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KURZFASSUNG

Die minimal-invasive Chirurgie spielt heute eine wichtige Rolle in nahezu allen medizinischen
Bereichen. Sie ist als moderne Operationstechnik bekannt, die fiir den Patienten im Vergleich zu
herkdmmlichen Operationsmethoden wesentlich angenehmer ist. Trokare werden durch kleinste
Einschnitte in den Korper eingefiihrt, um spezielle chirurgische Instrumente, faseroptische
Systeme und unterstiitzende Instrumente im Operationsbereich fiir Visualisierung, Diagnose,
Therapie und Reinigung zu applizieren. Diese Dissertation befasst sich mit der Interaktion
zwischen einem Hardware-in-the-Loop-Simulator (HIL-Simulator) und dem applizierten
Instrument, wobei eine Strategie zur Druckschidtzung und -regelung mittels der

Spiilfliissigkeitsstrome wihrend der MIS entwickelt wurde.

Arthroskopie ist eine spezielle Applikation von MIS, bei dem Kochsalzlosung als Spiilfliissigkeit
im Operationsbereich verwendet wird. Die Phase der Verifikation und des Regelungsdesigns
konnte aus Sicherheitsgriinden nicht am realen Patienten vorgenommen werden, weshalb zunichst
ein HIL-Simulator als Patientenmodell konzeptioniert werden musste. Der Simulator muss in
geeigneter Weise die Druckausdehnung in einem geschlossenen Bereich durch die Regelung der
Fliissigkeitsstrome darstellen. Bei der Arthroskopie wird die Spiilfliissigkeit auch verwendet, um
den Operationsbereich zu reinigen und damit dem Chirurgen liber den Monitor eine gute Sicht zu
bieten. Bei zuviel Fliissigkeit und damit Uberdehnung des Gewebes kann es jedoch zu einer
Gefdhrdung angrenzender Korperareale kommen. Ist der Druck fiir die Flachenexpansion niedriger
als der Blutdruck, kommt es zu Blutungen. Daher ist es notwendig, die Spiilfliissigkeitsstrome zu
regeln, um den Druck im Operationsbereich stabil auf dem Zielwert zu halten. Dieser Zieldruck
héngt vom individuellen Blutdruck eines Patienten ab. In dieser Arbeit wurde das System der MIS
mit einem physikalischen Modell des Kniegelenks im HIL-Simulator fiir Echtzeit-Experimente
zur Kniearthroskopie simuliert. Sogenannte Doppelrollenpumpen (DRP) wurden verwendet, um
die Spiilfliissigkeiten ein- und abzuleiten. Uber Gleichstrommotoren wurde der Fluss in das bzw.
aus dem Operationsfeld reguliert. Der Abfluss kann bei Bedarf von dem Chirurgen angepasst
werden. Der Druck des Fliissigkeitszuflusses wurde im Kniegelenkmodell automatisch in Relation
zum Abfluss geregelt.

Fiir die Strategie der Druckregelung und -tiberwachung wurde ein Proportional-Integral-Regler
(PI-Regler) entwickelt, der auf der Methode des symmetrischen Optimums (SO) basiert. Bei der
Implementierung des nichtlinearen Prozesses der Kniearthroskopie wurde das Anti-Windup
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beriicksichtigt. Dariiber hinaus wurde ein Uberwachungsalgorithmus entwickelt, um
unerwiinschter Druckstdrungen durch die Kniebeugung zu vermeiden.

Fiir die Druckschitzung im Kniemodell wihrend der MIS wurden drei Arten von Beobachtern fiir
die Druckzustandsschitzung untersucht: der Luenberger Observer, der klassische Kalman-Filter
und der erweiterte Kalman-Filter. Der geschitzte Druckzustand spielte eine Schliisselrolle fiir die
Druckregelung im Operationsbereich ohne direkte Messung.

Aus den Ergebnissen der Modellierung sowie den Echtzeit-Simulations-Experimenten ging
hervor, dass Regler und Supervisor auch bei Stérungen stabil arbeiten. In einem Vergleich der
Schitzergebnisse der drei Beobachter erwies sich der erweiterte Kalman-Filter als am besten
geeignet. Dessen geschitzter Druckzustand wurde erfolgreich in der Regelung des nichtlinearen
MIS-Systems appliziert.
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ABSTRACT

Companioning with the development of science and technology, the minimally invasive surgery
(MIS) has taken today an important role in all medical fields. It is known as a modernized surgical
technique that offers patients more convenience compared to traditional surgical methods. By
using trocars and specialized instruments through small incisions into the body, the injured area
can be diagnosed and treated effectively. In arthroscopy, rinsing fluid is used for visualization and
expansion of the operational area. During the stage of verification and control design, the
investigation with real patients is not allowed for safety reasons. Therefore, the aim of this research
is to implement a suitable hardware-in-the-loop (HIL) simulator to develop a controller for the
pressure expansion within a closed surgical area by controlling the flows of rinsing fluid. Methods

of pressure estimation were proposed as an alternative to pressure sensor usage.

The HIL-Simulator is imitating some physiological states during MIS. Particular in the knee
arthroscopy, the pressure in the knee joint model was realized via actuators and physical interface.
Double roller pump (DRP) was used as a medical therapy device to control the pressure in the
surgical area by the flow of the rinsing fluid, which offers both a suitable expansion and a clear
visibility monitored on the screen. In case of over-expansion of the surgical area, it can be risk to
adjacent tissue areas if the fluid flows into the tissues or blood vessels. Otherwise, when the
pressure is lower than the actual blood pressure, hemorrhages can occur. Therefore, it is necessary
to control the flows of rinsing fluid in order to keep pressure in the surgical area stable within the
desired value. This desired pressure depends on the individual blood pressure of each patient. In
this thesis, the system of MIS was simulated with a physical model of the knee joint in the HIL-
Simulator for real-time experiments of the knee arthroscopy. One DRP each together with a DC
motor was used for the flow into and out of the operation field. Additionally, the outflow could be
adjusted by a surgeon whenever needed. The inflow of fluid was controlled for the desired pressure
in the knee joint model automatically regarding the outflow.

For the strategy of pressure controlling and supervising, proportional-integral controller (PI
controller) was designed based on the symmetric optimum (SO) method. During the
implementation of this nonlinear process of knee arthroscopy, the appearance of the wind-up
phenomenon was also paid attention to deal with the anti-wind-up algorithm. In addition, to avoid
some situations of unwanted pressure disturbances from the knee flexions, a supervisory algorithm

was also designed in order to monitor and eliminate these cases of pressure disturbances.



For the solution of pressure estimation in the knee model during MIS, some observer methods
were applied. Because the controlled pressure in the operational region is not allowed to measure
directly to the real patient due to some reasons such as the risks to the patient, the high cost of the
pressure sensor and so on. Therefore the research was performed with three types of observers for
the pressure state estimation. Those are Luenberger observer, basic Kalman filter, and extended
Kalman filter. The estimated pressure state in the surgical area played a key role in providing
feedback data to the controller of the system.

From the results in modelling as well as in real-time simulator experiments, it indicated that the
designed controller and supervisor worked stably within cases of disturbances. Furthermore, by
comparing the estimate results among the three cases of observers, the best estimate state of
pressure from the extended Kalman filter was interconnected successfully to the controller for the
replacement of the feedback pressure sensor of the nonlinear controlled system of MIS.
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Abbreviations
ADC Analog to digital converter
BNC Bayonet Neill-Concelman connector
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CAN Controller Area Network
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DAC Digital to analog converter
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D-sub D-Subminiature (D denotes the shell size of the connector)
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A contribution of pressure control and estimation in Minimally invasive surgery

1 INTRODUCTION

This chapter presents a general introduction of the research including the state of the art and
existing problems for the motivation. Additionally, it is focused on the objectives of the thesis in
general ideas. Some materials and methods are summarized with the concepts and the needs for
solving problems. And the outline of the thesis is figured out briefly by the end of the chapter.

1.1 State of the art

The development of modern medicine technology has become more important to the patient’s
healthcare and diagnostic. It has been continuously improved to a higher standard of a clinical
expertise not only in developed countries [1] but also in developing countries. Minimally invasive
surgery (MIS) is an advanced surgical technique which has been applied widely to most of nations.
By using specialized instruments in operation with small incisions, the process of MIS offers many
benefits compared to traditional open surgery method. Indeed, the trauma is reduced and therefore
the wounds are healed faster during a short time of post-operative care (short recovery time). In
addition, the risk of infections shall be minimized by using MIS.

Beside many of other important procedures during MIS, a crucial role which can not be ignored is to
remain visualization with a clear working space in the closed operation area (OA). This can be
performed by the support of medical therapy device for keeping a suitable expansion inside the surgical
area. Depending on the area of the operation to be cured or diagnosed, an expansion can be maintained
by insufflating gas (CO2, Helium) or flushing fluid through the tubes into the OA. From the citations
[2], [3], [4], in laparoscopy cases for example with the abdomen or the uterus, gas is used to insufflate
into the OA. On the other hand, in the cases of arthroscopy, rinsing fluid is used for flushing in the areas
like the knee joint, shoulder, ankle, hip, wrist, or elbow [5], [6], [7], [8]. The main purpose is that a
certain amount of gas or rinsing fluid needs to be controlled getting into the surgical area in order to
remain a suitable pressure for the expansion and visibility during MIS.

Arthroscopy is a kind of minimally invasive surgery which is used for the joints. A tiny camera with a
fiber optic cable is inserted via a trocar through a small incision for imaging. Other specialized
instruments are placed through other small incisions to evaluate and repair the injuried joint area [9].
Figure 1.1 is an overview of the knee arhtroscopy [10]. For a clear vision to the camera, the surgical

area needs to be obtained as a clear space.



A contribution of pressure control and estimation in Minimally invasive surgery

! device

ﬁ Medical
<,

Articular
;*_artlla,ge

Iy cxa O CONXG Few
-

Fig. 1.1 An overview of the knee arthroscopy [10]

In arthroscopy, there are some existing methods to control the rinsing fluid for the visibility and
expansion. According to the authors from [5] and [6], methods of gravity flow systems and pump
systems have been commonly used since the middle of 20 century. Via the control of rinsing fluid

flows, the pressure in the operation area could be controlled for an appropriate expansion.

Firstly, gravity flow method was used with a fluid bag positioned at a higher elevation than the
surgical area for the fluid insufflation (see in Fig. 1.2). The inflow as well as the outflow of fluid
could be adjusted manually. This simple method is based mostly on the Earth gravity to create the
pressure to the fluid flow.

Saline
Bag

Transducer Line

" Passive Drainage
Fig. 1.2 A simple schematic representaion of the knee arthroscopy [11]

Secondly, some methods of automated pump systems have been used and developed since the
1970s [5]. As another option from method of gravity flow, the usage of the pump systems has two
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stages in the development progress. Initially on the first stage, by utilizing the single pump
systems, the pressure in the operation area was maintained by controlling the inflow only. Then
on the second stage, the automated pump systems were developed to remain the pressure by
controlling the inflow and the outflow. But the inflow was controlled independently to the outflow.
Furthermore, another investigation from [12] showed the comparison of pressure control alone
versus pressure and flow control (but separately) for the visibility. The results proved that using
the pumps which separately control the pressure and the flow gave a better visualization than the
case of only pressure control. However, those methods might still exist some error or slow response
of pressure compared to the desired value. Therefore, the usage of medical device called double
roller pump (DRP) for controlling pressure via the control of fluid flows has been a positive
selection for the development of the automatic pump systems from the author’s investigation in
[13], [14].

1.2 Motivation

For the goal of offering a contribution of the research to the development of the medical device
applications in the MIS, the author has especially mentioned to the subject of arthroscopy as an
example of MIS. The motivation is to acknowledge the existence of currently problematic
situations that should be carried out and improved. From the states of the art presented above, there
exists some advantages as well as disadvantages while using the methods of flushing fluid for a

suitable expansion and a clear visibility in the closed operation area.

Firstly, the utilization of gravity flow method gives some advantages such as the simplication in
performance; saving cost for the pump system. However, the method meets the problems of: slow
time of response; over flow or under flow situations from the manual adjustments with inaccurate
pressure control. The adjustments on the height of the fluid bag and the valve opened level are all
manipulated based on the observation directly from a doctor or a surgeon. This might affect to the
bad quality of visualization and lead to the risk of patient because of the high pressure inside the
operation area. With those limitations, the motivation is how to improve the control strategy for a
high precision in pressure control automatically, and reduce the time of response for the safety of
the patients during MIS.

Secondly, In the stage of using automatic pump systems, some steps of development have been
approached for the pressure preservation. The first step was the usage of single pump system
method for controlling only the inflow of fluid. In this case, the pressure in the surgical region was
controlled via the inflow of rinsing fluid. The gain from this case is that the pressure is supervised
and controlled to the desired value automatically. This results to more accurate control compared
to the gravity flow method. But this method of single pump can cause the problem from outflow
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control when needed. Then the outflow can only be taken out manually but untimely. This might
lead to a danger of increasing pressure rapidly in the OA. In the second step, the pump system has
been developed by utilizing two single pumps in order to control the inflow and the outflow
independently. As an advantageous point, this solution of two pump system can deal with the
problem of danger from a high pressure increased rapidly inside the surgical area. However, this
solution is still not an optimal method in pressure control because of the independence between
the controls of inflow and outflow. So the settlting time or response time is still not improved.
Because both inflow and outflow of rinsing fluid have the influence to the actual pressure in the
OA. In some case, the blood pressure (BP) in the part of body is not stable. Therefore the pressure
in the working space of MIS needs to be controlled and responsed quickly to adapt to the change
of blood pressure. This solution is also to avoid situations of fluid depletion (when the pressure in
the working space is higher than the BP) or haemorrhages (when the pressure in the working space
is lower than the BP). From those drawbacks of using automatic pump systems in controlling
flows, another idea for motivation in this research is using another type of pump such as a double
roller pump to solve the existed problems during MIS. This illustrates an improvement of the
medical device control strategy for a higher quality development of instruments in MIS. When
using DRP as an automated pump system developed for the flows control and the desired pressure
automatically, there is no need for a surgeon to change the height of the fluid bag or adjust the

outflow valves manually.

Thirdly, during in the stage of investigation and controller design for evaluation and validation,
real-time experiments on the real patients are not allowed because of the patient’s safety. Therefore
an essential think for the motivation which needs to be realized is the construction of the Hardware-
in-the-Loop (HIL) simulator for the replacement of the real patient body. The constructed HIL-
Simulator should be programmed to behave and produce some physiological states like the
behavioir of the human body. This integrated simulator module is really important and useful for
the realization of actuators as well as physical interface in experiments.

Additionally, while solving the problems of pressure control via the control of fluid flows, it is
important to get a feedback data from the actual pressure in the operation area to the controller.
The matter of fact is that the actual pressure is not allowed to measure directly because of the risks
to the patient during MIS. Together with the controller design, therefore an estimator of pressure
state should also be implemented as a feasibility in this research. This method produces the state
of estimated pressure to replace the feedback data of unmeasurable pressure in the OA. In order to
estimate the unmeasurable pressure in this case, it is worthy to observe a measurable data at another
place such as the pressure at the DRP. This observer can be performed completely by making use
of available pressure sensors at the DRP.
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In the knee arthroscopy especially, there are some posibilities of disturbances that can make the
pressure in the knee change significantly from the reaction of the patient during MIS. These
posibilities are the flexions from the knee joint. According to the investigations in [11], [15], and
[16], the change of pressure in the knee joint is not only depended on the knee angles but also
depended on the volume of rinsing fluid inside the knee during arthroscopy. Figure. 1.3 shows the
relationship between the volume of fluid injected and the pressure while changing the angle of the
knee [16]. Those changes need also be concerned in the cases of supervisor and control strategy.
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Fig. 1.3 Graph of pressure-volume relationship with the knee flexion angles 15°, 60°, 80° [16]

1.3 Objectives

Basing on the state of the art and motivations presented, the author aims to research and share the
contribution of pressure control and estimation in Minimally invasive surgery. The objectives of
the thesis include the following points:

The first objective is constructing a system for modelling the process of the knee arthroscopy. This
includes both modelling system on Simulink and building the HIL-Simulator for the MIS process.
The equipments in the Medicine laboratory are supported by the Institute of Automation, Faculty
of Computer science and Electrical engineering, University of Rostock. Via the project
AFluCoMIS, medical devices and specialized instruments related to the MIS are sponsored by
W.O.M. - World of Medicine GmbH - Berlin, Germany. The constructed system is useful for the
members in our group of medical engineering research. Because of being on the stage of
verification and evaluation, the modelling system with the HIL-Simulator is required to concrete
for the replacement of the real patient in experiments. This is to avoid undesirable injuries before
the stage implementing to the real patient.



A contribution of pressure control and estimation in Minimally invasive surgery

The second objective is controller design of the pressure in the operation area via controlling the
flows of rinsing fluid. This should be performed by utilizing the double roller pump. During MIS,
the actual pressure for expansion inside the part of body is unmeasurable. However, our research
is currently on the period of evaluation. Therefore the experiments on the real patients are not
allowed. The constructed modelling for real-time simulator is used to replace the real patient. The
controlled process should be identified and linearized from the experiment data. And a pressure
sensor can be temporary used in this stage of research to measure pressure currently for the
feedback data supporting to the controller design to be tested.

The third objective in this thesis is implementing different types of observer algorithms in order to
estimate the state of pressure in the surgical area. Furthermore, the best result of estimation from
the observers is really valuable for the replacement of unmeasurable data of actual pressure in the

surgical area.

Some other posibilities like the knee flexions might be uccurred as some situations of disturbances
during MIS. Those situations should also be supervised and adaptive controlled for evaluating the
quality and stability of the system generally. This performance is also an additional objective that
should be done for the tested cases of the knee arthroscopy.

In short, the goals of the dissertation can be summarized as following approachments:
- Studying on the basic of minimally invasive surgery procerdures.

- Building theoretical mathematical equations of the related components for the process of MIS,

typically in the knee arthroscopy.

- Modelling the system on computer using MATLAB/Simulink and Functions for the simulation.
- Identifying the process of the system for a strategy of controller design.

- Modelling and identifying the effect of the disturbance posibilities of the process.

- Constructing the system with the HIL-Simulator for the real-time experiments.

- Setting up the hardware interface modules for the connection between the computerized software
model and the actuators of the HIL-Simulator.

- Designing a closed loop controlled system using PI controller based on Symmetric optimum
algorithm (Pl _SO controller).

- Solving the problem of windup phenomenon by an anti-windup algorithm in nonlinear process.

- Supervising some cases of the knee flexions as disturbances of the process.
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- Developing a supervisory algorithm and updating parameters of the PI controller for the

adaptation from the knee flexion disturbances.

- Designing pressure estimators using observer methods for evaluating the quality of estimated

pressure in the knee arthroscopy.

- Implementing and combining the best estimator to the closed loop controlled system for the

replacement of the unmeasurable pressure in the knee joint model.
- Simulating the whole controlled system on computer (MATLAB / Simulink)

- Executing and evaluating the whole controlled system in real-time device simulator.

1.4 Materials

To deal with the objectives given out, some materials and methods were proposed. A general
description of the whole controlled system is indicated in Fig. 1.4.

