuring point pressure

Expiratory tube

Inspiratory tJbe

~ J============t:::-

Valve a

Figure 3.1: Measurement setup
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The inspiratory and expiratory tubes were 1500mm long, had an inner diameter of
17mm and had type number 158901. Besides the measurement setup of figure 3.1 and
the type of tubes used, no data is available about the components in the system.

In the system of figure 3.1, three different measurements have been done. The first is the
measurement of the pressure which the turbine can generate at different rotation speeds.
In this situation the valves a and b are closed. This pressure is called Pmax(rpm).

The second measurement that has been done is the measurement of the flow through the
connection and the pressure in the connection to the patient when valve A is closed and
valve B is opened. The pressure in this situation is called P1(flow).

In the third measurement the pressure in the connection to the patient is determined at
different turbine rotation speeds, when valve A is open and valve B is closed. This
pressure is called Pz(flow).

The results of the measurements are presented in table 3.1.

Table 3.1: The only available set of measurement data from the setup in figure 3.1

a closed, b closed a open, b closed a closed, b open

actual pmax(rpm) actual P2 (flow) flow P1(flow)
set rpm rpm (mbar) rpm (mbar) (l/min) (mbar)

2280 2245 5 2251 0.9 67 1.1
3000 2910 8.5 2940 1.4 88 1.7
3450 3451 12.3 3485 1.9 105 2.3
4080 4034 17.3 4048 2.4 122 3.0
4560 4510 21.7 4521 3.0 135 3.6
5040 4931 26.3 4986 3.6 150 4.4
5760 5677 35.3 5711 4.5 172 5.7
6480 6363 44.5 6418 5.5 192 7.0
7020 6836 52.5 6938 6.5 209 8.2
8040 7813 69.5 7935 8.2 238 10.5
8520 8222 77.5 8391 9.2 253 11.8

Unfortunately these data are incomplete. The following data sets are missing: the flow
through the system during the measurement of Pz(flow) and the turbine rotation speed
during the measurement ofP1(flow).
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3.2 Modeling the measurement setup

The system shown in figure 3.1 can also be modeled with electrical components. If
figure 3.1 is compared to figure 1.4, it is apparent that the oxygen source has been
omitted and that the patient has been replaced by a valve. To simplify the model of the
system of figure 3.1, the following assumption is made:

Assumption 1: Both valves in the system are identical.

Using assumption 1, the patient circuit in figure 2.9 can be replaced by the model of the
solenoid valve: Rvalve in series with an ideal switch.

Measurements are only done in the connecting tube from the Y-piece to the patient.
Therefore it is not possible to obtain data about the effect of the Y-piece from this
measurement setup. It is therefore also impossible to determine the values of the
resistors ~ny' Rexpy and ~aty explicitly.

Assumption 2: The tubes of the Y-piece are short compared to the tubes connected
to them. Therefore ~ny' Rexpy and ~ty are assumed to be negligibly
small and can be omitted in the model.

The resulting electrical model of the circuit is shown in figure 3.2. The encircled
numbers are the node numbers.

Svalve B

Rvalve

Rpatcon

Rlube

RlubeRintemal

Vsource

Svalve A Rvalve

Figure 3.2: Electrical analogy of the measurement setup

The measurements that have been done on the system of figure 3.1 can be translated to
the model in figure 3.2.
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The measurement of the pressure with both valves closed is equivalent to the
measurement of the voltage with both switches open. This is equivalent to the
measurement of Vsource'

For the second measurement (the flow through and the pressure in the connection to the
patient when valve A is closed and valve B is open) another assumption has to be made.

Assumption 3: The measuring point of the pressure in the system is so close to the
V-piece that it describes the pressure at the output of the V-piece. It
therefore describes the voltage at node 4 in figure 3.2.

With assumption 3, the voltage drop over and the current through !\atcon and Rvalve is
known when switch SvalveA is open and switch SvalveB is closed. Because the flow as
well as the pressure (current as well as the voltage) is known, the resistance
!\atcon(flow) + Rvalve(flow) can be calculated.

Using assumption 3, the pressure P2(flow) is equivalent to the voltage at node number 4
when switch SvalveA is closed and switch SvalveB is open.

3.3 Calculation of the model parameters

The amount of data available is not enough to calculate the individual resistors.
Therefore three new resistors are defined that are combinations of two resistors. These
three resistors can, based on assumptions, be calculated. The resistors are:

l\+v(flow) =!\atcon(flow) + RvalveCflow)

Rt+v(flow) =Rmbe(flow) + Rvalve(flow)

~+t(flow) = ~ntemal(flow) + Rmbe(flow)

(3.1)

(3.2)

(3.3)

From the data in table 3.1 resistor ~+v(flow) can be calculated directly by dividing the
pressure by the flow in lis. The given flow in table 3.1 is given in Ilmin and has to be
divided by 60. Thus:

~+v(flow) =P1(flow)/(flow/60) (3.4)

The resulting ~+v(flow) can be drawn in a graph. This graph is shown in figure 3.3.

