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Preface

The result of seven months of traveling between Eindhoven and Maastricht is a functioning prototype
p02 regulation system. Unfortunately Idon't have the time to do the last tests and finish the project, but I
am sure that in a year the controller will be used during operations.

As my medical knowledge was insufficient I first struggled through some medical textbooks. After this I
understood that ij was the p02 that had to be controlled. Of course the perfusionists knew this for ages
but one cannot believe everyone. After some measurements during relevant operations ij became
clear how this p02 should be controlled. A student who worked on this project before left me a
controller wijh intuijively chosen parameters and hardly any documentation. In spije of this a small test
wijh this controller looked promising and I chose to continue wijh this controller type. The programming
of a suijable algorijhm was finished in three days and the testing could begin. During these tests the
controller tuning was optim ized and a lot of experience about the controlled process was gained. At last
there was a well functioning prototype p02 controller.

Of course I got a lot of support. Thanks to the Instrumental Department of the hospijal and the
Instrumental Department of the universijy. Thanks to the perfusionists who were often interested and
gave me advice or asked when the fruij pie would come. I cannot help but I need to make some
names pUblic: Cees, thanks for helping me wijh all the medical aspects. Wijhout the discussions we
had Iwould have walked into many more blind alleys. Hans, thanks for the support. Because of your
famous 'open door' I felt never guilty bothering you. And at last Ruud and Marianne, thanks for
thoroughly reading and correcting this report.



Summa

Cardio-pulmonary bypass is the technique of bypassing the lungs and heart during cardiac surgery.
The function of the lung is replaced by an oxygenator which exchanges oxygen and carbon dioxide wtth
the blood. The partial arterial pressure of oxygen (pP:J is a good indication of the amount of oxygen in
the arterial blood. At present controlling the PP2 is usually done wtth manual control of the composttion
of the gasflow towards the oxygenator. Because of this manual control the Pa02 is subject to heavy
fluctuations. A more constant value of about 20 kPa is beneficial for the patient so a regulation system
for the PP2 is desirable.

The controlled process consists of the oxygenator and a p02 sensor. The transfer function of the
oxygenator is non lineair and there are many factors affecting this transfer function. The p02 sensor
introduces a large delay in the control loop. As a controller a PID type is chosen. To acquire a
parameter set for this PID controller resulting in a satisfactory control system, first a number of open
loop step responses were taken from the process. From these the tuning parameters were calculated
wtth the tuning rules of Ziegler and Nichols. The worst case circumstances were estimated and the
calculated tuning parameters were adapted to this worst case.

The controller was tested during three operations on goats. As far as the oxygen consumption is
concerned these goats were comparable wtth adult man. After some minor adjustments during these
operations the controller behaved very well. Furthermore the controller was tested in an vttro test setup.
During this test large disturbances were introduced. The controller managed to bring the p02 back to tts
setpoint fast enough and wtth an overshoot small enough.

From the tests tt appeared that the controller tuning does not really affect the peak value of the
overshoot. Therefore the controller can be tuned very conservatively wtthout introducing large
overshoots. Because of this conservative tuning the probabiltty that the controlled process becomes
instable is very small, even after a future introduction of new and different equipment.
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1 Introduction

Manufacturers of medical equipment are careful with improving existing products when new
techniques are available. Especially when improvements don't yield a significant profit, manufacturers
prefer to wait instead of to develop. The Academic Hospital Maastricht wished to use more advanced
equipment than available and decided to develop certain products in co-operation with the
Instrumental Service of the University Maastricht and the Eindhoven University of Technology.

This report describes the realization of an automatic controller for the arterial partial pressure of oxygen
(pPJ in the blood during Extra Corporal Circulation (ECC). ECC is the technique of conserving the
blood circulation and maintaining adequate blood parameters during open-heart surgery with a heart
lung machine. Controlling the blood gas and acid base parameters is done by manual control. Caused
by this, one of the blood parameters, the PP2' is subject to heavy fluctuations. As a more stable PP2 is
desirable, there is a need for an automatic PP2 controller.

The assignment can be described as follows:

Design a p02 controller. Test this controller in an in vitro test and on a number of real patients.
Describe the performance of the controller and prove that it functions properly under all
circumstances.

Verberne [1995] worked already on this assignment. He developed a PID controller with intuitively
chosen parameters and did a small test with this controller. In the literature few articles about this
subject were found. De Jong [1981] described a p02 controller for use with bubble oxygenators.
Nowadays almost exclusively membrane oxygenators are used which require a different control
system. Marlow [1982], University of Strathclyde - Glasgow, described a p02 regulation system for a
membrane oxygenator in his Ph.D. thesis, but it was too difficult to obtain this thesis. Ten years later the
same University developed an adaptive controller [Allen, 1992] so one controller could be used with
different oxygenators and sensors. An attempt to use this approach resulted in insuperable problems of
system identification [Verberne, 1995]. The article of Allen [1992] mentioned that the controller
developed by Marlow [1982] functioned only with a specific oxygenator and p02 sensor. Since 1982 the
characteristics of sensors and oxygenators have changed so much that the expectation is that this
article would not be very useful. In the literature no clinical evaluations of p02 controllers were found.
More recent articles about controlling the p02 during CPS were not found.

This report is organized as follows. Chapter 2 gives an overview of the different parts of a heart-lung
machine and describes the way this machine is used in cardiac surgery. Chapter 3 deals with the
physiological aspects. The two ways the blood transports oxygen are considered and the desirability of
an automatic p02 controller is shown. Chapter 4 starts with a description of the process. Subsequently
the choice for the controller type is justified and the chosen algorithm is compared with some
controllers in the literature. Chapter 5 continues with the implementation of the algorithm in a Pascal
program and deals with the safety aspects. Chapter 6 presents the results of some in vitro and in vivo
tests. Finally in chapter 7 the conclusions and recommendations are given.
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2 Overview

Until the late fifties complicated cardiac surgery was not possible. As during most of the open-heart
operations the heart had to be stopped, the operations could not take too long. Only small, quick
operations by an experienced surgeon were carried out. In order to operate longer without injury,
methods were used to reduce the oxygen consumption, for instance by cooling the patient in a bath of
cold water. More sophisticated surgery was only possible after the introduction of a device which
substitutes the function of heart and lungs: the heart-lung machine.

2.1 System elements

Taking over the functions of the lungs and heart with a heart-lung machine is called Extra Corporal
Circulation (ECC). A related term is Cardio PUlmonary Bypass (CPB), the bypass of lungs and heart.
The block diagram in figure 2.1 shows the major system elements of a heart-lung machine in
connection with a patient.

PATIEI\lT

OXYGENATOR

.........:? .

WATER
4 - 41'C

Figure 2. 1. Major system elements

RESERVOIR

PUMP

Starting at the patient, the blood flows (under the influence of gravity) into a, compared to the patient,
lower situated reservoir. A pump - usually a roller pump - drives the blood through an oxygenator and a
filter back to the patient. A roller pump consists of a flexible tube and two rollers, which push the blood
through the tube. The central element is the oxygenator, consisting of two sections, numbered 1 and 2
in figure 2.1. Section 1 is the oxygenator proper and provides the exchange of oxygen (OJ and carbon
dioxide (COJ with the blood. Section 2 is a heat-exchanger which cools or warms the blood by means
of a water circuit. The gas flow towards the oxygenator is a mixture of air, O2 and CO2, The mass-flow
controller (MFC) mixes these three gasses in the desired proportion.
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Oxygen control during ECC

2.2 The oxygenator

Overview

The amount of gas dissolved in a liquid is proportional to the partial pressure w~h which the liquid is in
equilibrium. In symbolic form:

(2.1 )

(2.2)

C is the concentration of the gas dissolved in the liquid [mill], a is the dissolvability coefficient
[mlll/mmHg] and P is the partial pressure of the gas above the liquid. The amount of O2and CO2in the
blood is generally indicated by this partial pressure: p02 and pC02. The location of the blood is
indicated w~h an extra letter: Pa02 and PaC02 for the arterial blood (the blood towards the tissues) and
Pv02 and PvC02 for the venous blood. The p02 should be indicated in kPa but old equipment uses
mostly mmHg. In this report both kPa and mmHg are used (20 kPa=150 mmHg).