One of the essential materials supporting for modelling system is MATLAB/Simulink on
computer. In addition, for the realization from modelling to real-time experiments, it is important
to build up the HIL-Simulator to reconstruct some states of the surgical area for the replacement
of operation on the real patient. Besides this, it is necessary to set up an interface module in order
to communicate between the digital signals from computer and the analog signals of the actuators.
In this research, the product of dSPACE hardware interface was utilized for both digital to analog
converter (DAC) and analog to digital converter (ADC) for the communication between the

devices.
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Fig. 1.4 An overview of the whole controlled system
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Together with the construction of real-time device simulator system shown in Fig. 1.4, the other
two main objectives of controller design and estimator for the desired pressure are also crucial in
this thesis. Via the medical device and hardware interface module, the pressure in the surgical

area 1is estimated and controlled continuously during MIS.

The supervisor and controller block needs be designed in order to remain a stable value of pressure
in the surgical area whenever there are some changes from the inputs of error e and disturbance d.
The disturbance signal d could be created from any change of liquid outflow from the OA; or it
could be created from any reaction like a sudden change of the unwanted knee flexion. Signal e is
the error between the desired pressure Ref and the estimated value X. The signal x represents to the
actual state of pressure in the OA. The signal y denotes an output expression for the observation
state of the estimator. And u is defined as the control signal of the process of MIS as well as the
input data of the estimator. For controller design, the modelled process of the knee arthroscopy
should be identified and linearized from the experiment data. Based on the response of the process
to be identified, a PID controller shall be designed to obtain and maintain the pressure in the OA
stably. In most of nonlinear processes like the process in this research, the pressure in a closed area
might change rapidly while the actuators for the fluid flows are changed. This leads to the wind-
up phenomenon. Hence, an anti wind-up algorithm is necessary to performed to avoid the overload
to the controller. On the other hand, a supervisory algorithm is proposed to detect some changes
from the disturbance actions for the adaptation in controlling system. So, the parameters of the

controller should be designed from the results of the supervisor.

The estimated pressure X from the block of pressure estimator should be closely like the pressure
in the surgical area. In Simulink as well as in real-time device experiments, some methods of
estimation are investigated for comparing the results. These methods include Luenberger, basic
Kalman filter and extended Kalman filter algorithms of estimation. The best estimated result
should be a valid data in replacing unmeasurable pressure of the surgical area.

Interaction between the medical device and the HIL-Simulator module present the realization of
the programs and tools installed from the computer connecting to the knee joint model via the
actuators. The medical device which was proposed to use for the investigation is DRP. Structure
of the DRP is described more details in Chapter 2. From controlling the speed of the motors at the
DRP, the flows of fluid are therefore controlled via the roller wheels of DRP. On the other side,
the hardware interface module of dSPACE product works in both two functions of DAC and ADC
convertors. These components are neccessary in communication from the computer programs to

the actuators of the HIL-simulator.



A contribution of pressure control and estimation in Minimally invasive surgery

1.5 Outline of the thesis

The first Introduction chapter of the thesis has just been presented with an overview in brief state
of the art, motivations and problems which need to be solved. Then objectives and ideas on the
methods dealing with the problems were also given out. Chapter 2 summarizes some related
fundamentals in theory and system modelling. In this chapter, a general information of system
overview in MIS is described for identifying, modelling of the process in simulation and real
device simulator. Medical devices and hardware interface module as well as HIL-Simulator are
also introduced. In addition, concepts of controller and supervisor design and the related results
are arranged in chapter 3. The PI controller based on Symmetric optimum (SO) method is
proposed. Supervisory algorithm is added to correct the controller parameters. Some cases of
disturbance on the knee flexions are proposed for the adaptation of the controlled system. The
results on Simulink and on real-time device simulator in different cases are shown for comparison
and evaluation. Furthermore, chapter 4 provides estimation methods and the results from
implemented methods on both Simulink and real-time simulator. These implemented methods are
Luenberger observer, Kalman filter, and extended Kalman filter. The best estimator is used to
combine with the closed sensorless controlled process. Chapter 5 concludes the whole thesis and
gives some ideas for further work. And final sections of Appendix and Reference show some

notifications and various scientific contributions referred in this dissertation.
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2 OVERVIEW AND MODELLING OF THE MIS SYSTEM

This chapter content is arranged with general background in MIS and modelling of the MIS system
in mathematical equations. This is a basic demonstration in constructing a model of a process.
After the first section of introduction in this chapter, an overview of the minimally invasive surgery
is described with the medical therapy devices supported. Then the process of the knee arthroscopy
and related components are modelled for simulation. A nonlinear state space presentation of the
operation area is then performed. Additionally, general descriptions of the hardware interface
modules construction are also briefly introduced. These modules are the Input/Output hardware
interface MicroLabBox from dSPACE products and the HIL-Simulator of MIS.

2.1 Introduction

In minimally invasive surgery, some important procedures need to be obtained not only
professionally but also accurately. Arthroscopic surgery of MIS involves the performance of
visualization inside the problematic area with the a tiny camera and fiber optical system. To have
a clear vision, the area should be filled with some saline fluid and the camera is placed in the area
via trocar with a small incision. Most of orthopaedic surgeons use arthroscopy method to treat
variety of problems, including: joint infections and inflammation, removal of loose parts or tissues,
and ligament reconstructions [17]. In the knee arthroscopy for example (see in Fig. 2.1), beside
using specialized instruments for diagnostics and treatment, one more significal requirement of
MIS is how to keep the operation area clear and visible during surgery. This should be performed
by the support of medical therapy device in pressure control via controlling the rinsing fluid flows.
As mentioned in Chapter 1, some methods for the pressure expansion were introduced. The
motivation of the research is to develop the method of pressure control in the closed area to the
desired value precisely by utilizing the medical device of DRP. By controlling the DRP, rinsing
fluid is flushed in the closed surgical area for a suitable expansion of pressure based on the
reference of BP from the patient. This aims to reduce the inconveniences of inaccuracy and slow
response of pressure control from the former methods. Moreover, the goal gives a further effect of
elimination of fluid depletion or haemorrhage situations in the parts of body. And the control of
flushing fluid in and out continuously offers a clean area for a better visualization.

Double roller pump is one of medical therapy devices which were supported to the Institute of
Automation, University of Rostock by the company W.O.M. GmbH (Berlin - Germany) via the
project AFluCoMIS. The improvement of pressure control via controlling the flows of fluid during

11
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MIS by using DRP is really benifical while the pressure in the operation area can be controlled
stably at anytime according to any change of the outflow. Indeed, this can be performed when the
inflow of fluid is controlled automatically depending on the outflow of fluid. And the outflow can
be activated and changed from the surgeon (whenever if the fluid in the surgical field is messy).

m N LSS

Fluid pump system

Fig. 2.1 An example of the knee arthroscopy in minimally invasive surgery [18]

To deal with the system modelling in simulation and controller design, it is necessary to construct
mathematical equations based on theoretical fundamentals. Before going to the section of
modelling process, an overview of the system in MIS is depicted in section 2.2.

2.2 System overview of Minimally invasive surgery

Figure 2.2 depicts an overview of the system in MIS in a simplified graph [7], [14].
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Fig. 2.2 An overview of the system in minimally invasive surgery [7], [14]
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The operation area in Fig. 2.2 represents to the knee joint of the patient in the knee arthroscopy.
Via some trocars, the tubes and other medical instruments are reached into the OA. In order to
remain a suitable pressure for expansion in the knee joint, rinsing fluid flows control is chosen for
this purpose. Depending to the currently outflow data (Q,.:) which can be ready set up or changed
by the surgeon, the inflow of fluid (Q:») needs to be controlled automatically respectively. Indeed,
maintaining a suitable pressure in the OA is important for procedures of MIS. If the pressure in
the surgical region is higher than the blood pressure at the operation area, it can be damage to the
part of body by causing the situation of fluid depletion to the tissue. Otherwise, when the OA
pressure is lower than the required value, it might have not enough clear space for the visibility.
This also leads to the result of haemorrahages into the OA.

The double roller pump (including pumpl and pump?2) shown in Fig. 2.2 is used to control the
flows of fluid Qi, and Quur. It is structured by the two DC motors (marked by M1 and M?2) and two
roller wheels plates positioned on the shafts of the two motors. The roller wheels on each rotated
motor cause the change of pressure inside the soft and flexible plastic pipe fixed around the wheels.
This change of pressure on each roller pump creates the change of fluid flow inside the tube
connecting to the operation area. Additionally, a benifical thing of using the DRP is that on each
roller pump, there exists a fixed pressure sensor for pressure measurement at the pump. In this
thesis, the motor M1 of the pump1 is assigned to control only one direction of fluid flow into the
operation area; and the motor M2 of the pump?2 is allocated only for the activation of the fluid
outflow from the operation area. The outflow can be set up to a fixed value. Sometime this value
can be changed and considered as a disturbance in the working space of the MIS. This change
makes influence to the change of pressure in the surgical area. With any sudden change of pressure
in the area, the inflow of fluid must be supervised and controlled automatically in order to maintain
the desired pressure during MIS.

The desired pressure value might be varied from different types of patients; and it depends on the
blood pressure at the particular part of body in MIS. Unfortunately, the systolic blood pressure
(SBP) can be only measured relatively by some part of the body near to the heart, like by the left
aim of the patient. Therefore, according to the study of arthroscopy from the group of research
[19] in 1995, the authors provided the measurement data on the survey of twenty two consecutive
patients in evaluating a suitable subacromial space pressure (SASP). They suggested that, on
average, maintaining a relative pressure value of SASP in arthroscopy at about 499mmHg lower
than the SBP would prevent bleeding and permit a good visualization. On the other cites of [5],
[8], [20] and [21], the minimum of pressure in the knee arthroscopy was proposed at 28mmHg;
and the acceptable range of SASP was sugessted from 30mmHg to 60mmHg, depending on the
specific SBP of the patient. This range is approximate in Pascal unit (Pa) from 4000Pa to 8000Pa

13



A contribution of pressure control and estimation in Minimally invasive surgery

(ImmHg ~ 133.32Pa). Even in some cases with tourniquet or without tourniquet, the pressure level

at some various joints was proposed differently in Table 2.1 [5].

Table 2.1 Proposed pressure level with and without tourniquet in various joints [5].

Joint type With tourniquet Without tourniquet
(in mmHg) (in mmHg)

Shoulder - 50 - 60
Acromioplasty - 50 - 60
Knee joint 30-35 65

Wrist 30 - 40 65

Elbow, ankle 30 -40 65

Hip 40 - 45 65

2.3 Modelling of the process in MIS

From the simplification of the knee arthroscopy in Fig 2.2, it is clear that the pressure in the knee
can be controlled by controlling the inflow regarding to the outflow currently. This is performed
by controlling the rotation speeds of the motors at the DRP. Normally, the outflow is set equally
to a constant during the time of MIS. Sometimes, this constant might be changed according to
specific situations in the part of body. Hence, the pressure can be controlled based on the controlled
speed of the motor M/ regarding to the speed of the motor M2. Plastic tubes are used to transfer
the fluid into and out of the operation area. The block diagram for modelling of the process has
been developed with the signals and blocks indicated in Fig. 2.3. In this figure, the first dark grey
block ‘Line in’ including the motor M1, pumpl and tubel is represented to the direction of inflow
to the surgical area. The second dark grey block of ‘Line out’ with the motor M2, pump?2 and tube2
symbolizes the outflow direction from the surgical area. The inverse direction of flow is assigned
by the minus sign “-”. Both these two blocks have the same structure and materials. The input of
the process which need to be controlled is u; signal connected to the motor M/, whereas u> signal
is connected to the motor M2 and it is considered as an extra input (a kind of input disturbance
while changing the outflow) of the process. The output of the process is the pressure of the
operation area called pinee. In the whole controlled system, the pressure pine. should be maintained
close to the desired value of pr.. The input pe of the controller block is the pressure error between
Dref and pinee. The output from the controller Au and the signal of u> are summed for supervising
and producing the control signal u; to the motor M. In this section, the author presents the
principal mathematical equations for modelling the main parts of the process in MIS: the motors,
pumps, tubes and the operation area.
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Fig. 2.3 Block diagram and signals for modelling of process in minimally invasive surgery

2.3.1 Modelling of the motors

The two motors M7 and M2 used in the blocks ‘Line in’ and ‘Line out’ have the same type of
GR63-55. Figure 2.4 is an overview of this motor type. The parameters of the motors are shown
in Table 2.2 [22]. The control voltage range of these brushed DC motors is from 0 to 5 volt. The
flow of fluid is mostly depended on the rotation speed of the motor with the roller wheels plate
fixed on the shaft of the motor.

Fig. 2.4 Overview of the brushed DC motor GR63-55
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Table 2.2 Parameters of the motor GR63-55 [22].

Parameter Unit Value
Nominal voltage A" 24
Nominal current A 4.9
Nominal torque Ncm 27
Nominal speed rpm 3350
Friction torque at no load Nem 2
Peak stall torque Nem 257
No load speed rpm 3650
Maximum output power W 245
Nominal power W 94.7
Torque constant Ncem/A 6.4
Terminal resistance Ohm 0.6
Terminal inductance mH 1.5
Starting current A 40
No load current A 0.4
Demagnetisation current A 33
Rotor inertia gem? 750
Weight kg 1.7

From the operation of the motor in experiment, the relationship between the input control voltage
(u;) and the numbers of revolution per second of the motor (symbolized by #;) is formed in (2.1).

n(0) = f(w(0); (i=12) (2.1

At each revolution of the motor, it is encoded with 1000 pulses. Therefore, the revolution #; can
be determined by providing the input voltage u;. From experiments, the static gain data of the
motor is determined approximately in Fig. 2.5. And dynamic response of the motor is indicated in
dark yellow signal of Fig. 2.6.
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16



A contribution of pressure control and estimation in Minimally invasive surgery

o
o

Ideal signal

=
@

Dynamic signal

U in voltage (V)
o o o o e
R R L

=
(X}

o

322 3222 3224 3226 3228 323 3232 3234 3236,
lime (seconds)

Fig. 2.6 Dynamic response of the motor

From Fig 2.6, it is interested to note that the dynamic behavior of the motor is considered to the
transfer function type P-71 with a small dead time of 7,. Hence, the transfer function of the motor
Gu(s) can be formed in (2.2) for motor modelling.

Gy (s) = e Tas. KM (2.2)

Tps+1

whereas: Ts = 0.006 (s) is dead time; Ty = 0.038 (s) is time constant; and Ky = 2.5 (s7//V) is the
static gain of the motor from experiment.

In some cases, because the dead time 7y is too small compared to the time constant 7}, therefore
Tu can be approximated to zero.

2.3.2 Modelling of the double roller pump

Double roller pump is placed to produce the pressure change in the tubes for the fluid flows. This
is a kind of peristaltic pump which is basically described in Fig 2.7 [23], where the blue part is
represented to the fluid being transferred by the roller pump. Each roller pump is fixed to the shaft
of the motor and bounded by a soft flexible segment of the plastic tube. The tube is presented more
details in section 2.3.3. In the process of MIS, each roller pump of the DRP is responsible for one
direction of the fluid flow. One pump creates the direction of fluid flow into the surgical area. The
other pump produces the direction of outflow from the area. The pressure at each pump is currently
measured by the available pressure sensor fixed in each tube. By producing pressures from the
rotation speed of the motors, the fluid flows in the tubes can be controlled definitely.

17



A contribution of pressure control and estimation in Minimally invasive surgery

The complete structure of the DRP fixed with the two motors and two tubes is shown in Fig. 2.8.

W Flow direction

direction

Fig. 2.8 Overview of the DRP: 1. Motor, 2. Roller wheel; 3. Plastic tube, 4. Pressure sensor

At each revolution of the motor, series of fluid ‘package’ are transferred inside the tube by the
roller pump. This means that from the actual speed of the motor n;, the pump converts a certain
flow through the tube at the pump called Op;.. When the speed is a constant, then the flow Q,; is
also equal to a constant relatively after a period of time.

Qpi = % s (Vr: volume of fluid) 23)

With the maximum speed of the motor n; about 1257/, the flow at the pump O, can reach to the
maximum value of 22ml/s approximately. The relationship between Q,; and #; is indicated in Fig.
2.9. The flow area within the speed from 0 to 457/ is nearly linear, and the other area is nonlinear.
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Flow at the pump: Q,; (ml/s)
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Fig. 2.9 Relationship between the motor speed n; and the flow at the pump Qi
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Assuming that the rotation speed of the motor M/ on the right is defined as 7n;; and 2> is the rotation
speed of the motor M2 on the left. Equations of flows at the DRP (Qp; and 0,2) are formed in (2.4)
and (2.5).

Qp1() = f(n. (V) (2.4)
Qp2(D) = f(n2(D) (2.5)

From the parameters shown in Fig. 2.9, a lookup table was established for modelling of the double
roller pump.

2.3.3 Modelling of the tubes

There are two long plastic tubes separately connected from the trocar in operation area passing
over each pump of the DRP for the flows transportation. One tube is used for the inflow
transferring, and the other tube is used for the outflow from the operation area. Fig. 2.10 shows a
typical plastic tube being used with the trocar in MIS. The soft and flexible segment (marked by
number 3 in the figure) of the tube is bound tightly together with the roller wheels of the pump.

£
Sl e

-

Fig. 2.10 The tube for fluid transfer: 1. Trocar, 2. Pressure sensor, 3. Flexible part

Because the whole plastic tube is an elastomeric type, therefore there exists not only a hydraulic
resistance but also a hydraulic capacity of the tube. The tube expands partly and stores a small part
of volume flow when there is a pressure acts on the tube. But this does not happen in the trocar
which is made from steel materials. This really causes the problem on mathematical description
clearly in theory about the relationship between the volume flow and the pressure at the pump.
Indeed, this drop of static pressure in the trocar creates a difference between the pressure at the
pump and the pressure at the operation area. This difference of pressure through the tube (Aps) can
be determined in experiments by measuring the pressure at the pump with the varied parameters
of volume flows through the hose, while the pressure in the model of the operation area is prevailed
to the ambient pressure. The results of measurement are illustrated in Fig. 2.11.
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Fig. 2.11 The pressure drop through the operation area depending on the flow at the pump

It is clear that the behavior of the pressure change regarding to the flow of fluid is a form of

exponential function, or a nonlinear expression.

On another side, Fig. 2.12 shows the measurement data of flow at the end of the tube (close to the
operation area) in the relationships of various voltages and motor speed parameters. It can be seen
that there is some error of flow between the data in Fig. 2.12 and the data in Fig. 2.9 because of
the resistance and hydraulic capacity existence along the tube. The maximum flow in Fig.2.12 is
limitted about /6ml/s (in maximum speed of motor) while the maximum flow in Fig.2.9 is 22ml/s.
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Fig. 2.12 The flow in the tube (close to the operation area) regarding to the motor speed
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In dynamic reaction, due to the hydraulic capacity of the tube as well as the reaction of the current
pressure inside the closed operation area, in the tubel of inflow, it contains a small difference of
AQq between the flow created at the pumpl (Qp1) and the inflow of fluid (Qix) into the operation
area. In other words, a part of the flow O,; does not get completely out of the tube and this causes
to the remainder of AQ;. Similarly, in the inverse direction of the outflow in the tube2, the
difference of flow AQ, is created by the outflow of Q.. and the flow at the pump2 (Op2). Moreover,
during the operation, the dynamic components of dropped pressure and flow might occur from the

turbulent flow which is depicted more details in Section 2.3.5.
Generally, the the block diagram for modelling of the tubes reaction is described in Fig. 2.13.