The flow through the system in the measurement of P2(flow) is not known. To be able to
calculate resistor R.+v(flow) a new assumption has to be made.

Assumption 4: The flow through the system in case valve A is open is equal to the
flow in the system in case valve B is open.
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Figure 3.3: Resistor Rp+y(flow) as a function of the flow

This assumption creates a direct link between turbine rotation speed and the flow
through the system. In reality this cannot be true. The pressures PI(flow) and P2(flow) at
node 4 are different at the same flow and Pmax(rpm), which would indicate a different
~+t(flow). Yet some assumption is necessary here.

Using assumption 4, R.+vCflow) can be calculated as

Rt+y(flow) = P2(flow)/(flow/60)

The graph of Rt+y(flow) is shown in figure 3.4.

(3.5)

Because the flow through the system is assumed to be equal in case either of the two
valves is open, and because the pressure at the measuring point is not equal, ~+t(flow)
cannot be calculated exactly. ~+t(flow) could be approximated when the average value
of the pressures P1(flow) and P2(flow) is used in the calculation.

Pmax(rpm) is the pressure drop over the total circuit. Because of assumption 4,
Pmax(rpm) can also be written as Pmax(flow). Ri+t(flow) can now be defined as
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Figure 3.4: ~+v(flow) as a function of the flow

Again ~+t(flow) can be drawn in a graph, which is shown in figure 3.5.
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As can be seen from the lines in figures 3.3 to 3.5, all resistors can be described with a
function which is linearly dependent on the flow. This shows that the flow through the
system is turbulent and Bernoulli's law applies.

According to Bernoulli's law the dynamic pressure difference over a tube depends on
the square of the flow through that tube. Therefore the resistors ~+v(flow), Rt+V<flow)
and R;+t<:flow) can be expected to be linear with the flow. Inertance of the air is
neglected.

The functions describing the resistors can be determined with linear regression. Due to
the limited amount of data and therefore the limited accuracy of the determined resistor
functions, optical approximation will also be sufficient, see figures 3.3 to 3.5. As more
data comes available, the models should be made more accurate.

Based on the above, following resistor functions can be found:

~+v(flow) =0.33 + 0.59(flow)

~+V<flow) = 0.31 + 0.44(flow)

R;+t(flow) =-0.85 + 3.97(flow)

Equation (3.9) shows that Ri+t(flow) can become negative. This happens as the flow
through the resistor comes below 0.21I/s. In reality this is not possible. Airway
resistance is always positive.

3.4 Calculating the individual resistor functions

(3.7)

(3.8)

(3.9)

In the final model, the model of valve B (see figure 3.2) will be replaced by a patient
model. Therefore Rvalve(flow) has to be known. Although the available amount of data is
not enough to derive the individual resistor functions, an attempt is made. The attempt is
based on the following assumption:

Assumption 5: The resistors Rvalve(flow) and Rmbe(flow) are equal.

This division of R;+t(flow) in Rvalve(flow) and Rtube(flow) is made arbitrarily and is
probably incorrect. Yet, lacking more data, some assumption is necessary here.

As a result of assumption 5 the following resistor functions are found:

Rvalve(flow) = 0.16 + 0.22(flow)

= 0.18 + O.36(flow)
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Rtube(flow)

~ntemal(flow)

= 0.16 + 0.22(flow)

=-1.01+ 3.75(flow)

(3.12)

(3.13)

To make sure that Rintemal(flow) is at least zero, ~ntemal(flow) is approximated with a
quadratic function. This gives the following:

~ntemal(flow)= 3.08(flow) + 0.08(flow)2

In figure 3.6 both functions are drawn for comparison.

·2 :
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

flow (lis)

1- linear function ....... quadratic function I

Figure 3.6: The linear and quadratic functions for Rintemal as a function of the flow

(3.14)

These describing functions for the resistors can be put in the model of figure 3.2. With
the simulation software PSPICE, the modeled system can be compared with the
prototype system. More about PSPICE as simulation software can be found in the next
chapter. It must still be stated that this model is not accurate enough for conclusions
regarding the developed system. It just gives an indication of what can be expected. The
results of the simulation are shown in figure 3.7. The marked lines are the calculated
values according to the model, the other lines are the measurement data.

Figure 3.7 shows that the calculated values from the model have errors smaller than
10% of the measured values, which is considered to be the sufficient medical accuracy.
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Figure 3.7: The quadratic model compared with the measured values for the pressure and the flow

3.5 Modeling the patient

In the last chapter a simple model for the patient has been derived. The only missing
data to complete the model of the ventilator-patient system are the values of the airway
resistance and the compliance of the lungs. These data have been supplied by prof. Dr.
B. Lachmann from the anesthesiology department of the Erasmus University in
Rotterdam, The Netherlands (personal communication, 1993).

The compliance of the lungs depends, among others, on the age of the patient. It is
assumed that the compliance is a constant for a person, which is only true in case the
tidal volume is not too large. It is assumed that tidal volumes stay below the value at
which the compliance becomes non-constant.