In the past several different principles were developed for the oxygenator. Nowadays almost
exclusively membrane oxygenators are used. In a membrane oxygenator the blood flows along one
side of a membrane. On the other side of this membrane a mixture of air and O2is flowing. The
membrane separates the blood and the gas, analogous to a natural lung. The membranes are made
of microporous polypropylene or - for special purposes - silicon rubber, which is better but more
expensive [Visser, 1995]. The process that causes the movement of gas molecules across the
membrane is diffusion. Diffusion is the random movement of molecules from regions of high
concentration to regions of low concentration. Fick's law describes this process:

A*(c\-c2)
V=D---

d

v is the transferred gas flow in I/min, D is the diffusion coefficient, A is the surface area of the
membrane, c, and C2are the concentrations on both sides of the membrane and d is the length of the
diffusion path, equal to the thickness of the membrane. A higher gas exchange can, for example, be
realized by increasing the concentration difference or the surface area or by decreasing the membrane
thickness.

2.3 p02 meter and mass-flow controller

During ECC the arterial p02 is continuously (online) measured w~h a Polystan p02 Clarke-type sensor
and mon~or. In a Clarke-type sensor the blood is separated from an electrolyte by a membrane which
is permeable only for 02' The conductivity of the electrolyte can be easily measured and is proportional
to the oxygen concentration in the electrolyte and therefore to the oxygen concentration in the blood.
The blood temperature is also measured in order to compensate the measured p02 for temperature
effects. The sensor has a lim~ed response time: after a step change in p02 the sensor indicates 90% of
the actual p02 in 20 - 30 seconds. Further information about the sensor can be found in the technical
reference [Polystan, 1997].

The mass-flow controller was developed and built by the Instrumental Service of the Medical Faculty of
the University Maastricht in co-operation w~h the Instrumental Service of the Academic Hosp~al

Maastricht. This device mixes 02' CO2and air in any desired proportion. The controller consists of three
adjustable valves for each type of gas, three flowmeters, a control panel and some electronics to
control the valves and provide several alarm functions. The desired flows can be adjusted on the
control panel or by an external device by means of a serial (RS232) connection. More information
about the mass-flow controller can be found in Boere [1991] or in the technical documentation,
available at the Instrumental Service of the University of Maastricht.
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Oxygen control during ECC

2.4 Course of an operation

Overview

EGG is used during open-heart surgery when the heart must be stopped for a while. As soon as the
patient is anesthetized the surgeon opens the thorax and makes the heart accessible. Meanwhile the
operators of the heart-lung machine, the perfusionists, have filled the different circu~s of the heart-lung
machine w~h blood. When the surgeon is ready, some tubes are connected to the patient's blood
circulation system and the circulation is taken over by the heart-lung machine, allowing the surgeon to
stop the heart. During EGG, perfusionists keep all blood parameters in the right cond~ions. They control
the blood pumps and the gas flows, the arterial blood temperature and thus indirectly the patient's
temperature. They also record all kinds of data about the operation and check relevant (blood)
parameters w~h online measurement and analysis. In order to reduce the chance of tissue damage
during EGG, the body is usually cooled down, for example to 28°G. When the surgeon is almost ready,
the body is warmed up and when ~s temperature is back at 3YOG the EGG blood flow is reduced and
the heart is set going.

The heart-lung machine contains several measurement instruments for blood pressure, P02'
temperature and other blood parameters. Moreover there are some controllers for automatic pump
speed adjustment and pulsatile flow. During an operation relevant information is shown on several
displays. In order to have this information all together at one place a registration system has been
developed. This system collects not only data from the heart-lung machine but also from an 'operating
room network' and from manual input. Besides displaying the collected data in a convenient orderly
form, ~ is also recorded for analysis purposes afterwards.

Before the start of an operation the perfusionist calculates the desired blood flow using the 'body
surface area' (BSA) and the desired cardiac index, normally 2.4. Depending on the patient's length and
weight the calculated flow varies between 3000 and 5500 mI/min for an adult. When the body is cooled
the oxygen consumption decreases and a cardiac index of 1.4 will do. Under these circumstances the
blood flow varies between 1750 and 3200 ml/min. During normal operations the blood flow will not be
less than this 1750 ml/min.
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3 Physiolo ical aspects

The previous chapter covered in some detail the equipment used in coronary surgery. To demonstrate
the necessity of an automatic p02 controller, relevant physiological aspects are considered first. In this
chapter matters like oxygen transport and oxygen consumption are discussed and the way the p02 is
currently controlled is described.

3.1 Oxygen transport

Blood brings to tissues nutrients and O2wijh which to oxidize them. The primary products of this
oxidation are CO2, Hp, heat and high-energy phosphate bonds. A normal sized person uses about
250 ml O/min at rest, and produces about 200 ml CO/min at rest [Johnson, 1992]. The blood
transports the oxygen in two ways: physically dissolved in the blood plasma and chemically bound to
hemoglobin (Hb), an important substance of red blood cells. Oxygen physically dissolved in blood
follows Henry's law, which states that the amount of gas dissolved is directly proportional to the partial
pressure wijh which the liquid is in equilibrium (see section 2.2). An arterial p02 (pP~ of 100 mmHg,
equal to 13,6 kPa or ordinary air under atmospheric pressure, causes (at 3rC) 3 ml O2to dissolve in
each lijer of blood. If dissolved oxygen were the only way of oxygen transport, an astonishing blood flow
of about 80 11m in would be required to supply the tissues wijh their resting oxygen consumption
[Johnson, 1992].

Therefore the major part of the oxygen transport takes place wijh chem ically bound oxygen. In a lijer of
normal blood there is about 147g of Hb (hemoglobin) which can bind about 197ml 02' The amount of
O2bound to hemoglobin as a percentage of the total possible amount of bound oxygen is called the
saturation (80~. A saturation of 100% means that all red blood cells are completely saturated wijh
oxygen. A high p02 (partial oxygen pressure) results therefore not only in a high amount of dissolved
oxygen but also in a high saturation. The relation between the 802(oxygen saturation) and the p02 is
shown in figure 3.1 [Johnson, 1992].

100
90

c 80
o 70

"-g 60....
::J 50ro 40

Cf) 30
~ 20
o 10

O¥--r-"""T"---r__�-.----r-.............,....---r---r
o 10 20 30 40 50 60 70 80 90 100

Po2 , mmHg

Figure 3. 1. Relation between 502 and pO<!, adult man, HbA, pH=7,4, temp.=37°C

Under normal condijions the arterial saturation has to be nearly 100% in order to supply the tissues wijh
enough oxygen. Under the circumstances of figure 3.1 this saturation requires a p02 higher than
100 mmHg (13,6 kPa). In this part of the curve the saturation is rather constant: 80 mmHg results in
95,9% saturation and 120 mmHg results in 98,2% saturation. Figures 3.2a and b [Johnson, 1992] show
the influence of a change in respectively temperature and pH on the posijion and shape of the curve.
Both a lower pH and a higher temperature shift the curve to the right. Because of this effect tissues wijh
a high metabolism (resulting in a higher temperature and a lower pH) have more oxygen at their
disposal.
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Oxygen control during ECC Physiological aspects

Effect of pH

':'~~
:>'
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Figure 3.2a and b. Influence of temperature andpH change on SO[P02 curve

Cells can only use dissolved oxygen. During the blood circulation through the body the blood p02
decreases and oxygen molecules bound to hemoglobin are released and dissolved in the blood
plasma. The oxygen consumption of a body can be calculated with formula 3.1. This formula
illustrates again the two ways of oxygen transport.

VO =( (0 -0 )+(0. -0 .) )*bloodflow2 2, art. bound. 2, ven.bound. 2, art.dlss. 2, ven.dlss. (3.1)

V02indicates the volume of consumed oxygen, art. indicates arterial, the blood towards the body and
ven. indicates venous, the blood returning from the body. Bound means bound to Hb and diss. means
dissolved in the blood.