From the relationship between the pressure and the flow at the pump 1, the pressure change (p,) is
defined in (2.6a); the same situation to the pump?2, the change of p, is defined in (2.7a). It is noted
that Cype 1s represented to the hydraulic capacity of the tubes. Furthermore, blocks of “static gain’
in Fig. 2.13 represent to the static resistances (called R; and R>) of the two tubes. These resistances
cause some loss of pressure from the pump to the operation area. These drops of pressure from the
two tubes are presented in (2.6b) and (2.7b).

pm it e
R1 - Qin = D1 — Pknees OI' D1 = Pknee + R1-Qin (2.6b)
e g e
Ry * Qout = P2 — Dknees OI' D2 = Pknee T R2 " Qout (2.7b)
whereas:
AQ: = Qp1 — Qin (2.8)
AQ, = sz — Qout (2.9)
Qsum = Qin — Qout (2.10)

In ideal case, the pressure in the surgical region would be stable when the inflow Qi is equal to
the outflow Q... However in real device simulator or in the real MIS to the patient, it is impossible
to get in ideal case that the Q;, exactly equals to Qou.. This means that there always exists some

error or loss of flow between the inflow and the outflow in real-time experiments.

Due to the response of the tube in experiments, the hydraulic capacity Cyyp. 1S approximated by
9.75e-11 (m>/Pa) in simulation.
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Fig. 2.13 Block diagram for modelling of the tubes in MIS

2.3.4 Modelling of the operation area

The process of the knee arthroscopy as an example of the MIS was proposed for the investigation.
During the stage of verification in experiments, the operation area was modelled by a plastic ball
simulator called the knee model (Fig. 2.14).

V. as
_ & Hpknee
m_mgas

Qusum
Fluid (V;)

Vtotal = V;‘ + Vgas

Fig. 2.14 The reservoir is used for the simulation of the operation area with some trocars

The pressure in the knee model is called pinee. This pressure is considered to the value of SASP
which should be lower than SBP of the patient as mentioned in section 2.2 above. Any change of
pressure Prnee depends on the two parameters: the total flow of incompressible fluid into the area,
and the capacity of the knee. This change is described in (2.11), where Cixee is capacity of the knee
model which describes the ability of the volume change via the pressure change of the knee. Qsum
is the total flow coming actually in the knee during MIS as indicated in (2.10).

1 qum
Pxnee = (2. 11 )

Cknee

It should be noted that the troubles of haemorrhage and fluid depletion into the tissue might happen
during MIS. Assuming that Qs is represented to the flow of the haemorrhage when pjpee 1s lower
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than SASP. Likewise, Quep 1s defined as the flow of the fluid depletion which happens when piee
is higher than SASP. Therefore, the pressure in the surgical area py.e. should be close to the desired
value of SASP. This subjects to the minimization values of Qnee and Quep in the troubles of MIS.
From this situation, the actual flow Qsm in (2.10) can be rewritten in (2.12).

Qsum = Qin — Qout + Qnae — Qdep (2.12)

By defining the loss of flow during MIS Q;,s:

Qioss = (Qdep - Qhae) (2.13)

Additionally with the assumed value of Q,,; equally to some other types of flows lost during MIS,
the total error of flow Q. is assigned in (2.14). This error of flow includes the values of AQ; and
AQ,; and from (2.8), (2.9), the equation (2.12) can be rewritten as (2.15).

Qerr = Qext + Qoss (2.14)

Qsum = Qin — Qout — Qerr (2.15)

This total error of flow Q. is nonzero in this nonlinear process of MIS.

In addition, by following the principle of ideal gas equation in (2.16), the product of the pressure

Pinee and the volume of available gas Vs in the knee is proportional to the mass m of gas:

Pknee * Vgas =m-R; T, (2.16)
.RC.TC
Pknee = mV (2.17)
gas

where R, is the gas constant, and T, is the temperature of gas.

Taking derivation the equation (2.16) on two sides and ignoring the change of temperature:

Pknee * Vgas + Pknee Vgas =m-R; T (2.18)

In the closed surgical area of MIS containing some fluid and gas, it is considered to have no change
of gas amount during MIS. This means that the mass ‘m’ of gas is a constant. The equation (2.18)
can be thus rearranged into (2.19). This is clear that the change of pressure in the operation area is
mutually depended on the change of gas volume V4, or the gas compression in the knee model.

Pknee = — % ’ r{gas (2.19)

The gas volume (V4;) is inversely proportional to the fluid volume (V) as in (2.20).

t
V:gas = Viotar — Vf = Viotar — (Vo + fo Qsumdt) (2.20)
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where Vi represents the total volume; and V is the initial fluid volume in the knee model.

Viora and Vp are considered to the constants. Hence, the derivation of gas volume is (2.21).

V:gas = —Qsum (2.21)

Substituting (2.21) to (2.19), the change of pressure in the knee model can be shown in (2.22).

__ DPknee

ijnee = Vgas " Qsum (222)

Comparing (2.22) to (2.11), it is obvious that the capacity of the knee model Cinee is equal to the

ratio between the gas volume and the current pressure in the operation area, presented in (2.23).

V, as
Cenee = 22 (2.23)

Pknee

2.3.5 Influence of turbulent flow to the pressure change in the tubes

Normally, pressure loss in a pipe depends not only on the velocity of the flow but also on the inner
diameter ‘D;’ of the pipe. There are two different types: Laminar flow and turbulent flow which
can be determined by calculating the Reynolds number given in (2.24) [24], [25], [26]. These types

of flows have different calculations of friction factor called As in (2.25) and (2.26).
__ Fluid velocity x internal pipe diameter __ V;-D; p'Vi'D; p'Qi'D; 4:p-Q;

Re = = = = (2.24)

Kinematic viscosity Y u u-Area w-D;

where y: Kinematic viscosity; p: dynamic viscosity; fluid velocity V; = Aféa = :_g‘;; (Q;: flow)
l

If the Reynolds number Re is less than 2000, then the process is in laminar flow. When Re is
greater than 4000, then it is called turbulent flow. In case of 2000 < Re <4000, it is in transition
flow (see the Figures 2.15 and 2.16 for the description) [24].

For example, in normal condition of air temparature around 20°C, the fluid inside the pipe is water

with parameters: diameter D; = (0.006m, density p = 998.2(%) ~ 1e3(%), u=0.001 (kTg), and
3

the inflow of fluid at the pump! is Q;;,, = Q; = 0.00001(7%). Then the Reynolds number is:

4-(1e3)-(1e—5)

ke = m-(1le—3)-(6e-3)

= 2122

3
When the inflow Q;,, is set to 0.000015(mT), then the Reynolds number is:

Re = 4-(1e3):(15e-6) — 3183
m-(le—3)(6e—3)

These two cases of Reynolds numbers are in the range of transition flow.
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Laminar: flow in discrete layers with no mixing - ) Laminar

Turbulent: flow with eddying or mixing action. L ) Turbulent

Fig. 2.15 Simple description of laminar and turbulent flows [24]
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Fig. 2.16 Friction factor and Moody diagram (Note in figure: D = D; , A = Ag) [24]

Combining to the conditions of flushing fluid during MIS, The process is in laminar flow when
3

the inflow of rinsing fluid < 0.00001 (mT) is equivalent to the case of voltage input u; to the motor

M1 <1.3V. And the friction factor A; is then computed by (2.25). Otherwise, when the flow of the

3
process goes over the value of O.OOOOIS(mT) (this approximates to voltage input u; of the motor

M1 around 1.7V), then the flow is turbulent. In this case, the friction factor A is computed by
Colebrook-White formula of (2.26).

Ap ==, (for laminar flow: Re < 2300) (2.25)

~ Re’
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sy 20 ), (for turbulent flow: Re > 4000) (2.26)

— = —2log| —=
\/; 3.7D; Re\/;f

Where £; is called the roughness factor. For a plastic pipe, ks = 0.03mm.

On another side, from the difference between the larger diameter pipe and the smaller diameter
trocar, this apprears a turbulent flow. In general therefore during MIS, there always exists a
turbulent flow from the pipe to the model of knee via trocars. From the equation (2.26), it is clear
that the friction factor A¢ can be written as a function corresponding to the inflow Q;, in (2.27).

Ar = f(Qim) = B~ Qf (2.27)

The parameter [ is considered to be a kind of flow resistance from the turbulent flow. This
parameter represents to an additionally dynamic element of pressure from the roller pump to the
knee model during MIS.

By adding this factor of friction as a loss pressure from the pumpl to the knee model during
arthroscopic process, the equation (2.6b) is completely rewritten as in (2.28) with the turbulent

flow appearance.
P1 = Pknee T R1 " Qin + B - len (2.28)
2.3.6 Modelling of disturbances from the knee angle changes

As introduced in Chapter 1, there are some posibilities of the knee angle flexions that cause the
change of pressure in the knee significantly during MIS. These changes of pressure disturbances
depend on the injected volume of fluid in the knee during MIS, as shown in Fig. 1.3. These cases
of angle changes are considered to the disturbances of the process that effect to the stability of the
whole controlled system during MIS. These cases should be identified for realization in

simulations and in real-time experiments.

2.3.6.1 The flexion angles between 0 and 30°

From the surveys in [16], the changes of knee angle between 0 and 30° gave nearly the same
response of pressure change. So it can be indicated by the curve approximately in Fig. 2.17. The
transfer function in this case of disturbance in MIS is identified as in type of /-7; form described
in (2.29) at the working point of 40ml injected volume in Fig. 2.17.

Kp
Trs(1+Ty's)

Gp(s) = (2.29)

whereas: Kp = 22 (mmHg/ml)=(22) « 133.32(Pa/ml)=102.55(Pa/ml); T; = 26 (ml); Ty = 14 (ml).
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Fig. 2.17 Pressure - injected volume relationship in cases of flexions 0-30°

2.3.6.2 The flexion angle of 60°

At the angle knee changed about 60°, the given data is in Fig. 2.18 based on the data of [16]. The
transfer function is identified similarly to (2.29) with the different parameters set of Kp 60, 77 60
and 77 60 as below.

Kp 60 = 2 (mmHg/ml) = 122.79 (Pa/ml); T 60 = 38 (ml); T1 60 = 2 (ml).

Pressure change (mmHg)

L y

20 30 )
T,= 38 r
Injected volume (ml)

Fig. 2.18 Pressure - injected volume relationship in case of flexion around 60°

2.3.6.3 The flexion angle of 80°

Basing on the data from [16] redrawn in Fig. 2.19 for the angle knee flexion 80°, it is interest to
note that the response of pressure is nearly the same to a linear change with the proportional gain
of Kp so = 55/40 (mmHg/ml) = 183.32 (Pa/ml), T1 so = 0, and Ty so = 40 (ml). The transfer function
of the disturbance in this case is (2.30).

In experiments, those cases of the angle flexions are calculated and performed by the support of
the HIL-Simulator which is going to be briefly introduced in section 2.4.

Gp(s) = % (2.30)
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Fig. 2.19 Pressure-injected volume relationship in case of flexion around 80°

2.3.7 State space presentation of the knee model

State space presentation of the knee model plays an important role for modelling of the plant which
is useful not only in identification but also in estimation of the controlled process. In general, a
state space formation of a linear process includes a state space equation and an output equation
described in (2.31) and (2.32) correspondingly.

X=Ax+B-u; or: x=f(x,u) (2.31)
y=C-x+D-u; or:y=g(x,u) (2.32)

Vector x represents to the first order diffrential equations of the state variables. Input vector is u,
and vector of output is y. In linear time-invariant systems, 4, B, C, D are determined as constant
matrices. In cases of nonlinear, time-variant systems, then the functions of f{x,u) and g(x,u)
represent to the state space and output presentation generally.

During MIS, the pressure in the closed OA of the knee model is influenced almost by the actual
flow change into the area. This change of pressure is indicated in (2.22). This equation can be
rewritten as (2.33).

. 1
Pknee = @' (Qin — Qout — Qerr) (2.33)

As indicated in Fig. 2.11, the change of pressure 4p in the knee is a nonlinear component
corresponding to the actual flow of Qgym = (Qin — Qout — Qerrr). In addition, Cype from (2.23)
is also a variant parameter which is depended on both the volume of gas Vs and the pressure of
the knee piee currently. Based on previous mathematical equations for process modelling, there
are four selective cases of state space presentation of the nonlinear process suggested as follows.

Case 1: One state presentation

By assuming that the state of the operation area is x = pinee, the input is u = [ua, up] (ua = Qin, un
= Qour + Qerr), then the state space equation (2.33) can be rearranged in (2.34). On the other hand,
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since the equation (2.28) has been determined and considered to an output measurement, it can be
rewritten in (2.35). In real device simulator experiment, the measurement is performed by the

usage of available pressor sensor at the roller pump1.

J.C(lstate) = Dknee = [Cknee Cknee] [ ] = fi(x,w) (2.34)
yi=p1 = [1] [pknee] +Ri-ug +6- u?l = gl(x' u) (2.35)

Case 2: Two states presentation

In this case, the equations (2.6a) and (2.33) can be combined and rewritten in (2.36) as a state
space presentation with two state variables (pinee and py).

— (Qin — Qout — Qerr)

. ) c nee
X(2states) = pk.nee] =" =f, (x,u) (2.36)
P1 - AQ,

Ctube

where: x = [pknee] is a vector of two state variables; input u = [ua, up, uef; (a = Qin, ub = Qour +
Qerr, Ue = AQZ)

And the output equation of measurement (2.28) can be rewritten for the case of two states in (2.37)
whereas p; is determined by (2.28).

y2=p=i=[0 1]-["5

] g2(x,u) (2.37)

Case 3: Three states presentation

This is an alternative presentation from the case 2 above. When the parameter of flow lost during
MIS (Qerr) is considered as a variable in state space presentation, then the equations (2.36) and
(2.37) can be rewritten in (2.38) and (2.39) respectively.

pknee‘ Ckn (Qm Qout Qerr)]

x(SStates) - R AQ1 l = f3 (x: u) (2-38)
Qerr Chyd J
0
Pknee
where: x = | P1 |[is a vector of three state variables; input u = [ua; us,; ucf,; (ta = Qin, b = Qous,
Qerr
Ue — AQI)
Pknee
y3=p1=[0 1 0]| P1 |=g5(xu) (2.39)
Qerr
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Case 4: Four states presentation

With the structure of four wheels at each roller pump and the peristaltic movement of fluid inside
the tube, it creates pulsation in pressure at the pump [27]. This might result in the turbulent flow
as well as harmonic oscillators from wave frequency of fluid. These results influence on the actual
flow and the pressure in the operation area. Therefore, the noise from wave induced motion of
fluid should be filtered and reduced. Consulting from the citation [28], a noise-driven filter is
appropriate used as a second order form as (2.40).

wis
2 2
s%+2{wostwf

Grirer(s) = (2.40)

where ¢ is damping coefficient; and w, is undamped natural frequency.

By considering ) = i as the first order presentation of wave-induced motion, then the following

equations can be presented in differential expressions:
n=yY (2.41)
Y = —win—28weyp + € (2.42)
where €4 is represented to the Gaussian white noise.

Combining the states of pinee from (2.33) and Q. together with the expressions of (2.41) and
(2.42), a vector of four state variables is x = [} Y Drnee Qerrl’; and a state space presentaion
in nonlinear process is completely presented in (2.43).

BRI

| —woh — 2§weY + €1

x 1

(4states) lpkneeJ Crmee *(Qin — Qout — Qerr) + €2
Qerr 0+ €3

= f(x,u,€) (2.43)

where: input u = [ua; up/; (ua = Qim, u» = Qou); € represents to the process noise.

Variable ¥ is definded as an additionally dynamic element of pressure from the roller pump! via
the tube into the knee model. Hence, (2.28) is entirely rewritten in (2.44) with the variable 1 added.

P1 = Pknee + R1 " Qin + B len +vY (2.44)
The output equation is presented in (3.45) whereas v stands for the measurement noise.

n
Y
Pknee
Q err

ya=p1=1[0 1 1 0] =gs(x,u) +v (2.45)
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2.4 Hardware interfaces in MIS

It is worth mentioning that the author’s research could not be completed without the presence of
hardware interfaces support, especially the hardwares of In/Out interface and the HIL-Simulator
which are going to be introduced as following. Firstly, the Input/Output hardware interface is used
to communicate and convert signals between the programs or softwares, simulink package from
the computer to the actuators of the hardware simulator in real-time execution. Secondly, the HIL-
Simulator is utilized for the applications of providing some parameters like physical behaviors
from a part of a human body in simulation loops.

2.4.1 Input/Output hardware interface as a target computer

The operation of the Input/Output (I/O) hardware interface can be generally described in Fig. 2.20
with the block of ‘Target computer’ in the middle. This is a product of MicroLabBox implemented
in this thesis. This ‘Target computer’ is a compact designed platform of development I/O interface

system for the laboratory use [29].

Development computer Target computer Physical devices
== : (Multi-core CPU running Simulink (Process of the MIS)
= E‘ ‘ R iy Real-time kernel, ...)

e ‘
- —— )
=

E— : —Etherne

ol
)

M-.

—

I/0 hardware Interface Real devices / Hardware simulator
MicroLabBox - dASPACE for test with actuators and sensors

Simulink, coder, ControlDesk,...

Fig. 2.20 I/O interface connection between the development computer and physical devices

MicroLabBox is used to implement data acquisition applications efficiently for both industry and
academia. The programs or Simulink blocks, coders, controllers from the ‘Development computer’
shall be compiled and downloaded to the target computer for the execution via Ethernet protocol.
The I/O signals compiled from the programs can be converted by the DAC from the target
computer transporting to the ‘physical devices’. Physical devices include the actuators like DC
motors, roller pumps, air pump, and so on. While running the program, some feedback signals
from physical devices can be converted from analog to digital signals by the ADC of the /O
hardware interface. These converted data shall be sent back to the development computer for
analyzing, processing, or displaying data. The programs installed in the development computer
such as MATLAB, dSPACE ControlDesk are typical softwares using for the interaction between
user programs and physical devices. In this thesis, the author has utilized softwares of MATLAB
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2017a and dSPACE ControlDesk 6.1 which are supported for working with MicroLabBox-
dSPACE products.

The hardware interface of MicroLabBox has been chosen for the communication in this research
for some benifical features: high computing power and fast I/O, easy wiring, autonomous use,
comprehensive and user-friendly software [29].

High Computing Power and Fast 1/0

This hardware interface offers a 2 GHz dual-core real-time processor with fast closed-loop cycle
times of less than 15 ps. The integrated Field-programmable gate array (FPGA) can be utilized in
high-speed computation for some cases of extremely fast control applications. The FPGA
technology allows for parallel, exact and fast I/O processing. MicroLabBox provides over 100 /O
interfaces of not only conventional types (analog I/O and digital I/O) but also features specialized
interfaces like Ethernet, Controller area network (CAN), and position encoders. In addition, the
integrated sensor supply from MicroLabBox provides power for sensors without any additional
laboratory devices.

Easy Wiring

MicroLabBox is available with two types of panel variants for flexible choices: The top-panel
variant which is being used in this thesis provides BNC connectors (Bayonet Neill-Concelman),
making wiring easy in a laboratory desk. Another type is the front-panel variant which offers D-
sub connectors. This type is preferred for integrating MicroLabBox in a stack of laboratory
devices. The connector information is printed on each MicroLabBox including the I/O blockset

for the implementation software.