A range within which most compliances can be found is:

Cminimal = 0.010 1/mbar
Cmaximal = 0.17 l/mbar
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The given minimum compliance applies to neonates. For normal, otherwise healthy
adults, the minimum compliance is higher: Cminimal = 0.09I/mbar. Because the tubes
which have been used in the measurements are tubes for adults, the simulations will be
done in the range O.09I/mbar - 0.17I/mbar.

The airway resistance is also dependent on the patient. The airway resistance ranges
from

R.minimal =0.9 mbar/(l/s)
R.maximal =20 mbar/(l/s)

Normal, otherwise healthy persons have a lower airway resistance than the given 20
mbar/(l/s). An R.maximal of 2.6 mbar/(l/s) can be used in these cases. This is also the
upper boundary for the simulations that will be done.

Other patient types can of course be simulated as well, but make no sense considering
the limitations of the model and the limited usability of the results.
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Chapter 4

Simulations

Simulations provide the possibility to predict the behavior of the ventilator with a
patient connected to it. The results of these simulations are presented in this chapter. It
must again be stated that the simulations just give an indication of the behavior of the
ventilator-patient system. When more accurate results have to be obtained, the model
has to be redesigned with extended element models and more measurement data.

The simulations have been done with PSPICE. PSPICE has briefly been mentioned in
the previous chapter, where it was used to verify the model parameters of the in section
2.8 derived electrical model of the ventilator. In this chapter, the software will be
discussed in more detail.

4.1 PSPICE

"SPICE is widely used in the academic and industrial worlds to simulate the operation
of various electric circuits and devices. It was developed at the University of California
and used in the beginning on mainframe computers. The successor to the original,
SPICE2, is more powerful. Later versions, such as PSPICE by the Microsim
Corporation are designed to operate on PC's, Macintoshes, and minicomputers." ...
"The latest version is available to faculty members of electrical departments in technical
institutes, colleges, and universities free of charge directly from Microsim. " (from
Keown, 1991)

The evaluation copy is restricted to about 10 transistors and about 25 nodes. Because
the model that has been made of the ventilator system is an electrical one, and the
number of nodes does not exceed 15, an evaluation copy of PSPICE can be used.

The input for PSPICE is a normal text file that can be made with any text editor. It has a
list of elements and nodes, and a few control commands. An example of a PSPICE input
file is shown below. It is the file for the model of a patient with a compliance of 0.17
l/mbar and an airway resistance of 0.9 mbar/(l/s). The turbine pressure is 5 mbar and the
I:E ratio is 1:2 (inspiration 2 seconds, expiration 4 seconds).
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PULSE(O 1 0 0.1 0.1 4 6)
10K

Metrax ventilator system
*************************************************************************
* Subcircuit descriptions *
*************************************************************************
* This subcircuit will be used to implement the nonlinear
* resistors. Its output resistance is a function of a controlling
* voltage. zref is 1 ohm. Therefore Zout = V.
* Variable impedance: zout = zref * V
* control input: voltage
* / \ output: floating impedance
* + - / \
.subckt zx 1 2 4 5

eout 4 6 poly(2) (1,2) (3,0) 0 0 0 0 1
fcopy 0 3 vsense 1
Rload 0 3 1
rin 1 2 IG
vsense 6 5 0

•ends

* Expiratory valve model
************************
.model expvalve VSWITCH(RON=O.OOOOOI ROFF=100MEG VON=0.9V VOFF=0.5V)
* Pulse «Vinit>,<Vpulse>, <delay>,<trise>,<tfall>, <tpulse> ,<period»
* valve open 4 seconds, opening and closing time 0.1 seconds
* period 6 seconds
~ECON 13 0
R~VECON 0 13

*************************************************************************
* Circuit description *
* The H devices are the controlling sources of the resistors,
* the X devices are the subcircuits representing the nonlinear
* resistors. Poly(l) indicates that the describing polynomial
* depends on 1 variable, the numbers following Vsource (the
* source through which the controlling current flows) are the
* coefficients of the polynomial.
*************************************************************************

* Turbine description
*********************
Vsource
Rload
Hinternal
xinternal

o
1
o
o

1 -5
2 le-l0
10 poly(l)
10 2 3

Vsource
zx

o 3.08 0.08

* Inspiratory tube description
******************************
Hintube
xintube

o 11 poly(l) Vsource 0.155 0.222
o 11 3 4 zx

*Expiratory tube description
****************************
Hextube
Xextube

o 12 poly(l) Vsource 0.155 0.222
o 12 4 6 zx

*Expiratory valve description
*****************************
Hexvalve 0 15 poly(l) Vsource 0.155 0.222
Xexvalve 0 15 6 8 zx
Sexvalve 8 0 13 0 expvalve
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*Patient circuit description
****************************
Hpatcon
xpatcon
Rairway
Clung

o 14 poly(l) Vsource 0.177 0.363
o 14 4 5 zx
5 7 0.9
7 0 0.17

.tran O.lS 30S

.options list nopage node itlS=O

.print tran V(2) V(S) V(7) I (vsource) I (Rairway)
•probe
.end

In the output file, all voltages and currents can be made available. The output file for
this simulation would include the calculated parameters V(2) (turbine pressure), V(5)
(pressure at the mouth of the patient), V(7) (pressure in the lungs of the patient~,