The p02 of blood varies with the temperature. The p02 of a blood sample can be measured at actual
temperature or at 3rC. A blood sample at 28°C can have a p02 of 80 mmHg at actual temperature
and a p02 of 100 mmHg at 3rC. When measuring the p02 with an online sensor, the way the p02 is
measured can often be chosen. An analysis of a blood sample usually gives the p02 at 3rC
independent of the actual blood temperature. In this report a p02 is always the p02 at actual
temperature, unless otherwise stated. The perfusionist controls the p02 at actual temperature.

3.2 O2 and CO2 control during ECC

From the moment the heart-lung machine takes over the blood circulation, the perfusionist can change
the Pa02 and the PaC02 by changing the gas flows towards the oxygenator. The oxygenator separates
the blood flow from the gas flow by a thin membrane and gas exchange takes place through this
membrane. The gas flow consists of air (21% O:J, pure O2and sometimes CO2, Figure 3.3 is a
schematic representation of the process of gas exchange in an oxygenator.
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Oxygen control during EGG

BLOOO\ '

p02 (blood in) \ \
pC02 (blood in)

,!GAS
/ 1p02 (gas out)

pC02 (gas out)

Physiological aspects

p02 (blood out)

pCOo(blood OUQ1 1 ~

Membrane

p02 (gas in)
pC02 (gas in)

Figure 3.3. Gas exchange in an oxygenator

The direction of the blood flow and gas flow are opposite to achieve a higher efficiency. However there
are also oxygenators where the flows have the same direction or where the flows are more or less
crossing each other. Depending on the difference between partial pressures on both sides of the
membrane gas exchange will take place (see section 2.2). To get an understanding of this process
imagine a thin infinitely long membrane. The blood finally leaving the oxygenator will now have the
same p02 and pC02as the gas flowing into the oxygenator. The pC02of the gas flowing in is usually
almost zero. The p02 of this gas is proportional to the percentage O2in the total gas flow, called FP2'
The FP2 is in fact the Fraction Inspiratory 02' a term normally used with respiration.

In practice there is a finite membrane which causes a less efficient gas exchange. Now the reSUlting
blood p02 and pC02are not only dependent on the composition of the total gas flow but also on
factors like the thickness and the surface area of the membrane, the hematocrit, the temperature and
the blood flow. Especially the blood flow is of great significance: increasing the blood flow keeps the
concentration difference over the membrane high, resulting in a slightly better gas exchange, but the
gas exchange per liter of blood decreases, reSUlting in a decreasing p02'

As in practice the diffusion is not optimal, the resulting blood-p02 is lower than the gas-p02
(proportional to the F,OJ. In spite of the dependence on other factors there is still a clear relation
between blood-p02 and FP2' and the p02 can be well controlled by changing the F,02' Of course there
must be some minimum total gas flow. The amount of removed CO2is in practice also dependent on
other factors. In normal operations the gas flow contains very little CO2and the pC02can be controlled
best by changing the total gas flow.

The FP2 is determined by the quotient of the O2flow and the total gas flow and is (under normal
conditions) controlled by changing the O2flow. Air consists of 21 % O2so the F10 2can be calculated
with formula 3.2.

0,21 *Airflow + 02flow
F/02=---------

Airflow + 02flow + C02flow

9
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Oxygen control during ECC Physiological aspects

As stated before the possibility of mixing CO2wtth the total gas flow exists. This option is only used
during preparation of the ECC-circutt and in some rare sttuations when the perfusionist chooses a high
pC02, which cannot be obtained wtth a low total gas flow.

During an operation the perfusionist tries to keep the Pa02 at a desired value. If the PP2 is too low the
tissues cannot get sufficient oxygen, whereas a high Pa02 can induce other problems. In section 3.3 a
closer look is taken at the allowed limtts of the PP2' In order to keep the Pa02 at the right value, the
perfusionist periodically reads the PP2 from the PP2 monttor and adjusts the gas flows. An example: a
falling Pa02 indicates a rising oxygen consumption always going together wtth a rising CO2production.
Increasing the O2flow has two advantages. Not only the FP2 is increasing, resulting in a higher PP2'
but the total gas flow also increases, caused by which a future increase in CO2is (partly)
compensated.

manual controlled p02
350

300

~250

E
a

~200
.Q
N
0

F150
E
§.
N

~100

50

0
50 60 70 80 90 100

time [min]

Figure 3.4. Recording of the Pa02 (irregular lines) and the O2 flow (straight lines) with manual control

This control system wtth the perfusionist as a controller functions qutte well during uneventful
operations. During more complicated operations, wtth a lot of changes in blood flow or other relevant
parameters, the perfusionist should adapt the gas flows more often, whereas there is less time. Delays
are inevttable and result in large fluctuations of the PP2' Figure 3.4 is a recording of the PP2 and the O2
flow during an arbttrarily chosen operation wtth manual gas flow control. The straight lines represent the
O2flow and the irregular lines represent the p02' The large fluctuations in the p02 - especially during
startup and rewarming after 80 minutes - are clearly visible.

3.3 Upper and lower limits of the Pa02

The PP2 is too low when tt does not result in almost 100% saturation. Although tt is possible under
certain circumstances to live wtth a lower arterial saturation than 100% this is the only possible starting
point. After all tt is the objective to prevent a deficiency of O2in the tissues (hypoxemia). The
relationship between the p02 and the saturation was already discussed in section 3.1. In almost all
circumstances a Pa02 of more than 14 kPa is enough to get this 100% saturation. The arterial p02 (and
saturation) is a condttional factor in preventing hypoxemia but not the only factor. Other factors are the
oxygen capacity of the blood, the affinity of hemoglobin to oxygen, the cardiac output and the
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Oxygen control during ECC Physiological aspects

distribution of the blood flow. These factors can be considered by the perfusionist and corrected if
necessary. Tissues differ strongly in their sens~ivity to hypoxemia (a shortage of oxygen). The central
nervous system and the heart muscle run the highest risk. An interrupted blood flow towards the
cerebral cortex results in disfunctioning w~hin 4 - 6 seconds, unconsciousness in 10 - 20 seconds and
irreversible malfunctioning in 3 - 5 minutes [West, 1981].

Defining an upper lim~ for the Pa02 is more difficult. A very high Pa02 of 800 kPa, possible by breathing
pure oxygen at a pressure of about 10 atm, would cause convulsions in 1 or 2 minutes and death
shortly thereafter. Also a Pa02 of 80 kPa (pure oxygen at atmospheric pressure) has some
disadvantages: human subjects breathing 100% oxygen for 24 hours complained about an unpleasant
feeling behind the chest [West, 1981]. AI-Khaja [1992] found that patients who were perfused at
hyperoxic Pa02 levels of between 25 and 45 kPa had a significantly greater incidence of post operative
complications than patients whose Pa02 was maintained w~hin the range of 10-15 kPa. Another
disadvantage of p02 of more than 25 kPa is that above this value the risk of formation of gaseous
emboli during temperature changes increases. More recently some articles appeared about damage
caused by free radicals induced by high Pa02 values. Summarizing, ~ is recommended to define 25 kPa
as an upper allowed Iim~ for the Pa02'

3.4 Conclusion

In section 3.3 ~ was made plausible that ~ is desirable to keep the Pa02 at levels between 14 kPa and
25 kPa. Taking into account a safety margin, the desired Pa02 value can for the moment be fixed to be
20 kPa. In section 3.2 ~ was shown that w~h manual control large fluctuations in the Pa02 occur and
that the actual p02 is often far away from the desired value of 20 kPa. An automatic controller that
keeps the arterial Pa02 at 20 kPa (150 mmHg) is required.
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4 Control al orithm

In the previous chapter ~ appeared to be advisable to keep the PP2 at about 20 kPa. Manual control
introduces large fluctuations in the PP2 and is therefore not su~able. An automatic PP2 controller that
measures the PP2 and adjusts the gas flows can be an improvement. In this chapter the process,
which 'translates' some gas flows into an arterial PP2' is described in more detail. In the next
paragraph a controller-type is chosen and compared w~h controllers in the Ifterature. Furthermore the
tuning of the controller parameters and some consequences of a dig~al implementation are discussed.