Autonomous Use

This device can be used with or without a host PC. In autonomous mode, without the host PC like
in the case the author uses, the real-time application is loaded from the on-board flash memory
when MicroLabBox is started. A set of programmable LEDs give status information of the real-
time application to the user.

Comprehensive and User-Friendly Software

MicroLabBox is supported by a dSPACE software package including Real-Time Interface (RTI)
for model-based 1/O integration into MATLAB Simulink and dSPACE ControlDesk. Many
graphical instruments in the ControlDesk software are available for the real-time application
variables and parameters during run time. In integrating with MATLAB Simulink, the related
blocksets can be used for the simulations and connections with the device of MicroLabBox.
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2.4.2 Hardware-in-the-Loop simulator

Hardware-in-the-Loop simulator is a combination between the structure of a physical interface and
a software model with some related actuators working together to simulate circularly some states
of a process. In this stage of research for designing, the HIL-Simulator has been constructed to
replace the real parts of a human being. From the authors’ idea in the citations of [1] and [7] that
focused on the improvement for the MIS equipments, the HIL-Simulator in MIS was established
to mimic some physiological behaviors of the patient for the test and validation in laboratory. This

is really helpful since the real patient is not allowed in clinical trials for the reasons of safety.

The structure of the HIL-Simulator in MIS for the replacement of the behaviors from the parts of
body was simplified in Fig. 2.21. It consists of a software model, actuators, a physical interface

interacting to the therapy device, and some sensors for feedback data [7].

HIL - simulator

{ “
sensors >
software
_— model
physical
. — interface <
device | _ i -
~
. vy

Fig. 2.21 Simplified description of the HIL-Simulator in MIS [7]

The operation of the loop is performed iteratively with the simulated state from the software model.
This state is interacted with the therapy device tested via the realization of the physical interface
and the manipulation of the actuators. The information from the sensors is helpful for a feedback
data to the software model. The software model performs some calculations and reproduce some
physiological state in the loop. In this thesis, the physical interface is simulated as the knee joint.

Software model

The function of the software model is to produce physiological state like the behavior of the real
part of the patient’s body. This software model plays a central role as a flexible module of the HIL-
Simulator for controlling the actuators. By changing algorithms and suitable formulas in
calculations, the software model can be programed to simulate various physiological states in
different parts of the body being investigated in the MIS.

In this research of the knee arthroscopy, the software model was programed to reproduce some
dynamic behaviors like the knee of the patient during MIS. In this case, the software model behaves
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like the state of current pressure in the knee joint during arthroscopy. And some related equations
referring to the knee model from (2.11) to (2.23) were used similarly for the calculations in the
programmed software model. Additionally, for the simulation of the knee angle flexions with the
pressure changes, the software model of the knee also needs to calculate and reproduce some
parameters related to the behavior of the knee flexions. These parameters (indicated by the pressure
signals p* and p** in Fig. 2.22) make activation to the actuators interconnecting to the physical
interface during arthroscopy. More details for the simulation and parameters are based on features
presented in the previous section of 2.3.6 with the correlated equations of (2.29) and (2.30).

Physical interface

Physical interface of the HIL-Simulator is a kind of hardware model that realizes the behaviors
and states from the software model. In the knee arthroscopy, this physical interface was
constructed for realization parameters like the real patient’s knee. And a plastic ball which is shown
in Fig. 2.14 as an air/liquid reservoir was used for modelling the physical interface of the knee.
The description in Fig. 2.21 is realized with some more details in Fig. 2.22. The therapy device
which interacts with the physical interface of the HIL-Simulator is the double roller pump.

1 3
flow N
sensors >
Actuators
therapy air/liquid reservoir ( \ | software
device (T air : p*| model
- of the
| | knee
double T | I
roller |} 17] liquid =
pump =T\ fquid S\ pump /|
- —_— .
h S

Fig. 2.22 Signal and states in the HIL-Simulator [7]

In Figure 2.22, O, stands for the inflow of liquid into the reservoir; and Q.. denotes to outflow of
liquid from the reservoir. With the assumption of the ideal gas equation like in (2.16) for the
reservoir filled with a combined volume of air and liquid, the relationship between the pressure in
the HIL-Simulator p;; and the volume of air V- can be rewritten in (2.46).

Prit * Vair = Mair * Rair * Tair (2.46)

By assuming an isothermal process inside the reservoir, the equation (2.46) leads to the derivative
form of the pressure ppirin (2.47).

P = (Mgir'RairTair)=@nirVair) (2.47)

Vair
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where the change of air volume V;, inside the reservoir is provided by (2.48).

Vair = Qout — Qin — le (2.48)
The parameter of Qy, is a kind of liquid flow from the actuator (called liquid pump) of the HIL-
simulator.

The equations (2.47) and (2.48) show that the pressure ppir in the reservoir or in the knee model
can be controlled by the actuators (via mg;, of the air pump or via Qj of the liquid pump)
independently with the interaction of the therapy device DRP.

Actuators

As described in Fig. 2.22, there are two types of actuators that can be used to activate the change
of air (m;,-) or activate the liquid flow (Q),). Those actuators are the air pump and the liquid pump.
The output signal from the software model of the knee provides to the air pump or the liquid pump
for a suitable value of mg;, or Q) respectively. This makes an influence to the pressure in the
reservoir definitely. Any change of pressure from the reservoir is updated instantly by the software
model via the information from the sensors block.

In this research, the air pump was selected for the actuator of the air change influenting to the
behavior of the knee model. An overview of the air pump configuration is presented in Fig. 2.23
with a combination of a pneumatic piston drive and a proportional directional control valve
connected to the air compressor [7]. From this configuration, both the piston drive and the
bidirectional valve with the air compressor are connected to the same physical interface of the
HIL-Simulator for controlling the pressure pri. Therefore, the usage of piston drive and the usage
of controllable electric valve are selective options for pressure control. In experiments, the author
chose the air compressor for the air pump actuator with the usage of controllable electric valve.

piston drive
—_————
Vope 11 Poir Vpa P
Py . motor
connector |JX—=Y
to liquid/air
reservoir . U,
of the HIL | | Proportional
simulator directional air compressor
control valve e
/ Ps |pressure U pressure |
| regulator| |accumulator|
L= | — ' '
m_, .
N
u,

Fig. 2.23 Configuration of the air pump actuator of the HIL-Simulator [7]

35



A contribution of pressure control and estimation in Minimally invasive surgery

In the first option of using piston drive, the pressure of the HIL-Simulator is controlled by the
movement of the piston. By controlling the piston drive via a given value of voltage U to the
motor, the change of pressure is generated into the reservoir. The operation principle of the piston
drive is based on the pneumetic volume variation. It is supposed that there exists two parameters
of pressure pri and p, in the chamber of the piston drive as indicated in Fig. 2.22 (p. is the ambient
pressure). The variables of x and v are represented to the position and the velocity of the piston
respectively. These variables can be controlled by providing the signal U, to the electric drive of
the motor.

Referring from the principle of the Newton’s Second Law, the motion equation of the piston is
formulated in (2.49).

m, - % = By — F;(v) — F, (2.49)

The driving force F, is proportional to the controlled motor voltage U,. The function of Fy(v) is
nonlinear and dependent on the speed of motor combined with the engine friction, the coupling
and the sealing of the piston drive chamber. Parameter F, is the acting force on the piston surface
Ap when the pressure pp; is different from the ambient pressure p.. The value m, denotes to the
total mass of the system. The position ‘x’ is defined by (2.50) whereas a is the rotation factor of

the motor, and k., 1s the spindle pitch of the piston.

x = q - 22t (2.50)
E, = a, - Uy, ; (a1 is a proportional factor) (2.51)
Fp = Ap * (Phit — Pa) (2.52)

It should be noted that the resistance between the piston drive chamber and the reservoir was
minimized by mechanical design. This leads to the change of pressure ps; instantly when the
volume of the piston drive Vs is changed. The pneumatic part of of the piston drive is now
considered as a part of pneumatic reservoir with an additive volume of V4. Referring to the
equation (2.47) with this additive volume (and the mass of air m.;- is a constant), then the variable
of ppi; 1s now formed by (2.53).

_ —PrirVair+tVpa)

Prit =5 (2.53)

Vair+Vpipe+Vpd

The parameter Vj;y, is the volume of the pipe connected between the the piston drive chamber and

the reservoir. This pipe was designed to ensure the pneumatic resistance minimized. The value of
Vpa 1s defined by piston position x and the piston surface A,.

Voa = 4, " X (2.54)
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The change of piston drive volume is determined by the surface 4, and the piston velocity v.
Voa =Ap X =4,V (2.55)

In summary, the combination of the piston drive and the air/liquid reservoir for pressure control
can be formulated in nonlinear state space presentation of (2.56).

Ff(V) Ap Phi— pa)'| a
1

V
lphll“ —Phil’ (Valr+Ap v) ) Um (256)

In the second option of using proportional biderectional electric valve with the air compressor, the
air mass flow is used to interact and control the pressure py; of the HIL-simulator. As described in
the lower part of Fig. 2.23, a bidirectional controllable electric valve is combined with the air
compressor pump to generate an air mass flow to the air/liquid reservoir. By controlling the air
mass flow direction via the voltage value Uy given to the valve, the pressure in the reservoir is also
controlled correspondingly. With the setting of Uy, the valve can be controlled in one of the three
posibilities: closed valve, opened airway from the pressure accumulator to the air/liquid reservoir,
or opened airway from the air/liquid reservoir to the ambient air.

The air compressor was used to generate a high level of pressure in the pressure accumulator.
Because this high pressure level might vary between the lower and the upper limit in the
accumulator, therefore it is necessary to install the pressure regulator for producing the constant
pressure pq. at the defined level.

As described from the citation [7], the air mass flow is determined by (2.57) depending on the
parameters: flow cross-section 4,, pneumatic conductance of the valve c,, and the valve specific

critical pressure ratio bg.

f 1 f pVZ
Moy = Aq " Cq " Dv1- J Zﬂ_ba 2 oy (2.57)
— | Bvi____ .7 vz
L 1 <1_ba> ,LfbaSpV1S1
with
_(Pna if Uy >0

Pac ;if Uy >0

Pvz = {phil ;ifU, <0 (2.59)

37



A contribution of pressure control and estimation in Minimally invasive surgery

Uy Apax  3if Uy >0
A={-U, Apay ;if U, <0 (2.60)
0 ;if Uy, =0

The parmeters of pressure pyq and p,, represent to the pressure before and behind the valve
respectively. The flow cross-section 4, will be equal to the nominal value 4,..x when the valve is
completely opened.

In experiments of the research, the valve model was also validated from the measurements. As
indicated in Fig. 2.23, the air mass flow m;,- was integrated to the physical interface of the HIL-

Simulator within the part of pneumatic piston drive. Hence, the parameter of m,;, indicated in
(2.57) needs be updated from both equations of (2.47) and (2.53).
_ (mair'Rair'Tair)_phil'(Vair"'Ap'V)

Prit = (2.61)

Vair+Vpipe+Ap'X

Noting that the the value pressure py; is similar to the value of pressure in the knee model prnce.

Sensors

The block sensors of the HIL-Simulator (Fig. 2.21 as well as Fig. 2.22) indicates the feedback data
providing to the software model of the knee for the update of the reproduced states. In this case,
the flow sensors were used to measure the flows Qi, and Q... which were interacted between the
air/liquid reservoir and the therapy device. Those measurements provide helpful information for
the calculation and reproduction of the appropriate states at each loop of operation.

In experiments, the flow sensors type Sonoflow CO.55 were used for the measurements of flows.
The advantages from using this type of flow sensor are non invasive contact and high accuracy
(under 2% of measurement error).

Figure 2.24 is an overview of the air pump actuator (structured with electric valve and air
compressor module) integrated in the HIL-Simulator which was implemented in real-time
experiments of the research.

On the other side, as mentioned in section 2.3.6, the behavior of the knee angle flexion from the
patient influences to the pressure change during arthroscopy. Hence, this behavior was also
integrated in the software model to produce some cases of bending knee as some kinds of
disturbance source for supervisory and control strategy. Therefore the controllable electric valve
of the HIL-Simulator was also utilized for controlling and eliminating the disturbance source.
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Jossaxdwoo ary

Fig. 2.24 Actuators with electric valve and air compressor of the HIL-Simulator

2.5 Summary

By this chapter, the author has introduced a general information as well as some basic procedures
regarding to modelling of the process in the MIS. Especially, the module of the HIL-Simulator
was constructed for the replacement of the real part of the human body in the MIS. For preparation
of controller design and supervisor strategy, the modelling of the process in MIS was figured out
and constructed for a physical device in real-time simulator. The mathematical equations and
dynamic characteristics of the parts used in the MIS are meaningful for the construction of the
process simulation in both MATLAB/Simulink and in real-time device simulator. Some various
state space presentations of the knee arthroscopy were also presented for implementation and
comparison of the results. These are useful for the pressure state estimation since the pressure in
the operation area is unmeasurable with the real patient. In Chapter 3, strategy of controller design
and supervisory algorithm are going to be presented next before coming to the Chapter 4 of
pressure estimation in MIS.
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3 CONTROLLER DESIGN AND SUPERVISOR STRATEGY

This chapter presents the concepts of controller design and supervisor strategy for the development
of the medical device applications in the MIS process. Based on the modelling of the process in
Chapter 2, the controller is designed for the desired pressure in the knee model during arthroscopy.
This is to ensure a suitable expansion for a clear vision and to reduce the situations of fluid
depletion or haemorrahge. In addition, some cases of disturbances from the outflow changes or
from the knee flexions which might occur during MIS are also mentioned for supervising and
eliminating in the controlled process. From the identified process, the Proportional Integral (PI)
controller based on Symmetric Optimum (SO) method (called PI_SO controller) was designed and
implemented. To control the problem of windup phenomenon in the nonlinear process, some

optional anti-windup algorithms were proposed to integrate to the designed controller.

3.1 Introduction

The whole controlled and supervised system is configured in Fig. 3.1. The desired pressure is
provided from the signal p,.s. This value is considered as the reference of blood pressure from the
patient. The goal of designing the controller and supervisor is to maintain the pressure in the knee
joint piee close to the reference pr... By supervising the disturbance source from the signal d, the
block of controller and supervisor performs generating the proper signal u; for controlling the
inflow of fluid. The signal d represents to the disturbance source. It might come from the outflow
changes, or come from the situations of the knee angle changes. Both these changes take effect to
the change of pressure pinee significantly. The algorithm of the supervisor is to detect the
disturbance source for eliminating this effect to the controlled pressure pince.

In the process of the knee arthroscopy, an inner disturbance controller is designed for the
elimination of the pressure change from the disturbance of the knee angle change. When the
disturbance is detected coming from the change of the knee angle, then this inner controller works
and generates the control signal u,«. This signal controls the gas volume in the knee model in order
to reduce the change of pressure pinee suddenly. The inner disturbance controller block (dashed
block in Fig 3.1) is in “Off” status if there is no disturbance from the knee flexion.

When the disturbance d is detected coming from the change of outflow, it is considered as the
signal u; that activates the motor M2. The control signal u; is connected to the motor M1 of the
DRP for controlling the inflow regarding to the outflow automatically.
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(for the knee flexions)

Fig. 3.1 Controller and supervisor strategy for the desired pressure in MIS

The supervisor is assembled to detect any appearance of the knee flexion. When a kind of the knee
flexion is detected, then the inner disturbance controller will be switched to ‘On’ status. This is to
eliminate the sudden change of unwanted pressure in the operation area. During this processing
time of the inner controller, the principal controller and supervisor of the process is temporary

switched to ‘pause’ status for safety to the patient.

3.2 PI controller based on Symmetric Optimum method

As mentioned above, the process of MIS need to be linearized and identified for the controller
design. From the step response of the system in MATLAB Simulink, data for modelling can be
validated by comparing to the measurement in real-time device simulator experiment. Figure 3.2
shows the response of the pressure in the knee model while providing u> =0.25V in 5 seconds for
the outflow (without any disturbance from the knee flexion); and u; = 0.25V in 10 seconds for
providing the inflow into the operation area.

From the upper panel of the Fig. 3.2, in the first 5 seconds, the measured pressure pinee should
remain the same value. However the measurement from real-time device (in blue) from the upper
panel of Fig. 3.2 was not probably close to the ideal result from Simulink (in red). This error can
be reduced by calibrating the parameter of pressure sensor. In addition, the measured data seemed
to be raised gradually by the first 5 seconds. This can be explained from a certain difference
between the rotation speeds of the two motors in real-time (see the two measured voltage signals
at the lower panel of Fig. 3.2). In the next 5 seconds (remaining only the inflow, no outflow), the
pressure was increased rapidly. In the last 5 seconds, both the inflow and outflow were set to zero,
then the measured pressure in real-time device had some loss compared to the Simulink result.
This is normal in reality because of the nonlinearity of the process. This reduction of pressure
might come from the loss of flows, or from the loss of gas in the closed model of the knee during

operation.
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Fig. 3.2 Step response of pressure in the knee model (modelling and real-time)

With the response of the process in Fig. 3.2, the pressure in the knee model is formed as an
exponential function. From the measured data in the real device experiment, the process was
linearized and identified in (3.1) whereas 7 =74=0.006s is the dead time. This value can be omitted
since it is too small comparing to the time constant of 7=0.038s. The gain constant K=83.1(Pa/V).

K
s(Ts+1) G.1)

Gp(s) =e -

With this type of response in the process, the PI controller was proposed to design. PI controller is
an alternative type from the Proportional Integral Derivative (PID) controller, without derivative
element.

Normally, the structure of PID controller is described in Fig. 3.3 [30]. This controller has
mathematical formula in (3.2) [31], [32], [33] which was developed over a hundred years ago, and
it has been used effectively and widely in various fields of study until now [33].

GPID(S) = Kp (1 +#+TD 'S) (32)

where Kp is proportional gain; 77 and 7p are the integral time and derivative time respectively.
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Fig. 3.3 Basic structure of PID controller [30]

The parameters in Fig. 3.3: K; = % is the integral gain, and K, = Kp - Tj is derivative gain. In the
1

PI controller, the gain Kp = 0. In this case, the PI controller is formed by (3.3).
1
Gri(s) = Kp (1+7) (3.3)

On the other hand, based on the algorithm of Symmetric Optimum from the citations of [32], [33]
and [34], the PI_SO controller is formulated in (3.4). This algorithm is a method for selecting and
tuning controller like the methods of analytical designs. This analytical method is performed with
plenty options from parameters.

(Tn's+1)
Tn'S

Gprso(s) = K (34

By comparing to (3.3), the parameters: proportional gain K¢ = Kp; and the integral time 7 = T7.

The main feature of SO algorithm is to obtain the transfer function of the open loop controlled
system close to the form of (3.5) according to [33], since the process of (3.1) is considered as the
form of (3.6) by ignoring the parameter of dead time z. In addition, the Bode plot of the system is
symmetrical around the crossover frequency w. = wo; and the maximal phase response is also

approached at the crossover frequency we.

3(2s+
Gor_so(s) = —(:20((;2:))2)) (3.5)
The process (3.1) can be written in (3.6) while the dead time 7 = 0.
K
Gp(S) © s(Ts+1) (3.6)

In fact, from the process (3.6), the transfer function of the open loop controlled process is shown
in (3.7) which is simplified by the block diagram of Fig. 3.4.