I(Vsource) (flow through the turbine) and I(Rairway) (flow through the patient s
airway). The output can also be presented graphically, using PROBE, a graphical post
processor for PSPlCE. To be able to use PROBE, the .probe statement has to be
included in the input file. In that case all currents and voltages in the system can be
drawn in a graph, as well as mathematical combinations of the data. Therefore the tidal
volume for example, which is the difference in charge on the capacitor C;un between
the start of the inspiration and the end of the inspiration, and therefore equaf to the
capacitance of the capacitor multiplied by the voltage difference over the capacitor
between the start of the inspiration and the end of the inspiration (0 = C*V), can be
calculated also. All shown graphs in this chapter are the outcome of simulations and are
generated by PROBE.

It is obvious that when the characteristics of all the elements in the system are known,
an input file for PSPlCE is easy to make. The model is very flexible and the program is
relatively fast. A simulation like that of the given input file (30 s of ventilation, variable
time step determined by PSPICE) takes about 25 seconds on a 40 Mhz 386 compatible
with a coprocessor.

4.2 Simulations

Simulations have been done with the system to show how the model can be used to
predict the behavior of the ventilator system. To be able to compare the calculated data
with the data in table 3.1, following four turbine pressures have been used in the
simulations: 5 mbar, 17.3 mbar, 44.5 mbar and 77.5 mbar. These turbine pressures are
used on five different patient types, thus on five different combinations of airway
resistance and compliance:
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Patient type Resistance Compliance

1 0.9 mbar/(l/s) 0.171/mbar

2 2.6 mbar/(l/s) 0.17l1mbar

3 0.9 mbar/(l/s) 0.09l1mbar

4 2.6 mbar/(l/s) 0.09l1mbar

average 1.7 mbar/(lIs) 0.13l1mbar

The data has been derived from the simulations are the PEEP pressure for the four
turbine settings, the maximum inspiratory flow (Max flow (lIs)), the maximum
expiratory flow (Min flow (lIs)) and the tidal volume. The simulations have been done
with an I:E ratio of 1:2, inspiration 2 seconds, expiration 4 seconds.

Next to these data, an estimation has been made of the time needed to reach an inspired
volume of approximately 500 mI. This is shown in the column "500ml time". The most
right column indicates the actual inspired volume in that time frame (time frame: start of
inspiration - start of inspiration + "500ml time"). The thus given timing parameters
have been checked on patient type 1. Inspiration time was limited to the indicated time
frame and all other parameters were kept identical. Simulations with these parameters
showed that the given times were a good approximation of the time needed to achieve a
tidal volume of approximately 500 mI. The results for the five patient types are given in
tables 4.1 to 4.5. The results are presented graphically in figures 4.1 to 4.5.

Tabl. C.11 Ventilation data patient type 1

R = 0.9 mbar/(l/s) C = 0.17 l/Dlbar

Turbine PEEP Max Hin Tidal Inspiration
pressure pressure flow flow volume 500ml tidal

time volume
(Dlbar) (Dlbar) (lis) (l/s) (1) (s) (1)

5 0.86 0.90 -2.01 0.70 0.84 0.50

17.3 2.49 1.81 -4.92 2.23 0.34 0.55

44.5 5.79 2.99 -7.51 4.48 0.20 0.57

77.5 9.64 3.97 -8.85 6.40 0.13 0.51
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Table '.2: Ventilation data patient type 2

R= 2.6 mbar/(l/s) C = 0.17 1/mbar

Turbine PEEP Max Min Tidal Inspiration
pressure pressure flow flow volume 500ml tidal

time volume
(mbar) (mbar) (lIs) (lIs) ( 1) (s) (1 )

5 0.86 0.73 -1.02 0.66 1.12 0.53

17.3 2.51 1.62 -2.70 2.05 0.34 0.50

44.5 5.92 2.79 -4.66 4.19 0.20 0.53

77.5 9.98 3.76 -5.98 6.06 0.13 0.48

Table '.3: Ventilation data patient type 3

R = 0.9 mbar/(l/s) C = 0.09 1/mbar

Turbine PEEP Max Min Tidal Inspiration
pressure pressure flow flow volume 500ml tidal

time volume
(mbar) (mbar) (lIs) (lIs) (1) (s) (1)

5 0.86 0.89 -1.99 0.38 not reached

17.3 2.49 1. 81 -5.58 1.34 0.33 0.52

44.5 5.78 2.99 -9.90 3.33 0.20 0.56

77 .5 9.53 3.97 -14.30 5.23 0.14 0.51

Table ,.,: Ventilation data patient type 4

R = 2.6 mbar/(l/s) C = 0.09 1/mbar

Turbine PEEP Max Min Tidal Inspiration
pressure pressure flow flow volume 500ml tidal

time volume
(mbar) (mbar) (lIs) (lIs) ( 1) (s) (1)