4.1 The process

The process is the connection of the mass-flow controller (MFC), the oxygenator, and the PP2 sensor.
For a good understanding of this process and ~s overall transfer function the separate parts are
considered. The MFC is a lineair device w~hout a sign~icant delay and is not relevant for the transfer
function. The oxygenator is more complicated: although ~ is in fact a first order system, ~s transfer
function is not Iineair and there are many factors acting on this function. The pP2-sensor looks like a
first order system in combination w~h a time delay. Besides these three parts there are some time
delays in the gas and blood tubes. These delays are not constant but depend on the blood flow and
total gas flow.

All together ~ is one of the most complicated systems to control: a relatively large time delay in
connection w~h a sens~ive system w~h varying parameters. A process can be controlled in an open
loop configuration or w~h a feedback loop. Because of the disturbances and parameter variations the
feedback loop is preferable. [Chen, 1993]. Figure 4.1 is a block diagram of such a control system.

disturbances

+
desired pOe ,:t- error ~

Controller ... Process
I

~ .. .. (MFC. Oxygenator, I
gasflows-A. pOemeter)

f
Signal validation ....

validated pOE'
....

measured pOE'

isturbences

Figure 4.1. Block diagram ofa feedback control system

The line coming out of the process block represents the measured PP2' This PP2 is fed back through
a 'signal validation' algor~hm to determine ~ the PP2 value is a realistic value, and ~ is finally subtracted
from the desired PP2 (the setpoint). This d~erence between the desired value and the measured value
(the error) is fed to the controller. The control-algor~hm in this controller calculates the new gas flows in
order to minimize the error.

Disturbances and parameter variations change the transfer function of the process. The most important
disturbance is the blood flow, because ~ can change very fast and has a considerable influence on the
overall transfer function. Figure 4.2 is a hypothetical recording of the PP2 and the O2flow after a
change in blood flow.
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Figure 4.2. Effect ofa change in blood flow on the Pa02

At to the blood flow decreases in a very short time. Now the amount of transferred O2per liter blood
increases and after some delay the measured Pa02 starts to rise at t,. The controller reacts
immediately with decreasing the O2flow. The effect of this change in O2flow appears at t2. From this
moment the Pa02 will rise to its top value and then return to the desired value. The O2flow finally stays
at a new value belonging to the new situation. This example shows that the shape of the Pa02 signal
until ~ cannot be changed no matter which type of controller is used (unless the controller knows about
the change in blood flow at to). The shape is simply determined by the process characteristics and the
size of the disturbances. On the other hand the shape of the Pa02 signal after ~ can change depending
on the controller type and tuning. Shape A is the response of a system with a fast, progressive
controller, while shape Band C are responses of systems with respectively a moderate and a slow
controller. Section 6.1 and appendix A 2 describes an in vitro test where some responses were taken
under identical circumstances, but with different tuning parameters. This test showed clearly that the
peak p02 value was not sign~icantly influenced by the controller parameters, whereas the area under
the signal (the integral of the error signal) did change (section 6.1, figures 6.13 and 6.14).

4.2 The controller

The previous section made clear that the process consists of a varying delay and rather large
disturbances. This type of processes are difficult to control. In every control system there are three
basic demands:

The controlled process must be unconditionally stable, have a limited overshoot and must be
fast enough for all possible combinations of process parameters and disturbances.

'Fast enough' is hard to spec~ but this demand will become more clear during tests. When designing a
controller for a nonlinear process with heavy disturbances standard methods cannot be used. In the
past some different methods were developed. When dealing with changing process parameters an
adaptive controller could be suitable. An effort to do this failed at process identffication [Verberne,
1995]. Another approach is to develop a model of the process with all parameters acting upon the
process transfer function. Besides the fact that the relationships between the parameters are very
complex, only a small part of the needed parameters are currently measured. Another disadvantage is
that this 'model building' should be done every time a new oxygenator is introduced. An approach

14
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widely used in industry is to use a standard Proportional Integral Differential (PID) controller, adjust the
parameters and check whether a satisfactory overall system response can be obtained. This approach
has been chosen.

Although there may be other controller types functioning very well in this control system, a PID
controller has the advantage that it is very simple. This means that the design period is very short and at
a very early stage some tests can be done. These tests have the advantage that ~ a PID controller
appears unsuitable, a lot of knowledge about the process has been acquired which leads to a better
motivated choice of another type of controller.

The transfer function of a PID-controller is determined by only three parameters, the p, i and d
parameters. The controller calculates the output signal on the basis of the error signal, the integral of
the error and its derivative. The p, i and d-parameters are the weight factors for those three signals.
Form ula 4.1 explains this calculation. u(t) is the controller output and e(t) is the controller input, the
error signal.

d
u(t) = P *e(t) + i * fe(t)dt + d * -e(t)

dt
(4.1)

The p-term's function is to bring the measured output to the setpoint. Because p must be finite in
practice, the p term alone cannot achieve this; a constant non-zero offset would be the result. The
i-term provides a memory function which takes care that on average this offset is zero. The function of
the d-term is to prevent too large in- or decrease of the output. This term is often eliminated because of
its adverse influence on stability when measurements are noisy [Blom, 1990]. When designing a
controller, the problem is to tune the parameters and get a satisfactory response. An often used
approach is to start with a p-controller and vary the p-parameter to see whether a satisfactory feedback
system can be obtained. If not, the i-action can be introduced and ~ still no satisfactory system can be
obtained all three parameters can be varied. This is a trial-and-error method [Chen, 1993].

In this control system a distinction between regulation and stabilization can be made. Regulation
means bringing the process output to the setpoint, whereas stabilization means keeping the output and
setpoint equal. In general a stabilizing controller can be tuned more conservatively (slower) resulting in
a more relaxed controller output but also in a slower response to artefacts and therefore a larger
overshoot. At the moment the designed controller runs only in regulation mode, but the option of
adapting the control parameters during a steady output has also been implemented.

The input of the controller is - of course - the measured Pa02' The controller calculates its output
depending on this measured value and the three parameters. Now there are two possible output
variables, the O2flow and the F,02' According to the theory (section 3.2) the FP2 has the closest
relation with the Pa02' In appendix A 1 some measured step responses are described and after
analysis of these responses it turned out that the FP2 was indeed the best output variable. Now there
are again two possibilities to achieve the desired F10 2:
• Changing the O2flow and thus changing the total gas flow.
• Changing the O2flow and airflow and keeping the total gas flow constant.

From the perfusionists came the wish to change just the O2flow. Only in the situation when the O2flow
reaches its maximum value the controller is allowed to reduce the airflow in order to produce the
desired F,02'
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4.3 Parameter tuning

Control algorithm

As stated before, the adjustment of the p, i and d parameter is - with these complex processes - a
matter of trial and error. In this case the objective is not only to find a parameter set (p, i, d) which
results in a satisfactory response but before using the controller in a non-experimental environment
there must be some guarantee that it is absolutely safe. On the way to a parameter set providing a
satisfactory response and a safe control system under all possible conditions, tuning rules, developed
from experiment can be used. For the given process the open-loop method from Ziegler and Nichols
has been used. In this method the unit-step response of the process is measured without closing the
loop [Chen, 1993]. The method assumes that the response is approximately of the form shown in
figure 4.3.

y(t)

o'--.......:;,<------'--------___+_
-+l L I-- T-----+j

Figure 4.3. Step response [Chen 1993]

The step response can be approximated by straight lines, with gain (K), delay time (L) and dominant
time constant (T) indicated as shown in the figure. With these three values and the rules of Ziegler and
Nichols suitable p, i and d parameters can be calculated (see appendix A 1). Chen [1993] describes
this method more elaborately. Due to the offset problem with a P-only controller (see section 3.2) a PI
controller is used as a start. If a satisfactory control system cannot be obtained there is still the possibility
of introducing the D-action.