1
(T-s+1)

KK,
Tn

Gor(s) = 22 = G, (s) * Gpy 50(s) = (

o (3.7)

)'Slz'(TN'S-l'l)'
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R(s) U(s) Y(s)

Controller Process

Fig. 3.4 Simplified structure of the open loop controlled process

The authors Holger Lutz and Wolfgang Wendt in [34] proved that the parameters of Kc and 7 in
(3.4) are determined by (3.9) and (3.10) depending on the computed parameter ‘a’ in (3.8). The
symbol w, in (3.11) designates the crossover frequency of the process G,(jw) in frequency domain.

The parameter ‘a’ is determined by the selection of the phase margin (PM) called ¢r from the
Bode diagram of the open loop controlled process. The value @r in this case is calculated by (3.11),
according to the existed components of the transfer function in (3.7) [31], [32], [33], [34].

__ 14sin(er)

a= ~eos(@R) ; (witha>1) (3.8)
Ty=a® T (3.9)
1
Ko = —— (3.10)
ppr =T+ @(w,) =m—m+tan Y (Tyw,) — tan Y (Tw,) (3.11)

In the frequency domain, (3.6) can be rewritten in (3.12). Likewise, (3.7) is rewritten in (3.13).

1

. 1
Gp(jw) =K o iorD (3.12)
. KK, 1 . 1

Figure 3.5 is an illustration of the linearized process Gy(jw) in frequency domain without
controller. It can be seen that at the crossover frequency of w.= 42.66 rad/s, the phase margin @r

is determined from the phase plot and (3.14). Gain margin (GM) in this case is equally to +oodB.
pr=nt+o(w,) =1 — g —tan"}(Tw,) = 180° — 90 — 58.33° = 31.67° (3.14)

From the possitive values of the gain margin and the phase margin, it is proved that the process is
satisfied with the stability criteria in the closed loop controlled system.

In fact, the conditions of gain margin and phase margin for a stable response are formulated in
frequency domain of (3.15 and 3.16).

Gain margin at the crossover frequency wc:

. _ KK¢ 1 J(Tyw)2+1)
M(GorGwr) = 1 T ((wc)z) ( m) =1 (3.15)
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Phase margin at the crossover frequency w.:

3] S — T _—o (3.16)

A(@) | yzgy, T 1+ (Tywe)? + 1+(T-w¢)?

Bode Diagram
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Fig. 3.5 Frequency response of the linearized process of Gy(jw)
Definitely, with every value of Ty, # T, the crossover frequency in (3.13) is computed by (3.17).

1

JTNT

By substituting (3.8) and (3.17) into (3.15), it is proved that the proportional gain K¢ of the
controller is determined by (3.10).

W, = (3.17)

In summary, the parameters K¢ and T shall be changed when the phase margin @r is changed.

Combining the characteristics between the stability criteria in Bode plot and the equations of (3.8)
and (3.9) for @r and 7w parameters, it is noted that the value 7y must be greater than the time
constant 7 because of the compensation for a stable controlled process. From this point, therefore
the phase margin should be chosen greater than 31.67°, and the upper limit is smaller than 90°.

Now the equation (3.6) can be rearranged generally as a form of second order expression in (3.18).

K
_l._7 _1 _ o
Gp(s)_s (s+%) s (s+2¢wy)

(3.18)

where w; 1s called the undamped natural frequency; and C is the damping ratio of the process.

The three typical cases of choosing phase margin 37°, 60°, and 78° are presented more details in
the following sub-sections (from 3.2.1 to 3.2.3) for analyzing the quality of the controller.
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The parameters of @, and { denote to the dynamic behavior of the process. With a typical second
order form, the value C is in the range of (0 < £ < 1) in which the closed loop poles are complex
conjugates and lie all in the left-half of ‘s’ plane. And the controlled system has a little bit
oscillatory response at the transient period (the system is underdamped). Otherwise, if the damping
ratio £ > 1, then the controlled system is overdamped with the longer transient time in the step
response [31]. When = 0, then system is oscillated periodically. These cases of variuos values of

¢ affecting to the behavior of a second order process in close loop control are presented in Fig. 3.6.
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Fig. 3.6 Responses of a close-loop second order system regarding to various values of { [31]

3.2.1 Analytical case of 37° in phase margin

In this case, parameters of PI_SO controller are determined from the calculated parameter ‘ag7)’.

1+sin(37°)

AG7) = ey 2.006 (3.19)
Tna7y = a(37)2 T = (2.005)2-0.038 = 0.1529 (3.20)
1 1
KC(37) - a7y KT "~ 2.005x81.3x0.038 0.1614 (3‘21)
1 1
We3n) = JTNG7HT  0.1529x0.038 13.12 (3.22)

The Bode plot of the open-loop controlled process with the PI SO controller compensated is
depicted in Fig. 3.7. It is obvious that when the integral time is greater than the time constant 7" of
the process, then the value of w. is adjusted to the left side (smaller) compared to the original
process Bode plot in Fig. 3.5. In addition, the phase plot is maximized and symmetrical at the

frequency wc@37). With the presentation of the integral (]lm) element and the derivative element

(Ty - jw + 1) in (3.13), so the slope on the magnitude plot has been adjusted as in Fig. 3.7 at two

corner frequencies: wyz7) = % and w, = % = 26.3 (rad/s).
N(37)
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Fig. 3.7 Frequency response of the open loop controlled process Gor(jw) with or= 37°

From the upper plot of Fig. 3.7, the slope is started at -40dB, then adjusted to -20dB at wy37), and
finally adjusted to -40dB at w;.

3.2.2 Analytical case of 60° in phase margin

With the selection of phase margin ¢r = 60°, the frequency response of the open-loop controlled
process (3.13) has some changes as shown in Fig. 3.8. The parameters of the PI_SO controller in
this case are calculated from (3.23) to (3.26) and summarized in Table 3.1.

1+sin(60°)

d0) = W ~ 3.732 (323)

TN(60) = a(60)2 -T =0.5293 (SeC.) (324)
1

Ko(eo) = 57 = 0.0867 (3.25)

L =7.05 (rad/s) (3.26)

w = —
0 e

It should be noted that the value of the corner frequency w; = % is unchanged for all cases of phase

margin selection, because 7 is the time constant of the process. On another side, the corner

frequency wy and the crossover frequency «. are changed depending on the phase margin selected.
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Fig. 3.8 Frequency response of the open loop controlled process Gor(jw) with gr = 60°

The phase plot is now maximal and symmetrical at another point of the frequency we(s0).

3.2.3 Analytical case of 78° in phase margin

With the phase ¢r = 78°, the frequency response of the process (3.13) is shown in Fig. 3.9. The
parameters of the PI_SO controller are computed in (3.27)-(3.30) and summarized in Table 3.1.

_ 1+sin(78°)
a(78) = —cos(78°) ~ 9,514 (327)
TN(78) = a(78)2 -T = 3.4399 (SCC.) (328)
1
cr8) = powr - 003 (3.29)
1

We(78) = \/ﬁ = 2.77 (rad/s) (330)

From the three cases of Bode diagrams in Figures 3.7, 3.8, and 3.9, it can be seen that increasing
the phase margin makes the corner frequency wn to be decreased (wy(7g) < Wn(60) < WN(37))-

Similarly, the crossover frequency is also decreased when the phase margin is increased. These
cases can be generally summarized in Fig. 3.10.
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Fig. 3.9 Frequency response of the open loop controlled process Gor(jw) with gr= 78°

In summary, the linearized process has the form of (3.6) or (3.18) as a special case of the second
order form of transfer function. Therefore, the PI SO controller was proposed to design in this
research [33]. While doing tests with different parameters of phase margin ¢r and damping ratio &
for analyzing quality of the controller in MATLAB Simulink, it is interest to note that the response
of the controlled system gave the high overshoots when chosing 0.5 < <1 or 37° < er<60°. The
results of simulation and calculated parameters are summarized in Table 3.1. Noting that the
parameters of settling time and overshoot in the last column of Table 3.1 were determined from
the results in Simulink with the identified process of (3.6).

Comparing from the three typical cases of phase margin presented in Fig. 3.10, it is worth
mentioning that the more the phase margin (or the integral time of the PI controller) is increased,
the more the crossover frequency w. as well as the corner frequency wn is decreased.

From the parameters and results in Table 3.1, with the value of £ < 1 (or @r < 60°), the settling
time is beneficially reduced less than one second. But the problem is that the overshoot is still so
high (more than 20%). These cases of @r < 60° are not suitable for pressure control in the real
patients of MIS, because the high overshoot of pressure can cause the damage to the patients.

On the other side, with the value of € > 1, the overshoot is more reduced when the phase margin
is more increased in the range of (60° < @r < 78°). But while increasing the value ¢r, the settling
time takes longer. Particularly in the case of gr = 78°, the settling time is a little bit slow about 3.4
seconds even thought the overshoot is in beneficial point less than 8%. From the Simulink results
which will be presented in the following sections, it should be better to choose the suitable

parameters of the controller in the phase margin @r = 72°.
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Fig. 3.10 Frequency responses of the open loop controlled process Gor(jw) in 3 cases

Table 3.1 Parameters and results with the PI_SO controller

Phase margin damping Parameter Kc gain Integral time  Crossover  Settling time / Overshoot

@r (degree) ratio ¢ of ‘a’ Ty (sec.)  Frequency w. (sec. / %)
(rad/s) (based on identified process)

37° ~0.5 2.006 0.1614 0.1529 13.12 0.60/49.80
45° 0.707 2.414 0.1341 0.2215 10.09 0.70/36.80
50.69° 0.9 2.8 0.1156 0.2979 94 0.75/29.40
53.13° 1 3 0.1079 0.342 8.77 0.80/26.90
60° >1 3.732 0.0867 0.5293 7.05 1.00/19.95
72° >1 6.3138  0.0513 1.5148 4.168 1.50/11.08
78° > ] 9.514 0.034 3.4399 2.77 3.40/7.60

From those cases above, the PI_SO controller of or = 72° is optimized with the settling time around

1.5 second and the overshoot approximately around 10%.
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It is important to state that the PI_SO controller presented above was designed for a linearized
process. In the real device simulator of the knee arthroscopy, the process is nonlinear. Therefore
the windup phenomenon might happen by the integral part of the controller during the operation.
An exceeded value from the controller might result in some faults to the actuators like the motors
and risk to the patient. To deal with this problem, an algorithm of anti-windup needs to be
integrated to the PI_SO controller.

3.3 Anti-windup algorithm in PI controller

Windup phenomenon is known as an integrating action which usually happens in integral terms
like in the PID or PI controller of the system. During the operation, when the feedback data is not
reached to the setpoint, then the controller acts to compensate the control signal of the process for
reaching the desired output. While acting, the integrator of the controller might windup to an
overload value rapidly. This causes some errors or faults to the two motors at the DRP or the
controllable electrical valve. As a consequence of this, the error between the setpoint and the output
of the system increases, because the control signal is not true to the desired limitation of the
actuators. Hence in this research, it is necessary to implement an anti-windup algorithm to the
PI_SO controller of the nonlinear process in order to limit the rate of change in the control signal.
There are some optional methods of anti-windup that can be applied in this research such as:
conditional integration, anti-windup tracking by integral time, or back-calculation and tracking by

the time constant of the process.

3.3.1 Conditional integration

This algorithm of anti-windup is considered as the case of switching ‘On-Off’ to the integrator. It
is based on the conditions of two logical actions: the integral component in PI controller is
functioned ‘On’ normally while the output of the controller is in the range of conditions; otherwise,
the integrator is turned to ‘Off’ status when the output of the controller is winded up rapidly out of
the limited range. This algorithm is illustrated in Fig. 3.11. Regarding to the charateristic of the
DC motors to be controlled in the process of MIS, the condition range of control signal is from 0
to 5V. Therefore, the logical comparison blocks [ < ‘0’ ] and [ > 5’ ] are used for creating the
logical output ‘CO’ signal in selecting signal to the integral term.

With the feature of ‘On-Off° switching integrator regarding to the conditions, in literature from the
citation [33], the disadvantage from this algorithm is that the control signal may get stuck at a non-
zero control error while the integral term holds a big value by the time ‘Off’. Additionally, the
transition time is occured instantaneously. However, By implementing this method in modelling
simulation as well as in real-time experiment, the author did not undergo this type of stuck.
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Fig. 3.11 Conditional integration algorithm integrated in PI controller

3.3.2 Anti-windup tracking by the integrating time

From the disadvantage of ‘On-Off’ switching instantaneously mentioned above, the method of
anti-windup tracking by the integrating time can be applied. This algorithm is shown in Fig. 3.12

(a, b). In this case, the integral part is forced to assume other preload values during saturation [33].

u, u,

e u e u {control signal)

- Ig) Saturator ’1 —> Kp - + -

1
(a) sT;+1

1
(b) sT,+1

-} Saturator

Fig. 3.12 Anti-windup tracking by integrating time in PI controller

The tracking time for anti-windup is the integral time of the PI controller. In addition, the saturator
1s incoporated with the integrating term to avoid windup circumstance. It does not make influence
to the proportional part of the controller [32], [33]. The schematic (a) on the left side is different
from the schematic on the right side by using the control signal u; connecting to the actuators of
the process. The saturator in Fig. 3.12 (a) will limit the control signal directly. This algorithm
requires a good model of the physical saturation. The structure of Fig. 3.12 (b) is used as a modified
version from structure (a) and it offers more flexibility [32], [33].

3.3.3 Back-calculation and tracking by the time constant

Referring to the citation of [33], a type of back-calculation algorithm is depicted in Fig. 3.13. In
order to limit the control signal from the PI controller, a saturator is used for the guaranteed input
of the actuators. The error between the input and the output of the saturator is then added to the
integral term of the PI controller. This makes the controller to recompute the integral gain to a new
value that can limit the windup phenomenon of the control signal. It is advantageous to use the
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element of % in order to reset the integrator not instantaneously but dynamically by the time

constant 7 of the process.

u,

e ] u,
Saturator

L
T

Fig. 3.13 Type of incremental algorithm of anti-windup integrated to the PI controller

3.4 Inner disturbance controller for the changes of the knee flexion

It should be noted that in the controller design progress, the system might face with various
disturbances from the body reaction of the patient individually. Particularly, to handle the reactions
of the knee flexions, a supervising algorithm based on the approachment of Isaka et al was
developed in [35]. It is meaningful for online updating parameters which allow the controller
action to reduce the disturbance from body reaction effectively.

As mentioned in Section 2.3.6, during MIS with the knee joint, some situations of unwanted
disturbances from the knee flexion might occur. Any type of bending or straightening leg leads to
a sudden change of pressure significantly in the knee joint. This reaction could not be responsed
and controlled smoothly without using inner disturbance controller. Therefore, these cases of
pressure changes should be early detected iterately for the elimination of pressure disturbance.

3.4.1 Using separate PI_SO controller for the inner disturbance elimination

Choosing an algorithm in controller design depends on the structure or characteristics of the plant
to be monitored and supervised individually. According to the references of [16], [19] with the
relationship between pressure and volume of fluid injected in Fig. 1.3, the curves of pressure
responses are formed as an exponent expression when the knee angle is bended up to 60°. It was
identified as an /-7, type in Section 2.3.6. Hence, the inner controller was designed with another
separate PI_SO controller. The parameters of the PI SO controller in this case are calculated in
the same formulas of (3.8), (3.9), and (3.10) but in different values. The controller output is used
to control the bi-directional electrical valve of the HIL-Simulator for the gas volume into or out of
the knee model. This obtains the stability of pressure in the operational area from the disturbance
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of the knee flexion. The structure of the inner controller is shown in Fig. 3.14. In this case, the
disturbance signal d is defined as the signal u3 which is represented to the expression of the knee
flexion data, not the data u, from the outflow of fluid.

d(=u )

u u u

e PI PI3 val
—» K, | Samrator [—-
. <0? >57
- Kos — - U'"S-\l‘ | —]
” w I
Ty (CO) orO
'On-Off switch: CO=0.if 0<u_.<3

CO=1(0ff), otherwise.
Fig. 3.14 Structure of the inner disturbance controller for the knee flexion

3.4.2 Using empirical Proportional controller

In another case of disturbance from the knee flexion reaction around 80° depicted in Fig. 2.19
(Section 2.3.6), it should be simplified to implement a Proportional controller for the supervisory
algorithm to against the disturbance of pressure. And a suitable parameter of the controller can be
found empirically while doing experiments or in Simulink.

Because most of cases in MIS are applied in a small volume of fluid injected to the knee joint,
with a suitable value of empirical proportional P gain from the controller, it can be used for all
most cases of supervised control in eliminating the pressure disturbances from the knee flexion.

3.5 Simulation results of pressure control

This section presents some results of the modelling process of MIS in MATLAB Simulink version
R2016b. The responses of the controlled process were implemented in both cases of without and
with supervisory actions. These results take an important role to perform the next stage of
experiments in real-time device simulator. Fours typical cases of phase margin selections for
controller parameters are shown for analyzing the function of the controller in simulation before
doing in real-time experiment. After all, It should be better to choose the best controller parameters
in implementation. In addition, for the supervisory tests, some disturbances of pressure like the
disturbances of the knee flexions are implemented to the system. This is to evaluate the quality of
the controller and supervisor working together for the stability of pressure in the knee model.
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3.5.1 Simulation results of controller without supervisor

By combinating between the equations of the controller (3.4) and the linearized function of the
plant in (3.6), the controlled process was also identified. By using Simulink blocks in MATLAB,
the process of the knee arthroscopy as well as the controller was constructed. During investigation,
the author presented simulations with various cases of phase margin choices for analyzing and
validating. It was recognized that the result of controller design with the case of 72° in phase
margin was satisfied and optimized for the settling time and overshoot criterions. This result is
indicated in Fig. 3.15 with the response of controlled pressure pize. and the control signal u;. Other
cases of controller design results with the parameters in phase margin of 37°, 60°, and 78° can be
seen in the Appendix A at the end of this thesis.

In this case, companion with the overshoot down to a half (around 33%) compared to the case of
PM = 60° which is indicated in Appendix A, the rise time is more increased (about 1.47s). The
time response of the controller is also better than from the cases of PM = 60°.

10° System response with the confroller in case of phase margin PM =72° 1
T T T T T T T T T

107 = = p_ref (Reference pressure) | _|
p_knee (controlled pressure)

= o
o o

Pressure [Pa]
5
2

1.03

— — signal u2 (for cutflow)
contral signal ut (for inflow)

0 5 10 15 20 25 30 35 40 as 50
Time (seconds)

Fig. 3.15 Response of system with the controller in the case of phase margin PM = 72°

3.5.2 Simulation results of controller with the supervisor of the knee flexion
disturbances

For supervisory strategy of pressure disturbances from the knee flexions during arthroscopy, the
software model of the knee in the HIL-Simulator needs to be updated in computing and simulating
for producing some more appropriate states of the knee flexions. Algorithm for supervision and
control was realized in Simulink first. The supervisor was also tested in alternative cases of phase
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margin parameters: 37°, 60°, 72° and 78°. The following result is shown with the case of controller
parameters in the 72° of phase margin (Fig. 3.16). The comparison of supervised controller results
in other cases of the phase margin 37°, 60°, and 78° are presented in Appendix A.