5 0.86 0.73 -1.08 0.38 not reached

17.3 2.49 1.62 -3.27 1.32 0.33 0.47

44.5 5.78 2.79 -6.70 3.20 0.20 0.52

77 .5 9.55 3.78 -9.36 5.03 0.14 0.48
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Table 4.5: ventilation data average patient

R = 1. 7 mbarl (lis) C = 0.13 1/mbar

Turbine PEEP Max Min Tidal Inspiration
pressure pressure flow flow volume 500ml tidal

time volume
(mbar) (mbar) (lis) (1/s) (1) (s) (1)

5 0.86 0.81 -1.43 0.54 2.00 0.54

17.3 2.49 1. 72 -3.96 1.82 0.33 0.51

44.5 5.79 2.90 -7.02 3.97 0.20 0.55

77 .5 9.58 3.88 -8.89 5.86 0.13 0.50

Tables 4.1 to 4.5 show that the PEEP pressure is independent of the type of patient that
is connected to the system, as can be expected as a result of the design. Furthermore it is
obvious that there is no problem to achieve the necessary tidal volume (according to
prof. Dr. B. Lachmann (personal communication, 1993): Bml-15ml per kg body
weight, ideally 10ml - 12ml per kg body weight) at a low pressure (below 30 mbar).
Literature has shown that the tidal pressure difference in the lungs should not exceed 30
mbar to prevent shear forces which damage the lungs during artificial ventilation
(Lachmann, 1992). A turbine pressure of 17.3 mbar with a tidal pressure difference of
about 15 mbar is already enough to generate tidal volumes ranging from 1.3 to 2 liters.
In reality, the tidal volumes will probably be smaller because the lung compliance is not
constant. Nevertheless it gives an indication that the system should be safe for the
patient in this regard.

Figures 4.1 to 4.5 present the measurements graphically. They show that at 5 mbar
turbine pressure a platform is reached in the pressure at the mouth of the patient. The
pressure at the mouth is then equal to the turbine pressure and the flow into the patient is
zero. Patient types 3 and 4 show a very small overshoot in the pressure at the mouth at
the moment that a pressure equilibrium is reached (see graph for 5 mbar turbine
pressure). The cause for this overshoot is probably inaccuracy of the model or an
approximation error in the calculations made by PSPICE. It is not a result of the time
increment, because the time increment is variable and determined by PSPICE. In case
the model is refined, this overshoot should be examined more closely.

True pressure controlled ventilation requires a constant inspiratory pressure. This can
not be realized with this system. It can be seen from figures 4.1 to 4.5 that at 5 mbar
turbine pressure the inspiration lasts long enough to establish a pressure equilibrium
between the lungs and the turbine output. The resulting flow and pressure pattern looks
therefore like the pattern for pressure controlled ventilation (see figure 1.3).

When the turbine pressure is increased the pattern tends to change in the direction of
volume controlled ventilation with a flat inspiratory flow. The reason for this change is
that the airway resistance limits the flow into the lungs, and therefore it takes longer for
a pressure equilibrium to establish.
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Figure 4.1: Simulation results for patient type 1 at 4 different turbine pressures
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Figure 4.2: Simulation results for patient type 2 at 4 different turbine pressures
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Figure 4.3: Simulation results for patient type 3 at 4 different turbine pressures
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Figure 4.4: Simulation results for patient type 4 at 4 different turbine pressures
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Figure 4.5: Simulation results for the average patient at 4 different turbine pressures
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True volume controlled ventilation requires a constant inspiratory flow (see figure 1.2).
The pressure at which the inspiratory flow becomes constant is so high, that it is
probable that lung damage will occur (tidal pressure difference» 30 mbar). Therefore
the actual important ventilation parameters, such as tidal volume and the maximum
pressure, should be checked by the control system and pressure controlled volume
regulated ventilation should be applied when possible. This ventilation mode assures an
adequate tidal volume at the lowest possible pressure.

When valve b in figure 3.2 was replaced by the patient, the flow dependent resistor
Rvalve(flow) was replaced by Railway, a constant resistor. This Rairwa is half of
Rvalve(flow) at the maximum flow of approximately 4.22I/s. Nevertheless the flow stays
below the maximum flow that the turbine can deliver at all given turbine pressures (see
table 1).

These simulations are limited to normal, otherwise healthy persons. This is not a
restriction in the model. The patient circuit can be replaced by any electrical circuit that
models a possible lung problem. More about these models can be found in literature
(see section 2.1).

The overall conclusion of these simulations can be that the derived model can be used to
get an indication of the pressure and flow characteristics of the ventilator. To get more
accurate predictions of the flow and the pressure in the system, as well as information
about the gas exchange, the model must be refined.
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Chapter 5

The control system

The electronic control system or control/trigger unit (see figure 1.4) is the heart of the
ventilator. Through controlling the mechanical parts, it determines the major part of the
characteristics of the ventilator. The input for the control system comes from the user
interface and the measuring equipment in the patient connection. The user interface sets
the ventilation mode and the safety limits. In the connection to the patient, the flow,
pressure and possibly the capnogram are measured. The control system adjusts the
settings of the turbine and the valve according to the set ventilation mode and the
measurements and it initializes an alarm state when necessary. Therefore it is of major
importance that this system is designed to be robust, flexible and easy to maintain. A
first setup to achieve this goal is given in this chapter. An actual control system will not
be designed.