During different operations 18 step responses were taken. The measurements were done at different
flows, temperatures and in different patients. For every step response the K, Land T variables were
measured and with these the p and i parameters were calculated. Fig 4.4 shows the distribution of the L
and T variables for the 16 responses. The calculated p and i values are presented in appendix A 1,
table A 1.2.
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The first demand is a stable controller. The step responses were taken during different situations and
the controller has to be tuned so, that a stable response is guaranteed for all these situations. For this
reason we use from the table the step response with those parameters resulting in the slowest
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controller. A controller tuned w~h these parameters will provide a stable response in all other
s~uations. Now the problem is that the step responses were taken w~h a blood flow between 3 and 4,2
I/min. The controller must function also w~h lower blood flows so the influence of a lower blood flow on
the step response in estimated. From the theory ~ is expectable that the major effect of a change in
blood flow is the change in the delay time: this delay changes almost linearly w~h the blood flow.

The step response from which we use the parameters was taken w~h a blood flow of 4 11m in. In section
2.4 ~ appeared that the blood flow has a lower lim~ of 1750 ml/min. Considering a safety margin the
lower lim~ of the blood flow is defined as 750 ml/min. W~h this flow instead of 4 11m in the delay
increases from 15 to 80 seconds. W~h a lower blood flow than 750 m11m in the delays are very large
and control becomes difficult. W~h this new delay the p and i parameters were recalculated.

The p and i parameters calculated w~h this delay are p =2*104 and i =241 s. Of course this method
cannot guarantee an absolute stabil~: after all, the rules of Ziegler and Nichols were determined by
experiments and the step responses were not taken under representative cond~ions. Nevertheless this
'worst worst case' calculation includes such a safety-factor that the risk of instabil~ is very small,
provided that blood flows smaller than 750 ml/min do not occur.

If the blood flow is very low the time for the blood to flow from the oxygenator to the sensor increases.
Therefore the measured p02 and the p02 of the blood in the oxygenator can be different and the
controller is not capable of correctly changing the gas flow. If the measured p02 is lower than the
setpoint, the controller increases the FP2 of the gas flow and after some time the p02 of the blood in
the oxygenator becomes very high. If the p02 is higher than the setpoint, the controller decreases the
F,0 2and the p02 of the blood in the oxygenator becomes very low. However when the blood flow is
very low ~s p02 is not important: in this s~uation the patient's heart and lungs are functioning and the
blood flow from the heart-lung machine is small compared to the total blood flow through the patient. A
problem arises when after some time the bloodflow increases: when the F,0 2of the gas through the
oxygenator is 0 or 100% ~ takes some time for the controller to change ~ to more normal values. During
this time the p02 can be too high or too low. A possible solution could be measuring the blood flow and
keeping the controller output constant during a 'low blood flow' s~uation. The perfusionists don't see
this controller behavior as a problem because in practise these s~uations are very rare.

4.4 Testing of the algorithm

In the previous paragraph some su~able parameters were estimated. By using the safety margin as
described above the probabil~ that the control system is unstable during static s~uations is very small.
However there is a small chance that in a dynamic s~uation w~h several varying process parameters
the controller becomes unstable. An absolute stabil~ of 100% cannot be guaranteed, but is not
necessary: different safety systems check the functioning of the algor~hm (see section 5.2). To check
the functioning of the controller during static and dynamic s~uations some tests were done. First the
controller was tested during three operations on goats. The results of these tests are presented in
section 6.3 and appendix A 3. The results of the second and third operation were satisfactory. Figure
4.5 is a recording of the O2flow and the measured p02 during part of the third operation.
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Figure 4.5. Recording of the p02 and O2 flow during a goat operation

Each time an artifact occurs, for example a change in blood flow or the addijion of high-p02 blood, the
p02 starts to change. The controller reacts and after a while the p02 returns to the setpoint. During this
operation artifacts appeared continuously but the controller functioned very well.

The second test series were done in an in vijro set up. In this set up a human body is sim ulated by two
oxygenators that consume O2and produce CO2, and some tubes and a reservoir for buffering and
introducing some delays. Section 6.1 presents the results an appendix A 2 describes the test set-up.
During the in vijro test the O2flow was lower than during operations on real organisms because of the
limijed capacijy of the de-oxygenators. As the output of the control algorijhm is the FP2 and not the O2
flow the behavior during operations wijh a higher gas exchange and thus a higher O2flow will be almost
the same and the test results are valid for the all different values of oxygen consumption. The
controller behaved very well wijh all kind of disturbances. Even after a blood flow rise and fall of 80%
the controller remained stable and brought the p02 back to ijs desired value fast enough. Other
disturbances like temperature changes are slower and the controller managed these very easily.

4.5 Digital aspects

The next chapter discusses the implementation of the algorijhm in a digijal computer. The algorijhm
discussed up to here is in fact an analog algorijhm: signals are continuous and are not bound to certain
time instants. Implementation in a digijal controller introduces two phenomena: discretization and
quantization.

A sampled or discrete-time signal is only available at discrete instants. If the time between these
instants, the sample period, is small enough compared to the dominant time constant of the controlled
process, the digijal control system behaves almost exactly like an analog control system and the
influence of the discretization can be expressed by an extra delay of 0,5 sample period (0,5*TJ. A
human body is a slow system: temperature and O2consumption will not change in a few seconds and
a sample period of about 5 seconds should be sufficient. However the perfusionist can change blood
flows or bloodgas parameters at once. Independent of the question whether the algorijhm must react to
these changes immediately, a short sample period leaves all possibilijies. As a start a sample period of
1 second was chosen and during the tests on the goats (section 6.3) this value appeared to be well
chosen.
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Because of the fin~e resolution of a dig~al computer all signals are quantized; they can take only some
lim~ed values. W~h the given process the overall resolution is lim~ed by the actuators in the MFC which
have a resolution of 8 b~s. Therefore the smallest possible change in a flow is the maximum flow of
51/min divided by 28

, which is about 20 ml/min. In some s~uations w~h low, fairly stable gas flows ~ can
occur that the least sign~icant bit changes continuously introducing a small oscillation in the F10 2and
consequently in the p02' The ampl~ude of this oscillation is only dependent on the used resolution but
can be reduced w~h some special techniques. It turned out that this reduction was not necessary: in all
the tests the oscillation ampl~ude did not cause a problem.
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5 Implementation of the al orithm

In chapter 4 the choice of the PIO controller was justified and parameter tuning was discussed. This
chapter deals with the implementation of the algorithm in a digital computer. A digital computer is
chosen because of its reliability, the low costs, the easy change of parameters and the necessity of a
serial link with the mass-flow controller. Besides the algorithm, the program contains several other
procedures e.g. for collecting data, updating the screen and all kinds of safety checks.

5.1 Flowchart of the program

The program has been written in Turbo Pascal version 7 on a 486 PC. Every 55 ms the p02 is acquired
via a timer interrupt. The chosen sample period for the control action is almost 1 second (18*55 ms). In
this second 18 p02 values are measured while only one is needed. Therefore a median filter is used to
reduce the number of values. This filter lines up all values, sorts them and gives only the middle value
as the output. Caused by this, extreme p02 values are ignored. Every second the main program detects
the new p02 sample and calculates the new flows. At the end the new calculated flows are sent to the
MFC.

Flowchart program p02 control

Timer interrupt

(every 55ms)

measure I------

checksample I
~_::L~__
! control I
____L::__
_ check output,

,..-__L_
l calculate flows

check flows I
_:::r~_

send flows I
~ i~ _

update screen I
update file

Figure 5. 1 - Flowchart program

Figure 5.1 is a flowchart of the program. As long as there is no new p02 sample the program runs in a
loop where it handles only the keyboard input (keydetection). Possible input can change the controller
between automatic and manual or change the air flow. When a new sample arrives the first action is to
check if the sample is valid by testing if it has a possible value and if the sample does not differ too
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much from the former sample. Thereafter the measured p02 is subtracted from the desired p02 and
the algor~hm calculates the desired FP2 (Control). This F,0 2is checked for oscillation and maximum
change to realize a smoothly varying output. The next procedures calculate and check the gas flows.
After this the flows are sent to the MFC, the new values are plotted on the screen and the recording file
is updated.