As mentioned in the stage of controller design above, the more the phase margin increased
(between the range of 37° and 78°), the longer the rising time taken and the lower the overshoot
occurred. Therefore, it should be an optimized case while choosing this case of phase margin (72°)
for the supervising and controlling the process in real-time device simulator experiments, because
the rise time is reasonable around 1.5 seconds.
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Fig. 3.16 Case of controller with disturbances supervisory (PM = 72°)

3.6 Real-time device simulator results

Complementing with the results in Simulink presented, it should be meaningful to perform similar
cases of tests in real-time device simulator. In this case, the HIL-Simulator was used for the
replacement of the real patient with the knee model. Because the research is on the stage of
verification and evaluation, therfore the tests on the real patients or animals are not allowed for the
safety of living entity. A real device simulator of the knee arthroscopy was concreted as a physical
interface with the DRP. And a plastic ball was used to imitate like the operation area of the knee
joint. The controllable electrical valve of the HIL-Simulator was utilized in actuating gas/air to the
knee model. The following experimental results in real-time are also arranged in two groups: cases
of controller without supervision, and cases of controller with supervision.
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3.6.1 Experimental results of controller without supervisor

As shown in Fig. 3.17, the response of controlled pressure has a smooth response with the lower
overshoot compared to the cases of lower phase margin (blue signal in upper panel). The
parameters of the controller was set with the case of phase margin PM = 72°. Other results of the
controller with different cases of phase margin can be seen in Appendix A.

Megsurement of controlled pressure (pknee) in real time simulator (PM=72°)
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Fig. 3.17 Case of controller without disturbances and supervision (PM = 72°)

3.6.2 Experimental results of controller with supervisor of the knee flexions

In this case, the disturbances of the knee flexions 30°, -60° and 80° were performed at the times
44s, 64s and 84s respectively as in Fig. 3.18 (in dark yellow). The pressure in the knee model was
controlled and supervised more effectively (with PM = 72°). This result is indicated in blue signal
with reduced disturbances on the upper plot. On the lower plot of Fig. 3.18, there existed some
difference between the control signal for inflow (u;) and the nominal signal for outflow (u2). That
was caused by some loss of air or flow of the nonlinear process during arthroscopy. Other results
from the cases of phase margin chosen in controller design are shown in Appendix A.
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Measurement of supervised and controlled pressure in real time simulator (PM = 72°)
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Fig. 3.18 Case of controller with disturbances and supervision (PM = 72°)
3.7 Summary

Chapter 3 has been presented with the focused contents of controller design and supervisory
algorithm. The proportional and integrated controller based on symmetric optimum was applied
not only on modelling system via MATLAB/Simulink but also on real-time device simulator. An
anti-wind up algorithm was integrated successfully to the controller and supervisor in order to limit
some cases of windup phenomenons which usually occur in nonlinear processes. To analyse and
evaluate the quality of the PI SO controller, some cases of parameters in phase margin were
selected and implemented. On the other hand, a supervisor strategy was given out for solving the
types of disturbances like the changes of pressure from the knee flexions during arthroscopy
process. And the disturbances were detected and moderated effectively in experiments.

From the results both in Simulink and in real-time simulator presented in Sections 3.5 and 3.6, it
is clear that the parameters of the PI_SO controller from the range of phase margin [72° - 78°] are
better for the implementation.
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It should be noted that in most of real-time experiment cases, there still subsists some difference
between the extra input signal u> (to the motor M2 for outflow) and the control signal u; (to the
motor M1 for inflow). This is normal in reality of real-time device experiments because it always
get involved with some loss of flows or loss of pressure in the closed operation area during MIS.

This also takes an account to the nonlinearity of the controlled process of the knee arthroscopy.

However, the controller and supervisor were designed and implemented by using the feedback
data measured directly from a temporary pressure sensor in the knee model. As mentioned before,
this measurement is not allowed in real-life of MIS for some presented reasons. Therefore, an
essential problem needs to be solved is that how to apply an estimator for reconstructing the state
of pressure in the OA during MIS. This would be a good replacement to the usage of pressure
sensor in the knee arthroscopy. And Chapter 4 with the content of pressure estimation in minimally

invasive surgery is going to be presented next for this motivation.
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4 PRESSURE ESTIMATION IN MINIMALLY INVASIVE SURGERY

This chapter performs methods of pressure estimation for the implementation in modelling and in
real device simulator of MIS. Section 4.1 is an introduction of the motivation in pressure estimation
of the knee arthroscopy. Section 4.2 presents estimate methods such as Luenberger, basic Kalman
filter, and extended Kalman filter for the pressure state estimate in the knee joint. The next sections
4.3 and 4.4 show some results from the research in Simulink and in real-time device simulator
experiments respectively. Some discussions and summary of estimation are given out by the end
of the Chapter.

4.1 Introduction

State estimator takes an important role in various fields of study while it can extract the information
from measured data including noises to a “pure” data. This is to infer the desired information from
the related measurement. Some estimation methods have been developed to compute the desired
information from the measurements by using the relationships between the measured state and the
estimated state in the real process. In addition, the calculation of the desired information 1s also
influenced by the noises like measurment errors, effects of disturbances, lost of information,
control actions on the system, and even the prior knowledge of the plant information [36].

In control theory, most concepts in controller design are usually based on measured data from a
sensor as a feedback signal. Unfortunately, such a case of measurement in the real knee is invalid
because the use of pressure sensor inside the knee joint is not allowed for the safety of the patient.
The lack of using sensor might also come from other reasons: high cost sensors and associated
accessories, low reliability and responsiveness, or impractical direct measurement [37].

Observer methods have been developed and used as estimators in order to replace feedback sensors
in diversity of controlled systems. These observers combine the observable signals with other
knowledge of the controlled system to estimate correlated states. The observed signals can be more
accurate, lower cost in state estimate, more reliable than sensored signals [37]. The approaches of
observer methods have offered to engineers some options to perform the ideas of replacing or
reducing the use of sensors for feedback data. Generally, a principle operation of an observer is
shown in Figure 4.1. In some cases, the observer can be used to enhance system performance, or
can provide observed disturbance signals for the improvement of response in the system [37], [38].
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Fig. 4.1 Role of an observer as an estimator in controlled system [38]

As introduced in Chapter 1, the pressure in the operation area needs to be controlled to the desired
value. However, the pressure in this area is unmeasurable because of the safety to the patient during
MIS. Therefore, it is important to investigate some methods of estimation for the pressure state in
the operation area of MIS. The estimated pressure then can be used as a replacement of the
measurement for a feedback data to the controller. In this chapter, the author presents some
implemented methods of pressure estimation in the following section of 4.2. Then some results
from the estimates are shown for comparison and evaluation on the coming next sections.

Based on the relationships of the equations and modelling of process in state space presentation
established in Chapter 2, the known inputs data like motors’ speed (for flows of fluid) and
measurements from available pressure sensors at the DRP are the information providing to the
observers in this chapter. A general description of the observer in the MIS is given in Fig. 4.2 [39].
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Fig. 4.2 General description of the observer in the controlled process of MIS [39]
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4.2 Observer methods for pressure estimation in MIS

Generally, an observer is a mathematical structure that interconnects available measurement and
plant excitation signals with models of the plant [37]. This is to estimate states of the plant which
are unmeasuable by using correlated measured data and some prior known information of the plant.
By using observer, it offers estimated state as a feedback signal to the controller. This is really
useful because some direct measurements from sensors are not available. In the following sections,
three types of observers: Luenberger, basic Kalman filter, and extended Kalman filter are

introduced for implementation.

4.2.1 Luenberger observer

This is a type of estimator which was developed in the 1970s and implemented in most of linear
systems [40]. It was designed to behave estimated states with the reduced noise in the finite-
dimensional systems. In general, a linear and finite-dimensional system has a standard form of
state space presentation shown in (2.31) and (2.32). The estimator then has a general form of (4.1).

Figure 4.3 is a typical description of the observer in state space presentation [31].
X=AR+B-u+K,-(y—9) 4.1)

Parameter K, represents the gain matrix of the estimator. Matrices 4 and B are determined from
the linearized process in state space equation. Symbols X¥ and y are the estimated state and
estimated output respectively.

B N i :
. AR
I I = e
| B 2000 1 Sy s }
e
| |

Fig. 4.3 A vypical description of an observer in state space (in dashed block) [31]

The condition for applying estimator is that the pair of matrices 4 and C is completely observable.
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Method of Luenberger observer is similar to the pole placement method. The desired poles should
be chosen negatively at every point on the left hand side of the complex plane for the stability.

The characteristic equation in state space presentation of the knee model has the form of (4.2):
det(s:I—A)=0 4.2)
where / is a unity matrix.

By solving the equation (4.2), the eigenvalues (4;) are determined. The number of eigenvalues is
equal to the number of the states in the model of the knee.

Since the Luenberger observer is usually applied in the linear process, therefore the model of the
knee should also be linearized. In this case, the Luenberger observer was implemented with one

state variable presentation for a simplication.

In one state presentation, (2.34) and (2.35) can be rewritten in (4.3) and (4.4).

= flou) = [Cknee Cknee] [ ] (43)

y1=91(x,u) = p; = [1][Pkneel + R1 " uqg + 6~ uczz 4.4)

It is assumed that A, B; and C; are the Jacobi matrices transformed for the linearization of state
space equations of (4.3) and (4.4). These matrices are determined by taking partial derivatives of
(4.3) and (4.4).

a=[3, = (4.5)

B = [l = oo 5 “o
Cl_%%kg_ﬂ] (4.7
D, =[32] =[Ri+28) 0] (48)

From the pair of matrices [A1, Ci] computed above, it is proved that the process of the knee model
is completely observable.

By substituting A4; to (4.2) and solving it, then the only eigenvalue is determined:
A=0 (4.9)
The state of Luenberger observer for only 1 state is described in (4.10), with gain matrix L = K,,.

X=A®R+Bru+L-(y—79) (4.10)
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where X = Dypee; the observation output ¥ is described in (4.11).
y=C;-X+D;-u (4.11)
Assuming that the error e is the difference between the state of the process and the estimated state:
e=x—%;andthené = x — X (4.12)
Combining the equations from (4.3), (4.4), (4.10) and (4.11), then:
(k—%)=[A—L-Clx—R)=é=[A —L-Ce (4.13)

The desired characteristic equation including the observer now becomes:

det(s*I—[A;—L-C]) =0 (4.14)
<=>s—[-L]=0 (4.15)
The eigenvalue of (4.15) is: A" = —L. In other words, the gain matrix of the observeris: L = —A".

The value A" is the desired pole of the desired characteristic equation (4.14). Therefore A" can be

chosen in any value of negative pole. And the gain of L is depended on the selection of A",

10 Cases of estimator response compared to the pressure in the knee model
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Fig. 4.4 Response of the Luenberger observer in different values of gain selections
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Figure 4.4 shows some results of the Luenberger method in Simulink with varied values of
observer gain L (from various values of 1*) compared to the state of pressure in the knee model
(in yellow, upper plot). It is clear that the bigger the gain value of L is chosen, the faster the
response of the estimator is approached. The lower plot of Fig. 4.4 shows the step input u; = u. =
0.5V for the inflow in 8 seconds while the signal for outflow u> =u, = 0.5V only in 5 seconds.

From the results with the various gain values of L implemented in the Luenberger observer, it

would be better to choose the eigenvalue A" about -/0 for a suitable response of the estimator.

4.2.2 Basic Kalman filter

One of the mordern estimate methods is Kalman filter which was developed by the years of 1960s
based on the minimizing the Mean-square error from the citation of [41]. It deals with the problems
of seperating signal from an additive combination of signal and noises. While Wiener method was
discussed more in theory of minimizing the Mean-square error in time domain, the Kalman
technique has still been implemented as a practical solution to several applied filter problems like
in the citations of [28], [42], [43], [44], [45], [46], [47], [48]. With the rapid advances in computer
technology since the 1960s [49], Kalman filter has been gradually contributed more popular and
well done in applications as the means of separating signal from noises. This is considered as a

key role of estimator when the noise is mixed in the measurements or in the state of process.

In order to obtain the Kalman filter in discrete data, a recursive computational algorithm of each
new estimate step is formed as a mixture of the previous estimated data and the current

measurement. The procedure can be described as following steps of estimation [41]:
- At the first measurement of data mi: the estimate is computed and stored as X4; m; is discarded.
ﬁl =my (416)

- At the second measurement of m>: compute the next estimate depending on the weighted sum
of the previous estimate X; and the current measurement m>; then store the estimate state of X,;

discard m> and X .

£, = 2% +5m, (4.17)

- Similarly at the third measurement of msz: compute the next estimate as a weighted sum of X,

and ms3; then store the estimate state of X3; discard m3 and X,.
2. 1
X3 :§x2+§m3 (418)

- Generally, at the n™ measurement of m,: the estimate is computed as a form of (4.19);
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o n—1, . 1
Xn = (T)xn—l + (z)mn (4.19)
then store the estimate state of X,,; discard m, and X,,_;.

Obviously, one of the main features in Kalman filter is the use of the results from the previous
estimate to obtain the desired result for the current step. Figure 4.5 is a general description of the
Kalman filter operation in MIS.

In general, a continuous-time linear state space modelling of a process was formed as a differential
equation of (2.31), and the measurement relationship was presented in (2.32), where:

x: Stands for a /n x 1] state vector (n is the number of states of the process)
u: Represents for an input vector of the process.
y: Output vector of measurement /m x 1], (m is the number of output signals).

A,B,C,D: Computed matrices from the linearized process and measurement.

Control inputs
u,. u, for flows Measured semson data
e L Process of MIS -

Y= P,

L u

s Kalman filter .

. Kalman ]

L} -

i State space model —— gain sE stimated
]

—.- i state

: — Expectation parameter B|(K matrix) . %

: Parameters cal culation - Output 1 —=— -

s Predicted state . .

: matnx :h

; ;

- Estimated parameters :

: .

i ]

D -

Fig. 4.5 Functional structure of the Kalman filter in MIS

And another key element that affects to the result of Kalman filter is the existence of the noises in
both process and measurement. Therefore it is necessary to have a representation of these noises

modelled in the process and measurement.

By adding terms of noises to the state space model of process and the output equation, and
combining the state variable forms presented in (2.34), (2.35), and (2.31), (2.32), the continuous
time model description of the Kalman filter including the noise contributions can be rewritten in
(4.20) and (4.21) whereas € and v denote to the process noise and measurement noise respectively.

x=Ax+B-u+e=f(x,u)+e (4.20)

y=C-x+D-u+v=gku)+v (4.21)
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4.2.2.1 Sampled continuous-time model for filtering

In discrete-time, the continuous expressions of the process (4.20) and measurement (4.21) are
sampled by a sampling time called 7. Thus, at the discrete-time of #, the output equation (4.21) is
equivalent to the form of (4.22).

y(te) = C-x(ty) + D - u(ty) + v(ty) = g(x, ug, Vi) (4.22)

In linear systems, the state space equation (4.20) can be rewritten as the sum of two terms: initial

condition and driven response like in (4.23).
t
X(tee1) = P(tis, te) - x(ty) + ftkk+1 P(ty+1,T) - B(T) - u(r)dr (4.23)

On the right side of (4.23), the first element is called the initial condition which contains the state
transition matrix @ (ty,4, tx); and the second element stands for the driven response named €(t).

It is assumed that the period of sampling time (t; 4, tx) is equal to a small constant of A¢. Hence:
D(AL) = D(tpyr te ) = L7H(S T = A) emae (4.24)

The equation (4.23) is now rewritten in (4.25).
X(tpy1) = P(AL) - x(ty) + €1(ty) (4.25)

It is now clear that the state transition matrix @ as well as the driven response €(t;) are important
parameters for the estimation using Kalman filter. In order to estimate the state of the model at the
time (tg41), both ®(At) and €(ty) need to be computed at each time of #x. While the matrix ®(At)
is determined by (4.24), the covariance of the term e(t;) must also be calculated by using (4.26)
[41], [42]. This covariance is labeled by Q(t).

Q(ty) = E[e(ty) - € (tp)] (4.26)
where

e(t) = [ ®(tieyr, D - B(T) - u()dr (4.27)

4.2.2.2 Numerical evaluation of parameters ®@(t;) and Q(t;)

In some case like in a large dimension of a process, it has more difficult for the calculations of the
matrices @ (At) and Q(t) at each time of # because of the complication in (4.24), (4.26) and
(4.27). A numerical evaluation method for determining ®(t;) and Q(t) in a large scale systems
has been worked out [50], [51]. This is a helpful solution for the replacement of the above typical
mathematical method of sampled continuous-time model. It is especially convenient when using
MATLAB. Referring to the continuous-time model presented in Section 4.2.2.1, the numerical
evaluation method by the authors in [41], [50], and [51] can be proceeded as following steps:
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Step 1: Forming a [2n x 2n] matrix called F as in (4.28) (n is the dimension of x and W is the power
spectral density of the input u). Note that /¥ is an identity matrix having dimensions compatible
with B; and the triple product BWBT must properly account for the white noise forcing function.

—-A i BWBT
0 AT

Step 2: Using MATLARB to form the element of e, called G in (4.29).

At (4.28)

For the simplification in equations, the term of ‘#’ at the sampling time of k£ can be written in short
with the subscript ‘4’ in discrete-time. So, instead of typing Q(t;), it can be typed Qj, briefly.

G = exp(F) = [ceme § e (4.29)

Step 3: Computing matrix ®; by performing the stranspose matrix ®} on the lower right of G.

Step 4: Obtaining Q;, by using the upper right of G in (4.29) and the form of (4.30).
Qx = PP Qy (4.30)
4.2.2.3 Monte Carlo simulation method for a discrete-time process

Referring to this method from the citation of [41], it is worth to state that the Monte Carlo
simulation is really useful, especially in nonlinear filtering problems for applications. Firstly, this
1s to involve setting up a statistical experiment equivalently to the physical problem of interest.
Secondly, the simulation performs and repeats the experiment over and over with typical
sequences of random numbers. And finally, it is necessary to analyze the results of experiment
statistically. The method is more helpful in understanding the behavior of stochastic systems that
could not be able to analyze by usual direct mathematical methods.

Assuming that ®(At) in (4.25) is known, and €, is a Gaussian white sequence with the known
covariance Q. The problem is to generate an ensemble of random trials of x;,. There are two cases
in performing matrix calculations depending on @,. In the first case: @ is a constant matrix, then
the state variables of x; can be simply assigned and given numerical values in MATLAB
workspace. In other case of a time variable ®,., the parameters need to be reevaluated in time at
each step as the simulation proceed. In this case, generating the term of €, is more difficult because
the covariance Qj; might not be diagonal. Solving this in basic from [41], it should be firstly better
to choose the input vector ux whose the components are independent from an N(0, /) population;
and then choose a linear transformation of matrix ‘Hj’, within the operation of the chosen vector

uk, in order to yield a €, vector with the desired covariance structure. Note that the desired H; is
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not unique, therefore covariance Q; would also not be unique. But the simple way to form a

suitable Hy is to let it be lower triangular and then solve for the unknown elements.
In mathematical statement, €, can be now rewritten in (4.31).
€r = Hpuy (4.31)
Therefore:
Qk = Elex - 4] = E[Hpuy - (Hew)'] (4.32)

Now, because of choosing the vector input u; as independent of N(0, 1) samples, it is obvious that

E[uy - ur] is determined as a unitary matrix. Hence
Qx = Hy - Hi. (4.33)

4.2.2.4 Recursive loop for the gain calculation of Kalman filter

In this research, Kalman filter is mainly aimed to estimate the state of pressure in the surgical area
based on the measurement data at the DRP during MIS. Criterion for optimization is minimizing
the mean-square estimation error of the variable x. Similarly with the assumed white noise €, of
the process, vy, is assumed to the white noise sequence of the measurement which appears in the
observed output equation. As presented, Qj is the covariance matrix of the process noise €.
Similarly, R is denoted to the covariance matrix of the measurement noise v,. The expectation
(signed by E/ ]) between these covariances are generally given in (4.34) — (4.36), according to the
citations of [41], [43], [52].