5.1 Requirements for the control system

The electronics determine the performance of the new ventilator. As a result, some
requirements for the new ventilator apply directly to the control system. These
requirements are given below:

respiratory frequency between 1 and 120 breaths per minute,

I:E ratio (Inspiration:Expiration) between 20% and 80%,

all ventilation modes of a normal leu ventilator are available,

protection of some ventilation modes from the user by a lock or password.

The respiration frequency as well as the I:E ratio depend entirely on the settings of the
control system. These settings are made by the user via the user interface. The flow and
pressure patterns do not depend on the control system. The simulations have shown that
these are determined by the mechanics. The constant flow that is wanted for volume
controlled ventilation for example, can only be achieved at very high turbine pressures.
Therefore the major characteristics of a ventilation mode should be monitored by the
control system. In case of volume controlled ventilation, the software in the control
system has to calculate the tidal volume by integrating the flow over time.

-39-



The control system therefore also determines the standard ventilation mode. According
to anesthetic specialists of the Erasmus University in Rotterdam, The Netherlands
(personal communication, 1993), the standard ventilation mode should be pressure
controlled volume regulated ventilation. This ventilation mode gives the best chances on
a sufficient tidal volume at a low tidal pressure difference. Pressure controlled volume
regulated ventilation has been described in section 1.1.3 and will be used as an example
to show how the control system could control the ventilator.

5.2 Modeling the control sytem

In a ventilator-patient system as described in chapter 2, five different blocks can be
found. These five blocks each represent a group of functions which are characteristic for
that block. The blocks are shown in figure 5.1.

patient

actuator
unit

sensor
unit

control module

Figure 5.1: Schematic setup of the control system

user
interface

The first block is the patient. This is a part of the ventilator-patient system which cannot
be influenced with electrical control signals. The only communication between the
patient and the rest of the system is through the characteristics of the air going in and
coming out of the patient.
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The second block is the sensor unit. In this unit, all the input needed for correct control
of the ventilator system is collected. The sensor unit measures the flow, pressure and
CO2 concentration in the tube connecting the patient to the Y-piece.

The third block is the actuator unit. This is the unit which generates the airflow and
which controls the inspiration and expiration periods by operating the valve. The
mechanical characteristics of the elements of the unit, the turbine and the solenoid
valve, have already been defined in chapter 2, but the electrical characteristics will be
defined in this chapter.

The fourth block is the user-interface. This is the block that the user really comes in
touch with. Because the design of a user-interface requires a lot of knowledge about the
use of ventilators, only the communication protocol between the user-interface and the
fifth block, the control module, is discussed.

The fifth and last block of the control system is the control module. The purpose of this
block is to calculate the setpoints for the actuator unit, using the input from the user
interface and the sensor unit.

The blocks, except for the patient, will be discussed in more detail in sections 5.3 to 5.6.

5.3 The sensor unit

The purpose of the sensor unit is to collect data about the inhaled and exhaled air. It
translates the flow, pressure and CO2 concentration signals into electrical signals that
can be used by the control module to calculate new settings for the actuator unit. The
flow will be measured with a differential pressure transducer, which is a semiconductor
device. The pressure is also measured with a semiconductor sensor and the capnogram
will be measured with a capnograph. In the following sections, some characteristics of
the transducers will be discussed.

5.3.1 The differential 80w detector

A differential flow detector is a device that calculates the flow according to a pressure
difference over a small airway obstruction. This obstruction is placed in a tube between
the patient and the Y-piece. This airway tube is shown in figure 5.2.

-41-



-------t-----t-» tow)I
I

/

,
\ ,

pressure measuring points

( )

small airway obswction

Figure 5.2: Tube for a differential flow detector

A semiconductor device is connected to the pressure measuring points. It measures the
pressure difference over the airway obstruction and translates the differential pressure
into an electric signal. An example of such a semiconductor device is the 163PC01D36
differential pressure sensor of MICRO SWITCH. This device will be used to show the
characteristics of such a transducer, see table 5.1.

Table 5.1: Characteristics of the 163PCOID36 differential pressure sensor

minimal typical maximal

Excitation
Supply current
Response time
weight

6.00V 8.00V
8.00mA

28 grams

12.00V
20.00mA
1 msec

Ditt. pressure range:
Sensitivity:
Operating temperature:

0-12.7 em H20
0.5V/2.54 cm H20
-40°C - 85°C

The output signal will be linear with the flow-resistance characteristics of the
differential pressure tube. The relation between the flow and the differential pressure
depends on the tube used. The device is DC operated.