(5.1)

When sw~ching the controller from manual to automatic a smooth trans~ion is advisable. During
automatic control the integral value of the error signal can only change very slowly; ~ prevents the
controller output from changing too fast. During manual control this integral is meaningless. For a
smooth trans~ion this integral must be set to the right value which is established by calculating the
integral during manual control w~h formula 5.1.

f
u(t)-p*e(t)

e(t)dt =
l

This formula is almost the same as formula 4.1, except that during manual control the controller output
u(t) is known, so the integral part can be calculated directly. Of course the left term in formula 5.1 is not
a real integral but just a starting value. This smooth trans~ion is called bumpless transfer.

A possible problem using actuators w~h a lim~ed output range is called integral windup. The valves
used in the mass-flow controller have a range from 0 - 5 11m in. W~h a large error signal ~ can occur
that the controller would want an O2flow of more than 5 11m in. During this 'limIT' s~uation the integral of
the error grows disproportionately. When the error signal decreases ~ takes a long time for the integral
value to return to more normal values and this delay can result in oscillations. The remedy is to keep
the integral value constant as long as a controlled actuator is on one of ~s lim~s. This solution is called
anti integral windup.

5.2 Safety aspects

The controller must be safe. This means that under most circumstances the controller must function
well and detect malfunctioning. When the circumstances are so difficult that controlling the Pa02 is not
possible, the controller must detect this, report this and change to manual control. Figure 5.2 is a
graphical presentation of the different safety shells.

PIO control algorithm

cneckS perfUSioniSt

registration s
~'O,\0' .Yst-~

t(;> software cheCks ~

Figure 5.2. Safety shells

The first shell is the algor~hm ~self. As discussed in the previous chapter the parameters are tuned so
that oscillation is prevented under almost all circumstances. Furthermore the algor~hm was tested

22



Oxygen control during ECC Implementation of the algorithm

during several operations (chapter 6 and appendix A 2 and A 3). Around the algorithm shell there are
the safety routines in the software. These routines check all signals to and from the algorithm and
check the calculated flows. If for example the FP2 or a flow changes too much, it is limited (table 5.3,
'DeltaMax, DeltaFlowMax') and ij the measured p02 is not reliable it is ignored for some time (table 5.3,
'valid'). The table in figure 5.3 is a table of these safety routines with their names and their actions. The
dijferent values in this table were determined during the tests after consulting the perfusionists.

IActionIChecks

De~aMax More than 5% O2change Limit on maximum change

De~aFlowMax More than 0.1 Vmin air or O2change Limit on maximum change

Limit Actuator reaches a limit (5 Vmin) Keep integral-value constant (anti integral
windup)

Valid Difference between samples smaller Until 15 sec.: Ignore new p02 value
than 25 mmHg 15 - 20 sec.: ignore + alarm

>20 sec. & value is possible: new value
>20 sec. & value is not possible: man. control

Band p02 in band of 5% around setpoint in band: stabilization (not implemented)
not in band: regulation (not implemented)

Oscillation Increasing peak values of p02 decrease p and i values

IName

Figure 5.3. Safety checks and actions to match

Around this safety procedure shell there is a shell representing the alarms in the registration system.
This system functions independently of the controller and checks the p02 itself. If the p02 crosses the
alarm borders this is a warning for the perfusionists that the controller may not function properly.

The last shell is the perfusionist himself or herself. All flows have a maximum change per minute in
order to insure that the behavior of the controller is slow enol.1gh to be followed by humans. The
perfusionist can read all displays and lab results and determine ij the controller is functioning well.

5.3 Software testing

In order to test all possibilities and safety checks in the software before testing in vitro or on animals
(chapter 6) a simple process model was designed. With this model included in the program the input
(measured pO~ is calculated on the basis of the output flows. The model was not a good
representation of the real process, but all procedures were tested. All kinds of starting situations were
set up, the anti-windup, the oscillation-routines and the maximum-change routines were checked and
all kind of manual input was given. After all these tests the probability that the software contains serious
errors is very small. During the other tests no software errors were found.
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5.4 User interface and final implementation

Implementation of the algorithm

Although this report describes only the development of a prototype controller this section contains
some possibil~ies for the final implementation. The perfusionists should only see relevant data and
should be able to adjust only relevant parameters. The next figure is a possible user interface providing
only the necessary parameters and data.

Setpoint pOe FiDe

~ ~ I I]

Measured pOe

II II I Alarm I

I Manual I IAutomaticl I Off I

I i~ ~ II I]

0[!] 0[!] 0 [!]
Oeflow Airflow COeflow

Figure 5.4. Possible user interface

In the example from figure 5.4 the control panel provides all necessary input and output functions for
the controller. Of course the three different gas flows can be adjusted and read. Further the desired
p02 and the actual p02 are displayed as well as the calculated FP2. As there is no need for adjusting
the setpoint during an operation the setpoint value is only displayed. For sw~ching the controller
between automatic, manual control and 'no flows' there are three buttons (Manual, Automatic and Off).
The air flow and the CO2flow can be adjusted independently of the controller mode (manual or
automatic). When adjusting the O2flow during automatic control the controller changes to manual
control. The last button is for resetting the alarms (Alarm). Three alarms have been realized. When the
measured p02 has not been a valid signal for a long time, an alarm is given and the controller sw~ches
to manual control; this can occur when the sensor is broken or a cable is defective. When the controller
output is still oscillating in sp~e of ~s parameter corrections an alarm is given; in this case the process
characteristics are so that satisfactory control is im possible. When the controller detects that the gas
flow is not the desired flow an alarm is given; this can indicate a missing gas type or an occlusion of a
gas tube (for instance because a surgeon is standing on ~).
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On the other hand ~ is possible to mix some user interface-functions w~h other parts of the equipment
used w~h operations. A possibility is showing the actual and desired pOz on the screen of the
registration system and keep the interface for flow adjustments on the MFC.

..... recording ..... controlpanelpOe meter ~ ......
system MFC

•
User

interface

."
.,,

.... pOe ....
MFC.... ....

controller

Figure 5.5. Block diagram ofsystems concerning pOz control

Figure 5.5 is a block diagram of all systems dealing w~h pOz control. At this moment only the blocks
drawn w~h the thick lines are used. The blocks w~h the thin lines should be implemented w~h

automatic pOz control. Finally the best solution, in my opinion, is to use one user interface for the
controlling-part, skip the control panel of the MFC and use the registration system only for recording
purposes. The controlling of the valves and flowmeters can be by the control com puter w~hout extra
electronics. A possible user interface can be the front panel sketched in figure 5.4. Mixing the
registration system w~h the control system will lead to a lot of extra work because the demands made
on a control computer are much higher than the demands on a registration computer.
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6 In vitro and in vivo tests
In chapter 5 the testing of the software was already discussed. In this chapter the results of the in vttro
tests and the in vivo tests are described. During the in vttro tests a human body is simulated by two
oxygenators that consume 02 and produce CO2, and some tubes and a reservoir for buffering and
introducing some delays. During the three in vivo tests the controller was tested on goats.

6.1 In vitro test

A figure of the test set up and the technical information are given in appendix A 2. All the results are
given in this section.
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Figure 6. 1Airflow 3 ~ 1.5 Vmin, t=37°C
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Figure 6.2. Bloodflow 3 ~ 1,5 Vmin, t=3rC

Figure 6.1 shows the way the controller handles a change in airflow. Line A is the airflow which
increases form 1 to 1.5 I/min. In order to achieve a constant FP2 the controller increases the 02 flow
also (line B). The p02 (line C) stays almost constant so keeping the FP2 constant is the right action.