L T1 — Qi =k

Blee-el1={3" | 2 (4.34)
Elv, -vi] = {O Cisk (4.35)
Ele,-vI1=0; Vk,i (4.36)

To be clear in indication of mathematical equations of estimation as following, the sign of “hat”
like X}, is defined as an estimate state vector at the time #; the sign of “sub_minus” stands for a
priori state, like X _ at the prior time of #; and the sign of “sub_plus” denotes for a posteriori
statement like Py, at the right posterior time of #.

At each sampling time #, the estimated state is formed in (4.37)
X = X+ Kie - e — i) (4.37)

where K}, is a Kalman gain vector which must be calculated for the correction of X.
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The Kalman gain K}, is important for the adjustment of predicted state in estimation. When the
difference between the measurement (y,) and the observed state of (Cy, - X1 ) is occurred, then the
gain K, is computed and updated to minimize the difference. This gain is involved to the
expectation of the error which is indicated in (4.39) and (4.40) referred to [41], [49].

Reminding the state error from the estimation:
ex = Xk — Qka or: € = X — 55](_ (438)

Relatively, the covariance error would also be defined by Py, in (4.39). It is tacitly assumed that
the estimation error has zero mean.

P = Eley - eg] = E[(xx — %i)  (xx — 2)"] (4.39)
Or, the prior covariance error is determined by:
P = Ele_-ef | = E[(rx = %) - (o = )] (4.40)
Combining equations (4.22), (4.37) into (4.39), then the covariance error Py, is rewritten in (4.41).
P = E{[(xk - J?k_) — K - (Ck "X+ pr — Cx J?k_)] '
[(xk — Xk ) — K - (Ck "X+ pr — Ci J?k_)]T} (4.41)

Element of (x, — X ) is the a priori estimation error (e ), and this error is uncorrelated with the
current measurement error of the noise v;. Therefore, (4.41) can be reformulated into (4.42). This

is a perfect expression for the updated error covariance matrix.
Pe=[1—Ki C) P - [I =K CJ" + Ky R - K. " (4.42)

Equation (4.42) is also the main information for the calculation of the Kalman gain. By expanding
(4.42) for Py, it can be rewritten in the form of (4.43).

Pk=Pk_—Kk'Ck'Pk_—Pk_'CkT'KkT+Kk'(Ck'Pk_'CkT+Rk)'KkT (443)

It is obvious that the second and the third terms on the right side of (4.43) are linear by Ki; and the
fourth term is quadratic by Ki. On the orther hand, the goal for minimization of Kjis to minimize
the trace of Pr because it is the sum of mean-square errors in estimation of the state vector.
Therefore, by differentiating the trace of Pr by K, and noting that the trace of (P - C el KT is
equal to the trace of its transpose (K}, * Cy * Py ), the result is:

d(trace Py)

- —2(C P ) + 2Ky (Ci- P C” + Ry) (4.44)
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For the optimal gain in minimizing the mean-square error, (4.44) should be set to zero. Then the
Kalman gain K}, is determined by (4.45).

Ki =P -G (Ce P - C™ +Re) (4.45)

By substituting (4.45) into (4.43), and using some characteristics of straightforward differential
calculus approach, then the equation of Py, calculation is formed in short as (4.46).

sz(I—Kk'Ck)'Pk_ (446)

At the beginning time of the estimation, there is no measurement data nor a priori estimated state.
It should be thus proceeded with the provided set of initial parameters of (X, Py) as well as the
initial conditions of covariance matrices Q, and R, which are denoted to the process and

measurement noises respectively.

After the prediction of the state X;, with the calculated gain of K}, the next step is anticipating the
state of X(x41)_1in order to make an optimal use of the measurement y ;. This is to adjust the

estimated state X, to correct the error for the next recursive loop of estimation. By using the state
transition matrix @;, at the transitional time and ignoring the contribution of €, (because €, was
assumed to have zero mean and not be correlated with any of the previous value), the equation
(4.25) results in (4.47).

2(k+1)_ == (Dk " f(k (447)
And the priori error for the next coming time t,, 4 is also formed as (4.48).
ek+1). = Xer1) — Xer1). = (PiXp + €1) — Py Xy = Pp - e + € (4.48)

It is noted that the elements of e;, and €, have zero crosscorrelation (€ is the process noise at t).
Hence, the next expression of error covariance matrix P41y is computed by (4.49).

Pies1). = E[egerny. " €lkrn) | = @i P PF + Qi (4.49)

Equations of (4.47) and (4.49) are the need for preparation of the next sampling time t; ., of the

estimation, and the measurement of y(; 1) can now be assimilated as in the previous step.

From the equations (4.37), (4.45), (4.46), (4.47), and (4.49), it can be summarized the steps of each
recursive loop in Kalman filter by the chart of Fig. 4.6.

From the figures 4.5 and 4.6, the function of the Kalman filter can be summarized into 2 main
steps: predicting state and calculating parameters for the Kalman gain; and updating the predicted
state by using the computed Kalman gain and the error between the observation and the

measurement.
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Initial conditions at ty (k=0):
{207, Py, Qo, Ro} are provided

Computing the Kalman gain:

Kk = Pk_ : CkT(Ck : Pk_ * CkT + Rk)_l
Measurements at ty.:
v (Vo is initial value)

Preparing for the next estimate: Updating estimate with measurement yi:
f(k+1)_ = - Ry Ik = Cp - Xy
Pieyry =P~ P~ P + Qi R =% + Ko Ok — 9)

Estimated states and output:
k\k and 9}(

Calculating the error covariance
for updated estimate:
Py = (I =Ky " Cy) " Py_

Fig. 4.6 Recursive loop description of a Kalman filter

4.2.3 Extended Kalman filter

As presented in Chapter 2, the process of the knee arthroscopy is nonlinear in modelling as well
as in implementing with the HIL-Simulator for real-time experiments. Some unwanted noises
appear in real-time simulator such as individual characteristics of each actuator, loss of rinsing
fluid flows, oscillation of the fluid from the roller pump, appearance of turbulent flow, and the
reduction of gas volume during MIS. These terms of unmeasurable noises influence directly on
the state of pressure in the knee pinee during MIS. Therefore the estimate state Py, 1s influenced
by these noises. And the estimate result with the Kalman filter might not be accurate in the
nonlinear process. From this point, an algorithm of extended Kalman filter (EKF) was proposed
as another method of estimation in this research. This is one of the extension versions based on the
basic Kalman filter. The main point of the EKF is local linearization on the trajectory of the process
at each sampling time. This can be simply described in Fig. 4.7. [41].

Extended Kalman filter has been implemented widely not only in identifying systems and
estimating parameters [53], [54], [55] but also in states estimation as an observer for a sensorless
feedback control [28], [44], [56], [57], [58], [59], [60].
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Estimated trajectory

System state

Time
Fig. 4.7 Description of an estimated trajectory with extended Kalman filter [41]

Steps for calculations in recursive loop is similar to the basic Kalman filter with the two main
steps: predicting state and calculating parameters for the Kalman gain; and updating the predicted
state by using the computed Kalman gain and the error between the observation and the
measurement. The different specification in EKF is the performance of formulas in parameters
calculation. In addition, the EKF works by using online updated parameters (linearized instantly)
from the nonlinear process and the measurement data at each sampling time of #. Figure 4.8 depicts
the EKF function with a simplified chart [61]. In the first step, the state variables x and the state
covariance matrix P are predicted. The Kalman gain is also calculated. In the second step, the
estimated states are corrected and covariance matrix is updated by using the computed Kalman
gain (Kj) and the error of (y, — 9,). Vector Ki is computed based on the current parameters of P,

the linearized observed matrix C, and the noise covariance of R from the measurement.

In Fig. 4.8, signal v/ is created to correct the estimated states for minimizing error. This signal is
computed by using the Kalman gain and the current predicted error. The predicted error is the
difference between the measured output and the estimated output.

The operation in recursive loop of the EKF can be expressed briefly as follow [42]:

Updating the prior data from the estimated states Xy and covariance matrix Py,_at the time ty. The

loop is initialized at the time to with the provided conditions x, and P,,.

Predicting the state vector X(i11)_and the state covariance matrix Py
Roerr). = (X, wie) (4.50)
P, = Ay - P - AL + Qg (4.51)
Computing the vector of Kalman gain Kj,:

Kk :PkCI’Ic"[CkPkCI’IcW-I_Rk]_l (452)

74



A contribution of pressure control and estimation in Minimally invasive surgery

Correcting the predicted state vector Xy, and updating the covariance matrix Py, q:

Xir1 = X1y, T Kie[yre — Cie - Xres) |

Pry1 =P — Ky - Cp - Py

(4.53)

(4.54)

At each point of sampling time, the EKF predicts the states and then corrects the predicted states

regarding to the current values of Ki and Py instantly.

Uk = [Ha; Ub; Ue]

v

Xiee1 = [, ug) + €
Ve = (X ) + v

Process: Xk (Phn
(prnee)

Yk = pik)

Extended Kalman filter

Kalman gain:

Kx

t

v

Poy1=P,— K Cp" Py

Calculate gain Ky and update covariance P:

Ki= P CT-[Co P CL + R

t

Calculate covariance P:

dg
Cy ™ .
af
A, =—
k dx E

L J

P, = Ay Py - Af + Qs

:fk

'Ulk

Py

Initial conditions—»

A

Estimate and update error:
Xprr = f(Rpw) + vl
Vi = 9(Xpou)

Fig. 4.8 Recursive loop operation of extended Kalman filter [39]

4.3 Simulation results

Before doing experiments in real-time device simulator of the knee arthroscopy, some tests on

modelling of process in MATLAB Simulink had been done. Furthermore, for the best response

from controller design and supervisor on disturbances, the author only chose the parameters of the

PI_SO controller in case of 72° phase margin for observer tests on Simulink as well as on real-

time device simulator. Therfore, all the results presented in this chapter are all based on the

parameters of the controller in phase margin PM = 72°.
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4.3.1 Simulation results with Luenberger observer

Figure 4.9 shows the results of the Luenberger observer for the estimated state of pressure in the
knee model with various values of observer gain L. The observer was implemented with one state
variable of pinee presented in (2.34), and the output for observation is in (2.35). The upper panel of
Fig. 4.9 shows the results from four different cases of the using observer gain: L = 1; 5; 10, 50.

108 Cases of pressure estimation with different parameters of Luenberger observer gain
T T T T

p_knee_modelling
e _knee est (L= 1)

p_knee est (L = 5)
= = p_knee est (L =10)
p_knee est (L = 50)
===+=-p knee reference |

Pressure [Pa]

u2 (signal for outflow)
u (control signal for inflow)

Voltage [V]

[ 10 20 30 40 50 B0
Time (seconds)

Fig. 4.9 Cases of pressure estimation in different parameters of Luenberger observer gain (L)

Comparing the cases of estimation to the controlled pressure of the process (p_knee modelling, in
dark yellow) on the upper panel of Fig. 4.9, it can be seen that the estimator responses faster when
the gain of L is bigger. The signal in dotted black is the response from the observer with the gain
L = 1. It shows a low response and a high overshoot within the transition time. This equals to the
case of pole placement near to the imaginary axis of the complex plane, and gives more fluctuate
while having any change from the inflow or outflow, particularly at the time of 40s and 50s with
some changes of the outflow (from u> signal in the lower plot). The more positive the gain L is
used, the faster and better the response of estimation is. With the case of gain L = 50 (in red signal
of the upper panel), the estimated state gets more accuracy and less overshoot.

Figure 4.10 gives more details about two cases of estimation (L = /0 and L = 50) on transition
time (at 10s) as well as on the time of changing outflow (at 5s and 30s).
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<10° Cases of supervised and controlled pressure with disturbances (PM =72°)
1.06 [~ f f f f f

/

— p_knee (supervised angle and controlled)

p_knee actual (with disturbances of angles) —

Pressure [Pa]

===+=-p_knee est Luenberger {L = 10)

p_knee st Luenberger {L = 50)

15 20 25 30

= = signal u2 (for outflow)
conftral signal u1 (for inflow)

Signals to the Motors [V]

5 10 15 20 25 30
Time (seconds)

Fig. 4.10 Comparison between two cases of estimation parameters: L = 10 and L = 50

Figure 4.11 shows the estimate response on three cases of disturbances from the knee angles
(bending 30° at the time 50s, -60° at 70s, and 80° at 90s). Note that during the disturbance time,
the inner disturbance controller is switched ‘On’ to control the electrical valve for the balance of
pressure in the knee model. This explains the appearance of the signal uvane (at the lower panel of
Fig. 4.11) right before the time of control signal u#; pulses (in blue, in the middle of Fig. 4.11).

<10° Cases of supervised and controlled pressure with disturbances (PM =72°)
T T T T T T T
1 [ | [ p_knee (supervised angle and controlled) | 1
1.09 | p_knee actual {with disturbances of angles)
E 108 - | | | feme— p_knee est Luenberger (L = 10) F o
E‘ p_knea ast Luanbarger (L = 50) H E
1.07 | ’ 1 i i .
s N— R S - ; P . I— |} T—
= 3 = B =
1 I 1 1 I 1 1 |
50 55 60 65 70 75 80 85 80 95
T T T T T T T T
25¢
= = = signal u2 (for outflow)
% sl —— control signal u1 (for inflow)
g
=}
=157
: L
=
g 1
* I
2 05+ ! .
£
(5]
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50 55 60 65 70 75 80 85 a0 95
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]
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Fig. 4.11 Luenberger responses while controlling valve for elimination of disturbances
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4.3.2 Simulation results with basic Kalman filter

In Kalman filter, the Kalman gain is used to correct the predicted state of Pypee, depending on the
error between the predicted output p; and the measurement p; of the process. In addition,
Providing different initial conditions of noise covariances R and Q leads to various results of
estimate. The figures from 4.12 to 4.14 show the results with different parameters of Q applied.

Figure 4.12 is the response of pressure estimation with two cases of Kalman filter. These cases are
1 state and 4 state variables which were formulated in equations (2.34), (2.35) and (2.43), (2.45)
of Chapter 2. On the top of Fig. 4.12, the estimated state Py, With 4 states (dash-dot red) is more
accurate than the estimated state with 1 state expression (displayed in dark yellow). Moreover,
with the change of outflow u; at the time 35s, the estimate with 1 state is more sensitive. This can
be solved by changing the noise covariance of Q. Figure 4.13 shows the different results at
transition time by changing Q matrix. For 1 state presentation of Kalman filter in Simulink,
referring from the value of Q = [1e-14], when this value is more increased, then the estimate error
is more reduced. Otherwise, the estimate error is increased when Q is decreased down to [1e-18].
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Response of pressure estimation with two cases of Kalman filter
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Fig. 4.12 Response of pressure estimation with two cases of Kalman filter.

78



A contribution of pressure control and estimation in Minimally invasive surgery

Cases of supervised and controlled pressure with disturbances (PM =72°)
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Fig. 4.14 Response of Kalman filter cases during disturbance of the knee flexion.

Figure 4.14 indicates the cases of Kalman filter with the disturbance of the knee flexion (bending
80° at the time 90s). It can be seen from the top panel of Fig. 4.14 that the Kalman filter with 4
states (in red) keep tracking as good as the case of Kalman filter in 1 state with the noise covariance
chosen Q = [le-10] (in dot-dash blue signal) comparing to the measured pressure piuee from the
process (in green signal).

4.3.3 Simulation results with extended Kalman filter

The extended Kalman filter has been developed to implement in nonlinear processes or nonlinear
measurements [62], [39]. The EKF works by using linearization online from current trajectory and
updating the estimated states from real-time observation instantly [41]. This would give a better
result compared to the KF.
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Figure 4.15 provides simulation results from the implementation of the EKF with two types: 2
state variables and 4 state variables presentation. Noting that Q = [le-14 0, 0 le-14] for 2 states,
andQ=/[1e-8000;,01e-600; 00 1el20; 00 0 le-9] for 4 states in this Figure. While the upper
plot displays the results of estimated pressure Pypee, the middle plot shows the estimate errors of
these two types observation. And the errors were minimized comparing to the basic KF method in
previous Section 4.3.2. It is clear to state that the fluctuation from the EKF observer was reduced
effectively.

In case of 2 states presentation in EKF implementation, by changing the noise covariance matrix
O from [le-14 0, 0 1e-14] to various parameters such as [le-10 0; 0 le-10] and [1e-6 0; 0 le-6]
relatively, then the estimate results were better with reduced errors and faster response, especially
at the transition time and the time of disturbance. These results are indicated in Fig. 4.16 and in
Fig. 4.17.
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Fig. 4.15 Response of EKF estimation with two different cases
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. 10° Cases of pressure estimation from different parameters of EKF
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Fig. 4.16 Response of EKF estimation with disturbance of the knee bending at 50s
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Fig. 4.17 Cases of pressure estimate in different parameters of EKF during time of disturbance

On another situation of Simulink with some cases of disturbances from the knee flexions (bending
80° at the time 90s) zoomed in Fig. 4.17, it gives a better result of tracking with the response of
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the EKF in 4 states presentation (in yellow signals) compared to the measurement (in light blue).
Because the presentation of 4 states variables as in (2.43) included almost all variables of
unmeasurable noise information during MIS, while the EKF with 2 states variables in (2.36)
provided not enough unmeasurable information. On the other hand, there were some adjustments
on the initial condition of the noise covariance of the process Q in 2 states presentation, and the
estimate results from the EKF were improved (in dot red) but it was still not as good as the EKF
in case of 4 states. Particularly, From the initial condition of Q = [le-14 0; 0 le-14] for 2 states
EKF, it can be changed increasing up to Q = [Ie-6 0; 0 le-6] for a better estimate result (see the
blue and red signals on the upper plot of Fig. 4.17).

For a good result of estimate with 4 state variables in the EKF, the noise covariance of the process
was chosen with value of Q = [1e-8 00 0; 0 1e-6 0 0, 00 1el2 0, 00 0 1e-9].

4.3.4 Simulation results with combined state estimator

For the best results after doing with some cases of estimations with various parameters on
MATLAB Simulink, the estimated state Py from the EKF was used as a feedback data to the
controller of the process (without using feedback sensor). The response of the controlled pressure
is indicated in Fig. 4.18 (red signal on the upper panel).