5.3.2 The pressure sensor

Just as the differential pressure sensor, the pressure sensor will be a semiconductor
device. Type number nor characteristics are known at the moment. The measuring point
for the pressure is in the tube for the flow measurement. Therefore it is very well
possible that pressure sensor and differential pressure sensor can be combined in one
device.
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5.3.3 Measurement of the CO2 concentration

Capnography is based on the measurement of infrared light absorption in the respiration
gases, compared to the absorption of known gases. The device to measure the
capnogram is called a capnograph. More about the capnograph can be found in the
lecture notes "Metingen in de Geneeskunde U" (1991).

The output signal of the capnograph can be a voltage or a frequency, which is nonlinear
with the concentration of the CO2 gas. The accuracy of the sensor depends on the
temperature, pressure changes and the overlap of absorption spectra of the expiratory
gases.

5.4 The actuator unit

The actuator unit is the part of the system which generates the airflow and controls the
flow in the patient circuit. This is done by controlling the rotation speed of the turbine
and by opening and closing the expiratory valve. When available, the oxygen valve will
be in this unit also. The actuator unit is controlled by the control module.

5.4.1 The turbine

The turbine is similar to the type used in vacuum cleaners. It is an electric motor with a
flow generating unit on the shaft. The turbine is controlled with a pulse width
modulation controller.

The supply voltage for the turbine is 48 Volts, the current depends on the rotation speed
and the load. The current at a set rotation speed and load is given in table 5.2.

It can be seen from table 5.2 that the rotation speed of the turbine depends on the load
connected to it. The rotation speed is set at the same value, but the actual achieved
rotation speeds depend on which valves are open.

5.4.2 The solenoid valve

The solenoid valve is a simple open - close valve. The control signal needed for the
valve is not known.
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Tabl. 5.21 Current through the turbine

a closed, b closed a open, b closed

actual Current actual Current
set rpm rpm (A) rpm (A)

2280 2245 0.88 2251 0.88
3000 2910 0.56 2940 0.56
3450 3451 0.68 3485 0.68
4080 4034 1.25 4048 1.24
4560 4510 1.33 4521 1.28
5040 4931 1.01 4986 1.00
5760 5677 1.36 5711 1.20
6480 6363 1.40 6418 1.13
7020 6836 1.43 6938 1.12
8040 7813 1.68 7935 1.10
8520 8222 1.84 8391 1.15

5.4.3 The oxygen valve

The oxygen valve is a valve which can be used to add oxygen to the inspiratory air. The
additional oxygen comes from a gas bottle and via a flow regulating device it passes to
the inspiratory circuit. To save weight and loss of oxygen, a valve should be added to
the system, which prevents oxygen to be added to the airflow during expiration. This
valve could be similar to the expiratory valve.

The location of the oxygen valve in the system is important. If the oxygen input is not
located close to the Y-piece, the beginning of the inspiration does not contain extra
oxygen.

5.5 The user interface

The user interface is the part of the system which the physician uses to control the
ventilator. When this unit is physically separated from the rest of controlling hardware,
the user interface can be developed independently from the rest of the system. There can
be a number of solutions, but a possibly useful approach is to use a microprocessor
board to read and evaluate the user interface. This hardware unit communicates with the
control module through a hardware connection. This will especially be easy during the
development of the ventilator. The user-interface can be replaced by a computer, so all
kinds of information from the ventilator can be collected for later evaluation.
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The user-interface could be developed in a design team consisting of a technician, a
ergonomic specialist and a representative of the future users. The design could be
evaluated after for example three years to see if improvement is necessary. Including
anesthesiologists in the team also eases acceptance of the new device at introduction.

The communication between the user-interface and the control module is based on
setpoints. An example of a setpoint communication protocol will be discussed in section
5.6.1.

5.6 The control module

The control module is the main unit in the control system. It controls the settings of the
turbine and the expiratory valve according to the settings on the user interface and the
measured values of the flow, pressure and CO2 concentration. The control module
contains two different knowledge areas: knowledge about the mechanics of the system
and medical knowledge.

To improve design efficiency and maintainability, the control module can again be
divided into three blocks: the physical control unit, the medical trigger unit and the
safety control unit. This means that each module can be specialized: the physical control
unit does not need medical knowledge and the medical unit only needs limited
information about the mechanical characteristics of the system. The safety control unit
can be designed in two ways. The first option is a very simple safety control unit. It just
compares the measured values to the set minimum and maximum values set on the user
interface. The second option is an intelligent safety control unit which predicts future
measurements according to a model of the ventilator-patient system. The three units of
the control module are shown in figure 5.3.

The physical control unit is physically connected to the actuator unit and the sensor unit.
It controls the actuator unit and translates the output of the sensor unit into an input for
the safety control unit. The input of the physical control unit are setpoints generated by
the medical trigger unit. Possible setpoints are: PEEP, tidal volume, frequency, minute
volume, upper pressure limit, inspiration and expiration time, inspiration and expiration
volume and the trigger sensitivity level. Only a very limited set of combinations of these
setpoints is possible. This is a result of the mechanical design of the ventilator.