Figure 6.2 up to figure 6.8 show the response of the p02 after a change in bloodflow or temperature. In
each figure the signal changing wtth steps is the 02 flow and the irregular signal is the p02'
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Figure 6.5. Temperature 3rC -120°C
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Figure 6.7. Bloodflow 3 -I 0,6 I/min, t=20°C
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Figure 6.6. Bloodflow 3 -I 1,5I/min, t=20°C
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Figure 6.9. Decreasing bloodflows, t=3rC
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Figure 6.10. Increasing bloodflows, t=3rC

A stands for a bloodflow from 3 I/min to 2,4I/min and back to 3.
B stands for a bloodflow from 3 I/min to 1,5 I/min and back to 3.
C stands for a bloodflow from 31/min to 0,6l/min and back to 3.
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Figure 6.11. Decreasing bloodflows, t=20°C Figure 6. 12. Increasing bloodflows, t=20°C

A stands for a bloodflow from 31/min to 1,5l/min and back to 3.
B stands for a bloodflow from 31/min to 0,6 I/min and back to 3.
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Figure 6.14. Bloodflow 1,5 -#3//min, t=3JOC

Figure 6.13 and 6.14 are registrations of the p02 during the same change in bloodflow but with other
controller parameters:

A means p=0,8E-3
B means p=0,4E-3
C means p=0,05E-3

From the figures it is clear that the controller with the smallest p-parameter (response C) is the slowest.
In figure 6.13 registrations A an B show instable behavior. Registration B in this figure even shows the
activating of the 'oscillation detect function' whereafter the controller is retarded. (t=150 sec.)

6.2 Conclusions in vitro test

Because of the limited capacity the O2flow during this test was lower than during operations on real
organisms. As the controller controls the FP2 and not the O2flow the behavior during operations with a
higher gas exchange and thus a higher O2flow will be almost the same and the test results are valid for
all different values of oxygen consumption. In the figures the smallest possible step of the O2flow
(20 ml/min) is visible in the 'step change' shape of the O2flow. From this test two conclusions can be
drawn:

• The controller behaved very well with all kind of disturbances. Even after a blood flow rise and
fall of 80% the controller remained stable and brought the p02 back to its desired value fast
enough. Other disturbances like temperature changes are slower and the controller managed
these very easily.

• Figures 6.13 and 6.14 show that the response in the p02 on a change in blood flow is not
substantially influenced by the controller tuning. With different controller parameters the peak
values of the p02 are almost constant.
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6.3 In vivo tests

In vitro and in vivo tests

This section describes the results of three tests on goats. More information is provided in appendix A 3.
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Figure 6.15. Goat 1
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Figure 6.16. Goat2

Figure 6.15 is a registration of the first operation. A indicates the p02, B the O2flow and C the FP2' The
controller was tuned too fast and its obvious that because of this fast reaction some oscillations occur.
The controller remained stable during the whole operation. Figure 6.16 is a registration during the
second operation. Here the controller was tuned more conservatively and the p02 is more stable. The
step in the 02flow line (line B, t=45 min.) is because of a step change in the airflow. The controller
reacts with a step change in the O2flow in order to keep the FP2 constant.

Figure 6.17 shows the whole third operation. A indicates the p02 and B the O2flow. Around t=65 min.
the setpoint was temporally changed to 14 kPa (100 mmHg). The global change in O2flow is because
of factors like temperature changes or anesthesia depth.
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Figure 6. 17. Goat 3, whole operation
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Figure 6.19. Flows and FP2' goat 3

Figure 6.18 shows the first part of the operation. A indicates the p02 and B the O2flow. As the oxygen
consumption of the goat was very high the controller raised the FP2 to almost 100%. To reach this FP2
the controller raised first the O2flow to its maximum (5 I/min) and then lowered the airflow. This is
shown in figure 6.19. A indicates the O2flow, B the airflow and C the FP2'

6.4 Conclusions in vivo tests

The three goat tests were difficult operations for the controller. Because of the experimental character
the blood flow changed very often and a lot of other actions influencing the oxygen transfer rate were
performed. In spite of this the controller succeeded in bringing the p02 back to its desired level fast
enough, according to the perfusionists. During the first operation the controller was tuned too fast.
During the second and third operation the controller was tuned with the parameters calculated in §4.2.
Although the controller functioned well in all three operations, in the last two operations the p02 was
more smooth.
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7 Conclusions and recommendations
As the application for testing the controller with real patients took too long, these tests were not yet
performed. However the tests with goats and the in vitro test were successful and from these tests two
conclusions can be drawn.

• The designed PID controller is suitable for controlling the p02' During three tests on goats and
an in vitro test the controller brought the p02 back to its setpoint fast enough according to the
perfusionists and with a limited overshoot. During all the tests the controlled system never
became unstable. As the controller parameter tuning is conservative. the expectation is that
the controller functions well in combination with other p02 sensors and oxygenators.

• After major disturbances acting upon the gas exchange it takes some time before the
controller gets the p02 back to its setpoint. The maximum deviation from the setpoint (the
overshoot) is determined mainly by the process characteristics. The parameter tuning has only
a small influence on this overshoot. Therefore the controller tuning can be very conservative
whereas the controlled process behaves almost the same. With this conservative tuning the
probability of future problems with new equipment with different characteristics is very small.

For now the controlled system appears to be fast enough and to have an overshoot small enough. If
later on the controllers functioning should improve there are three possibilities:

• Use a more sophisticated controller. In this report it is shown that this approach will probably
not lead to a sign~icant improvement.

• Look at the cause of the p02 changes and anticipate with the FP2 on a future p02 change. For
this approach a model of the oxygenator is needed and in practice this 'model building' is
reqUired after every change in equipment and will probably lead to too much work.

• Try to reduce the delays in the process. The sensor introduces normally the largest delay and
faster sensors will definitely improve the controller's behavior. Decreasing the distance
between oxygenator and sensor also helps to reduce the delays.

With the present test setup, the controller implemented on a stand-alone PC, it is possible to test the
controller with real patients. These tests must be evaluated whereafter small adaptions in the controller
can be made. A possible addition is to measure the bloodflow and switch the controller to manual
control ~ the bloodflow is too low. Another possible addition is to read the actual gasflows from the MFC
so the controller can detect ~ there is something wrong with these gasflows.

After the tests the controller is ready to be implemented in more definite hardware without serious
adaptions.
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A1 Step responses
This appendix describes the method of taking step responses and represents the results of these step
responses taken during three different operations.

The open loop method

In this method, we measure the unij-step response of the plant wijhout closing the loop. It is assumed
that this response is of a special form (see text). From the response the P and I parameters are
calculated. This was done 16 times during three operations. As the results of the step-response
measurements are only used as start values 16 measurements are enough. From the response K, L
and T can be measured and for the case the controller is a PI controller the p and i parameters can be
calculated wijh the following formulas:

p =

Ts is the sample time and is equal to 1 sec.

AU

A1.2

Difference between O2 flow or F.o2 control

After the step responses a table was created in which P, I and D parameters were calculated. This was
done for O2flow and FP2 control. Table A1.1 gives the average p and i parameters and the standard
deviation for both types of controller output variable.

II type p a a/p(%) Ti a Td a

Icontrol wijh 02flow 0,0092 0,0064 69% 27,0 6,7 6,8 1,7

II control wijh FO? 0,0026 0,0010 38% 27,0 6,7 6,8 1,7

Table A1.1. Difference between FP2 and O2 flow control.

It is obvious that when the p parameters from every step responses are calculated wijh the FP2 as the
controller output variable the p-parameters from all the responses are closer together. This
corresponds wijh the theory.
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PI control

Appendix 1 - Step responses

Table A1.2 presents the calculated p and i parameters from the step responses. Numbers 1 to 16 are
measured step responses, and the row marked 'delay' is the response from the worst case step
response (no 15) but now with a smaller bloodflow introducing larger delays. Step response 15 is the
most conservative response. The calculated p value is the smallest and the calculated i value is in the
normal range. This response is recalculated but now with a delay of 80 seconds (see row 'delay'). The
calculated p and i values in this row are the values used in the second and third goat test and in the in
vitro test.

2 113 137 7,2 17,0 1,00 1,20 1,52 0,5585 0,5235 0,0350 24 28,54 684,98 0,0029 23,10
3 108 152 11,8 17,7 0,40 0,60 1,50 0,4357 0,3763 0,0594 44 16,84 740,76 0,0017 36,90
4 122 188 18,0 20,3 0,30 0,60 1,50 0,4357 0,3417 0,0940 66 10,63 701,77 0,0014 55,50
5 84 130 11,8 20,3 0,30 0,50 1,50 0,4075 0,3417 0,0658 46 15,19 698,73 0,0021 36,90
6 118 176 10,5 19,0 0,40 0,70 1,50 0,4614 0,3763 0,0850 58 11,78 681,97 0,0023 33,00
7 107 193 13,1 17,7 0,30 0,70 1,50 0,4614 0,3417 0,1197 86 8,35 718,48 0,0016 40,80
8 75 112 12,5 18,4 0,30 0,50 1,50 0,4075 0,3417 0,0658 37 15,19 562,03 0,0023 39,00
9 104 154 9,8 18,4 0,50 0,70 1,50 0,4614 0,4075 0,0539 50 18,57 928,27 0,0017 30,90

10 128 150 7,9 22,3 0,70 0,80 1,50 0,4848 0,4614 0,0234 22 42,70 939,41 0,0025 25,20
11 74 98 10,5 17,7 0,80 1,10 1,50 0,5442 0,4848 0,0594 24 16,82 403,71 0,0036 33,00
12 142 182 19,5 18,4 0,10 0,20 0,90 0,3536 0,2890 0,0646 40 15,47 618,85 0,0013 60,00
13 82 112 15,7 18,4 0,10 0,14 0,90 0,3163 0,2890 0,0273 30 36,57 1097,05 0,0009 48,60
14 107 134 14,4 24,9 0,14 0,22 0,90 0,3652 0,3163 0,0488 27 20,48 552,91 0,0027 44,70
15 138 186 15,1 17,0 0,22 0,32 0,90 0,4172 0,3652 0,0520 48 19,22 922,46 0,0011 46,80
16 163 192 15,1 22,3 0,24 0,32 0,90 0,4172 0,3763 0,0409 29 24,45 709,09 0,0018 46,80

delay 138 186 80,0 17,0 0,22 0,32 0,90 0,4172 0,3652 0,0520 48 19,22 922,46 0,00021 241,50

13,0 19,8 mean values: (16 responses) 0,0020 40,5938
0,0007 10,3226

Table A 1.2. Calculated parameters with PI control
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A2 In Vitro test
All the tests on the goats have the disadvantage that the controller functioned well with these goats but
it is unknown how it will function with other goats. Because the test object is a living organism the test
circumstances vary and reproducing the test results is difficult. In this in vitro test the test the organism is
replaced by two oxygenators so the circumstances are well defined and the results are reproducible.

PUMP

RESERVOIR

OXYGENATOR
p02

CONTROLLER

p02 METER

L_-----.J
DEOXYGENATOR 2 DEOXYGENATOR 1

Figure A 3.1. Test setup for in vitro test.

The test setup is presented in figure A 3.1. The human body (or the body of an animal) is replaced with
two oxygenators, which are used as 'de-oxygenators'. The de-oxygenators consume oxygen and
produce CO2, The gases through these devices are nitrogen (NJ and carbon dioxide (COJ. The
oxygenator is connected to the mass-flow controller which is controlled by the p02 controller. Right
after the oxygenator the p02 sensor is placed which is also connected to the p02 controller. The setup
was filled with 2 liters of goat blood. The heat exchanger of the oxygenator was connected and was
used to control the blood temperature.

During the test the p02 set point was 20 kPa (147 mmHg). Changes in blood flow and temperature
were introduced and the way the controller reacted on these disturbances was recorded.

Technical information

Oxygenator: Terumo CapioxSX
Deoxygenator 1: Avecor ultrox 1 (true silicon membrane)
Deoxygenator 2: Cobe Optima
p02 sensor: Polystan polytrode sensor
Pump: Centr~ugal pump.
P02controller: version 2.5, running on a PC 486
Registration: by controller: P02' flows, FP2' every 1 second
Distance between p02 sensor and oxygenator: 14 cm.

Blood parameters:

goat blood 2000 ml.
h-cel 1000 ml.
NaHC03 4,2% 60 mI.

total 3060 mI.

heparin in prime

Hb of prime:

39

100 mg. (anti coagulation)

3.5



A3 In vivo tests
This appendix describes three tests on goats. Some data on the goat and the used equipment is given.

The three tables show data about the goats and about the blood during the tests. The addition of
heparin is to prevent the blood from coagulating. From the calculated oxygen consumption it can be
seen that all three goats were comparable with adult man of approximately 80 kg. Furthermore the
tables show other relevant information like the duration of the ECC period, the total blood volume and
some different blood parameters. This data can be used to compare the results with other tests.

Equipment:

p02 sensor: Polystan polytrode sensor.
p02 controller: version 2.5, running on a PC 486, 75 MHZ, VGA, 8Mb internal.
p02 measurement: analog from polystan p02 unit to ADC-card in computer.
Flowcontrol: Mass flowcontroller, controlled by the computer by means of a serial link.
Registration: by controller: p02' flows, FP2' every 1 second.
HLM: Stockert.
Oxygenator: Capiox E30.
Distance between p02 sensor and oxygenator: app. 30 em.

Goat 1:

Ex vivo experiment automatic p02 controller
date: 17-01-1997 Type laboratory animal:
weight: 59 circulating volume:
calculated flow: 4000-4500 ml.

goat
3500ml.

priming: vol blood
haemaccet
KCL20%
NaHC03 4,2%
total

1ooomi.
1ooomi.
5ml
200ml
2205 ml

heparin in prime:
mg. heparin:

gas flow:
anaesthesia:

200 mg.
250 mg.

mass flowcontroller in servo mode
halothane and thiopental

time
AN
hb
pH
p02
pC02

NaHC03

1.02

flow
F,0 2

total gas flow
Ox Cons.

13.56
A
4.4
7.56
29.1
215.5
26.7
100
3.5
60
4
124.3

13.56
V
4.5
7.458
33
40.8
28.5
62
3.5
60
4

(A =Arterial, V =Venous)

(volume of used oxygen)

Total ECC time: 113 min.
Cooling: none.
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Goat 2:

Ex vivo experiment automatic p02 controller
date: 18-01-1997 type laboratory animal:
weight: 40 circulating volume:
calculated flow: 3500-4000 ml.

Appendix 2 - goat tests

goat
3000ml.

(volume of used oxygen)

(A =Arterial, V =Venous)

priming:

time
AN
hb
pH
p02
pC02
NaHC03

v02

blood flow
F,02
total gas flow
Ox Cons.

vol blood 1000ml.
haemaccel 1000 mi.
KCL20% 10ml
NaHC03 4,2% 100ml
total 2110 ml

12.56 12.56 13.42 13.42
A V A V
4.7 4.7 4 4.3
7.55 7.43 7.51 7.46
219 44.5 122.7 32.9
28 37.4 27.5 33.8
25.2 24.6 22 23.8
100 80 100 64
4 4 3.5 3.5
74 74 70 70
4.5 4.5 4 4
137.1 154.1

heparin in prime:
mg. heparin:

gas flow:
anaesthesia:

1000 mg.
150

mass f1owcontroUer in servo mode
halothane and thiopental

Total ECC time: 130 min.
Cooling: yes, lowest temp. 30°C

Goat 3:

Ex vivo experiment automatic p02 controller
date: 21-01-1997 Type laboratory animal:
weight: 59 Circulating volume:
Calc. Flow: 4000-4500 ml.

goat
3500 mi.

(volume of used oxygen)

(A =Arterial, V =Venous)

priming:

time
AN
hb
pH
p02
pC02
NaHC03

v02

blood flow
F,02
total gas flow
Ox Cons.

vol blood 1000 mi.
haemaccel 500 mi.
KCL20% 5ml
NaHC034,2% 100ml
total 1605ml

15.32 15.32 15.45 15.45
A V A V
4.9 5 4.9 4.8
7.36 7.34 7.44 7.37
15.26 4.75 22.4 5.54
3.23 3.94 4.22 4.45
13.5 15.9 21.6 19.3
98 65 99 75
3.48 4
55 45
4 2.8
157.8 150.2

heparin in prime:
mg. heparin:

gas flow:
anaesthesia:

125 mg.
150 mg.

mass f1owcontroller in servo mode
halothane and thiopental

Total ECC time: 68 min.
Cooling: yes, lowest temp. 25°C
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