The medical trigger unit generates the setpoints for the physical control unit according
to input from the user-interface and medical knowledge about the ventilation modes.
Initial settings of the ventilator can be made according to the theory of Laubscher et aI.
(1993).
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Figure 5.3: Block architecture of the control module

Laubscher describes a method to calculate the tidal volume, the respiratory frequency
and the minute volume based on measurements of the airway flow, the airway pressure
and the instantaneous CO2 concentration during test breaths. The test breaths are
analyzed in terms of tidal volume, expiratory time constant and series dead space. The
ventilation mode used for the test breaths is pressure controlled synchronized
intermittent mandatory ventilation (pCSIMV). This ventilation mode allows the patient
to trigger extra breaths next to the ventilator triggered breaths.

5.6.1 An example of a setpoint communication protocol

The setpoints communication protocol is used in the communication between the blocks
of the control module, and between the control module and the user-interface. These
setpoints can be percentages or values. If this system is implemented on a
microprocessor with 8 bit numbers, such a setpoint could be a number between 0 and
200. This leaves 55 codes for dedicated, direct control of the hardware. The dedicated
codes are necessary for direct control in emergency situations, like "valve open" or
"turbine stop".

An example for the command syntax of the setpoint communication protocol:

<NewCommand><Operation><Subject1>[<Addition>]<Value>

The part between the square brackets [] is optional. A command sequence could look
like this:
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NewCommand setiPressureiAlarml20
NewCommand rncrementiFlowl2
NewCommand GetlpC02loon'tCare
NewCommand OpenlValvelloon'tCare

5.6.2 An example: Pressure controlled volume regulated ventilation

In this section an example is given how ventilation of a patient could be organized.

At start-up the physician turns on the ventilator after connecting the patient to the
system. The medical control unit sets the turbine pressure at 5 mbar. The physical
control unit then adjusts the control signal for the turbine in such a way that this
pressure is achieved. Next the medical control unit orders the physical control unit to
close the valve and the first inspiration starts. The minimum tidal volume, the
frequency, the maximum pressure and I:E ratio has been set by the physician as well as
the frequency. The safety control unit monitors the tidal volume and maximum pressure.
If the tidal volume is below the set minimum tidal volume, the safety control unit
notifies the medical control unit which in tum orders the physical control unit to
increase the turbine pressure with 2 mbar.

This continues until the wanted tidal volume or set upper pressure limit is reached. In
case the upper pressure limit is reached and the tidal volume is still too low, the safety
control unit notifies the medical control unit and the user interface.

In case the capnogram is also measured, the initial settings of the ventilator can be made
according to the theory of Laubscher et aI.. This could shorten the setup time.

-47-



Chapter 6

Conclusions and recommendations

6.1 Conclusions

The German company Metrax GmbH has designed a new type of ventilator. This
ventilator is based on a turbine for the generation of flow and has only one valve. In this
report a proposal for a model of the ventilator-patient system is made. The model is
limited to flow and pressure calculations and gas exchange is not considered.

The model is a theoretical, electrical equivalent model of the system. It has been made
by dividing the ventilator-patient system in distinct elements, which could be modeled
separately. These element models have been combined into the complete ventilator
patient model. The characteristics of the components in the model have been determined
on the basis of measurement data. Because only one set of incomplete data was
available, the resulting model can only be used to get a rough indication of the behavior
of the ventilator-patient system.

Simulations with the model have been done, using the simulation software PSPICE.
These simulations have been done on five patient types. The patient types are
represented by five different combinations of airway resistance and compliance. All of
the values apply to normal, otherwise healthy, adult persons. The ranges for the
resistance a~e: Rminimal = 0.9 mbar/(l/s), Rmax~a1 = 2.6 mbar/(l/s). The ranges for the
used complIance are: Cminimal =0.09I/mbar, \..maximal =0.17I/mbar. In these ranges the
four extreme combinations and an average patient are chosen. The simulation results
indicate that the system allows ventilation of these patients at relatively low pressures.
A tidal pressure difference of 15 mbar should be enough to achieve tidal volumes of at
least 1.3 liters. This low pressure prevents the generation of large shear forces inside the
lungs, which can damage the lungs of the patient.

Next to the model for the mechanical part, a proposal has been made for the control
system of the ventilator. The control system determines the major part of the behavior
of the ventilator. Therefore this control system is divided into separate control blocks,
which have their own, restricted task. It contains the following five units: the actuator
unit, the sensor unit, the control module, the user interface and the patient. The control
module is again divided into three parts: The physical control unit, the medical control
unit and the safety control unit. This last subdivision creates the possibility to separate
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medical knowledge from specific knowledge about the mechanics of the system and
therefore creates an easy to maintain control system.

6.2 Recommendations for future research

The model has been built with only one incomplete set of data. Furthermore the model
is limited: gas exchange and the compliance of the tubes are not included in the model.

Therefore the model should be redesigned to include the compliance of the tubes and
gas exchange. Furthermore the characteristics of the components of the model should be
based on more measurement data.

The use of PSPICE a simulation software allows the creation of a library of ventilator
parts. With this library it should be possible to create a modeling tool for ventilator
patient systems. It would also allow to quickly build models of ventilator-patient
systems and predict the behavior of the system in advance. It should therefore make a
powerful design tool.
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