10° Cases of supervised and controlled pressure with disturbances (PM =72%)

11 E T T T T T m
T | | | | | | | |
e, T R ne !\._______‘_________ Com e e [

o 1.06 ‘J o LR - e i
E H ‘"\ - - i '
3 10 f T s R S el
& N f p_knee (supervised angle and controlled)
f p_knee actual {with disturbances of angles)
1.02 .r___'____;';__._! I | =-=-=-p_knee asl EKF (2 stales) 1
i i | | p_knee est EKF (4 state) | |
10 20 30 40 50 60 70 80 a0
T I I T T T I
— 25
=
§ 2 T
(=]
= 15"
- l
=
e |
@
— I
g 0.5 = = signal u2 (for outflow)
@ L — control signal u1 (for inflow) | | | | a
| | | | | |
10 20 30 40 50 60 70 80 a0
10~
— 2} T T T T T T
=
e 1 1 T u_valve (disturbance control) T —1
o
@ 0
g U
=
c
[ | | | | | | -
[&]
o
> 2k | | | | | | -
[]
>
3 - L J

10 20 30 40 50 60 70 80 90
Time (seconds)

Fig. 4.18 Simulink results from the combination of 4 states EKF to the controlled system
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4.4 Real-time simulator results

This section provides some results of estimate done in real-time experiments with the real device
simulator of the knee arthroscopy. While doing with MATLAB Simulink for simulation results
(presented in Section 4.3), some noises of process and measurements were assumed. However,
these noises are really not exactly the same as the noises occurred in real-time device experiment.
Therefore, the results presented in this section are not as ideal as the Simulink results because of
the reality and nonlinearlity of the the real devices used in the system.

4.4.1 Real-time results with Luenberger observer

Figure 4.19 shows the response of estimation in real-time simulator using Luenberger observer.
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Fig. 4.19 Experimental results of pressure estimation using Luenberger observer
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It includes some cases of disturbances occurred from the knee flexions. The top panel shows the
estimate results of Pynee, and the bottom panel gives the results of output p;. Two different gain L
were implemented : L = 50 and L = 10. It is seen that with the gain L = 50 (in dashed yellow), the
estimator responsed faster than the estimate case of L = /0 (in dotted-dashed red). As a result, the
fast response estimator might have a higher ocsillation in some cases, especially at the transition
time or at the time of the knee flexion disturbance. There still existed estimate error. The estimate
state of pressure was so sensitive with the disturbances from the knee flexions (the knee bending
30° at the time 44s, -60° at the time 64s, and 80° at the time 84s).

4.4.2 Real-time results with basic Kalman filter

Figure 4.20 shows some different cases of Kalman filter performance in real-time device simulator.
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The red signals in Fig. 4.20 indicate estimate data from the Kalman filter with 4 state vaviables.
The middle plot shows the estimate errors based on the estimate results on the top panel compared
to the measured pressure piee. And the bottom graph displays the estimate output pressure
comparing to the measurement of p; from the DRP. For the case of using 1 state variable in Kalman
filter, by changing the noise covariance Q from [3e-19] up to [3e-12] or even [le-10], the
estimated state was improved with the reduced error. These changes of estimate results are shown
clearly by the dotted green and dashed dark yellow signals in the graphs of the Fig. 4.20.

4.4.3 Real-time results with extended Kalman filter

In extended Kalman filter implementation, the estimate error is minimized comparing to the basic
Kalman filter in real-time simulator, even at transition time or at the time of disturbances. Figure

4.21 shows the estimated state (on the upper panel) and the estimate error (on the lower panel).
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Fig. 4.21 Experimental results of pressure estimation using extended Kalman filter
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4.4.4 Real-time result in combination of the estimate state to the controlled process

Based on the results of estimation with observer methods: Luenberger, Kalman filter and extended
Kalman filter, the best estimate from the EKF (with 4 states variables) was chosen for the feedback
data to the controller of process. Figure 4.22 shows the result from this combination. For evaluating
the quality of the estimate state in the controlled process, The actual controlled pressure was
measured and indicated with the blue signal. By comparing this measured pressure with the
estimate state in yellow signal, it is clear that the estimation from the EKF can be used for the
replacement of pressure sensor for a feedback data to the controlled process.
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Fig. 4.22 Result from using estimated state connecting to the controlled process in real-time

4.5 Discussion of estimate methods

From the three types of observer methods investigated for the pressure estimation in MIS, some

ideas are given out for discussion.

- With the Luenberger method: it is easy to perform because of the simplication in
formulation; there has been many options in choosing observer gain that satisfy the stability
and conditions of the observer. The drawback from this method is the sensitivity of observer.
This means that the estimate error might go too high during the transition time or time of
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disturbance. Another drawback is that it is difficult to solve the egienvalues for the observer
gain calculation in cases of high numbers of state variables.

- With the basic Kalman filter: This method works with the two main steps of prediction and
correction. So the Kalman filter can provide the estimated state more correctly compared to
the Luenberger observer. The result from this method depending on the parameters of process
noise covariance O and measurement noise covariance R. Howerver, in some cases, it is not
easy to find the correct parameters of the noise covariances Q. In addition, this method is used

for linear systems. Thus some estimate error might still exist, especially in the transition time.

- With the extended Kalman filter: This method was developed and extended from the basic
Kalman filter for the applications of nonlinear systems. This advantageous feature gives an
optimal algorithm in state estimate compared to those two above observers. In this research,
the process of the knee arthroscopy is really nonlinear. And the EKF was applied to estimate
the pressure state in the knee model during MIS successfully. In fact, the estimate results from
the EKF were more precise than the two observer methods of Luenberger and basic Kalman
filter. Finally, the best estimated state of pressure from the EKF was used to interconnect with
the closed loop sensorless controlled system effectively. This takes an important role for the

real-life applications of the development in medical therapy devices.

4.6 Summary

This research is on the verification stage before applying to the real patient, so a temporary pressure
sensor was mandatory used in the knee model during MIS for comparing and evaluating the
precision of estimated pressure state. The Luenberger method was applied as an optional observer.
However, some error has not been solved thoroughly. Additionally, because the Kalman filter was
designed to implement basically in linear processes, therefore in this case of pressure estimation,
the process of MIS was chosen to obtain with the KF in the working point of the linear area. From
this feature, the estimate results from the KF algorithm still exist some error compared to the real
state of measured pressure in experiment, especially during the transition time. Finally, the
implementation of the EKF has been done more successfully in this nonlinear system of MIS with

the minimized error in pressure state estimate results.

While doing experiments with the HIL-Simulator of the knee arthroscopy, there were some

unwanted and unmeasurable components of noises. These noises are not avoidable.

The first bothered component is the lost of unmeasurable gas in the operation area. It can be created
by the movements of the trocars and surgical instruments which connect to the knee model via the
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holes or incisions during MIS. This was the one causing trouble of pressure lost in real-time
experiments. This drop of pressure occurred and could not be measured or calculated during MIS.

The second trouble is the loss of fluid during MIS. This might happen internally in the surgical
region and cause to the change of pressure. It is similar to the loss of gas when the disturbance is
unkown or unmeasured. Therefore it made more difficult to estimate the state precisely because
this part influenced directly to the pressure state in the knee model. If the operation is in a short
time, then this loss can be ormitted. However, when the operation is taken in a long time like an
hour, this could be a problem for the estimation, because this amount of loss or raise pressure could
not be calculated and estimated accurately. Those are the reasons that take some effects to the
precision of estimate in basic Kalman filter or Luenberger observer.

Another trouble is the influence of the fluid flows. This came from the peristaltic motion of the
roller pumps and the turbulent flows. From the directly compression of the four flexible roller
wheels of the DRP to the soft peristaltic pipe segment, the volume flows inside the pipes at the
DRP are not always laminar. It depends on the rotation speeds of the motors. And another turbulent
flow came from the junction between the palstic tube and the metal trocar connecting to the model
of the knee joint.

In order to overcome those obstacles of nonlinear components that are unmeasurable, the estimator
should enclosure all of those states of noises into the prediction. In this research, components of
noises were included in the extended Kalman filter with 4 states presentation for estimation. In
fact, the estimate error in this case was reduced effectively.
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5 CONCLUSIONS AND FURTHER WORK

This final chapter concludes the tasks that have been done in the research as well as some ideas

for further work for the development of medical therapy devices in minimally invasive surgery.

5.1 Conclusions

From the author’s motivation presented in chapter 1, this thesis has been approached to the
objectives for a contribution of pressure control and estimation in minimally invasive surgery.
Particularly, the author has worked completely with the following tasks:

- Firstly, this research provided to the author some knowledge basically on procedures of
minimally invasive sursergy. This is one of the preparations for modelling process of MIS,
especially for modelling of the knee arthroscopy.

- Sencondly, the research has been carried out with modelling process of the knee arthroscopy
of MIS both in simulation and in real-time device simulator. Before doing construction on
HIL-Simulator integrated with physical interface of the knee and software model for real-time
experiment, modelling process on MATLAB Simulink had been performed. This is really
important because of the feasibility in controller design and pressure estimation. In addition,
by this performance, some cases of analysis and evaluation were given to avoid some problems
or faults that might occure to the real system. To complete the HIL- simulator for the
realization of knee arthroscopy in the laboratory of Medical device engineering, Institute of
Automation, University of Rostock, we were grateful for the supports on medical devices from
the World of Medicine company — W.O.M. Berlin via the project AFluCoMIS. Without their
sponsorship, it would be difficult for the author to finish the research in real-time experiments.
The construction of the HIL-Simulator module is really important in this research while the
experiment on the real patient is not allowed during the stage of investigation and verification.
Furthermore, basing on the operation of the concreted system, the process of the knee
arthroscopy was identified and linearized. This work is necessary for the preparation of
controller design strategy and supervisory algorithms. Some mathematical formulations in
state space presentation of the process were also presented in order to implement to the cases
of pressure estimation in the knee model during MIS.

- Thirdly, with the identified and linearized process, The PI controller was designed based on
Symmetric Optimum method to ensure the stability of pressure in the OA during arthroscopic
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performance. Additionally, in nonlinear system, the windup phenomenon usually happens in
integrating elements from the process or from the controller, therefore the designed PI_ SO
controller was also integrated and well done with the anti windup algorithm. Furthermore,
some types of disturbances from the situations of the patient’s knee flexion also make some
change of pressure in the knee joint. These kinds of unwanted changes were paid attention in
order to supervise and eliminate successfully by the supervisory algorithm interacting to the

controller of the system.

- Finally, with the goal of providing some methods of pressure estimator for the replacement
of pressure sensor in the knee joint of the controlled process of arthroscopy, three types of
observers were selected to implement. These types are Luenberger observer, basic Kalman
filter, and extended Kalman filter. Pressure estimation is also one of the key roles in this
research, because in the controlled system, it is worthful to have a feedback data to the
controller while the usage of pressure sensor inside the operation area is not allowed for the
patient’s safety. By implemeting those three types of observers to the modelled process as
well as to the real device simulator, the extended Kalman filter gave the best result of
estimation compared to the other two observers. And the estimate state of pressure Py from
the EKF was selected to combine to the controller as a feedback data to the controller. The

whole controlled system worked effectively with this estimate state.

However, this research has just been reached with the knee arthroscopy but have not been applied
in other cases of laparoscopy of MIS. Furthermore, the study has just been in the stage of
verification and evaluation. So, the research might be developed with capable of parameters or
equipments optimization in order to apply to the real patient services. And finally, the reference
values of pressure in this research were tested in various values, but those values were changed
manually like the adjustment from the surgeon. So the reference should be improved to adjust
optimally and automatically based on the individual physiological state of each patient currently,
because the blood pressure on each person can be varied and it depends on many factors such as
health status, mentality, weights, ages, and so on.

5.2 Further work

By using the built HIL-Simulator, the research of the knee arthroscopy can be extended to other
types arthroscopy like in the wrist or other joints. Additionally, it should be noted to expand the
research with the cases of laparoscopy. In cases of laparoscopy, the supported material for
visualization is the provision of Carbon dioxide or Helium gas. So, in order to expand the scope
of applications from arthroscopy to laparoscopy, instead of controlling the DRP for the flows of
rinsing fluid, the system should be controlled with bi-directional electrical valve for the gas volume

90



A contribution of pressure control and estimation in Minimally invasive surgery

into the area like in abdomen. Therefore, it should be noticed to have some calculations on the
amount of gas into the area for the desired pressure guarantee.

For applying to the real patient services, the system should be paid attention more to the parameters
of blood pressure of each individual body. This would be helpful in choosing a suitable value of
pressure reference for the controller. Because the blood pressure parameter is completely different
on each patient and it is related to the reference pressure for the controller of the system. And the
parameter of blood pressure is depended on many factors such as genders, ages, weights, mentality
or current mental health. Thus, in order to have a suitable reference of pressure to the controlled
system, it should be expanded with an iterative optimization of settings parameters automatically
for the reference values as mentioned in citation [1]. This includes the extended close loop
interpretation presented in Fig. 5.1.
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optimization of 3 ’ therapy devices / ~ . . N
reference values v o surgery by g . thc;rapy device —_— patient/ >
with internal control body part
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Fig. 5.1 An interpretation of iterative optimization algorithm in minimally invasive surgery [1]

This iterative optimization algorithm can be realized by utilizing both feedback data from clinical
result of surgery and data bank of blood pressure parameters from clinical expert knowledge or
experienced data from the surgeons. The data should be processed, optimized and adapted for the
reference values and settings automatically by the intervention of computational statistics and

mathematical optimization methods in machine learning.
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APPENDIX A

This appendix presents some alternate results in both simulation and in real-time experiment with

the HIL-Simulator for more clear information of analytic explanations in controller design.

A.1 Results of controller design in simulation

Besides the satisfied results shown in chaper 3 for controller design, it should be clear to present

some alternate cases for more proofs of clarification.

A.1.1 Simulation of pressure control without disturbances

This section presents three different cases of results by choosing parameters of phase margin in
controller design: 37°, 60° and 78° for analytics.

A.1.1.1 Case of phase margin 37°

The parameters of the PI SO controller were presented in Table 3.1. The results of modelling
system in Simulink are shown in Fig. A.1, whereas the upper panel is the response of pressure in
the knee model (pinee), and the control signal is displayed in the lower panel.

It 1s noted that at the time of 5 second and 25 second in Fig. A.1, the outflow of the rinsing fluid
was activated to change (with the dash red signal at the lower panel) while the reference pressure
in the knee model remained no change (see the dash red signal at the upper panel), then the signal
u; for inflow was controlled to change automatically regarding to the signal u> of outflow. This is
to ensure the desired pressure in the knee model whenever the change of outflow might happen.

With the rising time of 1.218 seconds from the result in Fig. A.1, the response of pressure in the
knee model is controlled with the overshoot value arround 29.17%. This value of overshoot would
be higher than 60% if there was no anti-wind up algorithm for limitation of the voltage to the
motors at the double roller pump. This can be seen clearly on the control signal u; (for the inflow)
at the lower panel of Fig. A.1 with the appearances of saturation periods starting at the times of 10
second and 30 second. This algorithm of voltage limitation therefore also limited the overshoot of
the controlled system effectively. Noting that the rising time and overshoot from here are
determined from the result of modelled system, not from the identified process. So these

parameters are not the same from the parameters shown in the last column of Table 3.1.
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Fig. A.1 Response of system with the controller in the case of phase margin PM = 37°

A.1.1.2 Case of phase margin 60°

While doing some changes of various phase margin cases for analyzing, the author realized that
the settling time values were nearly not changed much between the cases of 37° and 60°. However,
the overshoot values were changed significantly. Particularly, the overshoot from the case of 60°
in phase margin was about double times of percentage compared to the case of 37°. The rise time
is about 1.22s and the overshoot is around 60%. The result is in Fig. A.2.
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Fig. A.2 Response of system with the controller in the case of phase margin PM = 60°
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In this case, the windup phenomenon was nearly not happened. In normal, the overshoot would be
decreased while increasing the phase margin from 37° to 78°. But within the cases of PM less than
60°, the results proved that controlled system ran into the wind up phenomenon which were
successfully againsted by anti-wind up algorithm. This is to explain the reason why the overshoot
in the case of PM = 37° is lower than in this case of 60°. With the increase of phase margin from
60° up to 78°, the response of pressure in the controlled system shall be more sensitive changed in
both rising time and overshoot values.

A.1.1.3 Case of phase margin 78°

With the result in Fig. A.3, the good point in this case is that the pressure response was smoother
than all the cases above (the overshoot was reduced to 22.5%). On the contrary, the rise time is
longer from the other cases (around 2.3 seconds) in Simulink of modelling system. Therefore, with
the longer time of response compared to the case of 72° in phase margin (in chapter 3, Fig. 3.14),
it might be the only drawback in controller design in this case of 78°.

10° System response with the controller in case of phase margin PM =78°
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Fig. A.3 Response of system with the controller in the case of phase margin PM = 78°
A.1.2 Simulation with supervisory algorithm of the knee flexion disturbances

A.1.2.1 Case of phase margin 37°

As shown in Fig. A.4a, There are three typical cases of results in disturbances supervisory: flexions
of the knee in 30°, -60° and 80° starting at the seconds of 50, 70 and 90 correspondingly (signal
Pinee actual in dark yellow, the controlled pressure in blue on the top plot). Figure A.4b shows
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more detail of the result in period of time “zoom block” from Fig. A.4a. In the lower panel, a
negative value of ‘u_valve’ signal (disturbance control) was appeared to eliminate the positive
change of actual pressure disturbance in the knee.
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Fig. A.4a Case of controller with supervised disturbances (PM = 37°)
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Fig. A.4b Description of disturbance period “Zoom block” from Fig. A.4a
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A.1.2.2 Case of phase margin 60°

Similarly, the same cases of disturbances for supervised and controlled process with PM = 60° was
tested with the flexions of the knee in 30°, -60° and 80° starting at the seconds of 50, 70 and 90.
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Fig. A.5a Case of controller with supervised disturbances (PM = 60°)

The results in Fig. A.5a indicate that the response is some how better than in the case of PM =37°.
Figure A.5b is a detail description of the “Zoom block™ marked in Fig. A.5a. It can be seen that
the disturbances of pressure from the knee flexions was reduced in this case also.
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Fig. A.5b Description of disturbance of the “Zoom block” from Fig. A.5a
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A.1.2.3 Case of phase margin 78°

Although the case of phase margin PM = 72° is an optimal choice for a reasonable response of
rising time, but the case of PM = 78° is also another option for the choice in real-time experiment
because of the lower overshoot compared to the case of 72° phase margin. The result in Simulink
with the disturbances of pressure in 78° of phase margin is presented in Fig. A.6.
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Fig. A.6 Case of controller with disturbances supervisory (PM = 78°)
A.2 Experimental results of controller design in real-time device simulator

A.2.1 Experimental results of controller without suppervisor of disturbances

A.2.1.1 Case of phase margin 37°

The upper panel of Fig. A.7 is the response of controlled pressure in the knee model (in blue
signal). The reference pressure is in dashed black. The lower panel presents two signals of voltage
u; and u; to the DC motors called the control signals of inflow and outflow respectively.

It can be seen that at the beginning time from 0 to 13 seconds, when the outflow is set to zero (no
flow of rinsing fluid out of the knee model), then the inflow is also controlled to zero and there is
less oscillation in measured controlled pressure. When the signal of u> is changed to nonzero, then
the control signal of u; is adapted automatically to keep the track relatively close to the signal of
u>. During this time period (after 13 seconds in Fig. A.7), the measured data from both controlled
pressure and control signal of u; have bigger ranges of oscillation. These phenomenon can be
explained by the reflexion from the actual pressure in the knee model reacting to the pressure at
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the DRP. Furthermore, because of the peristaltic feature from the four free wheels, therefore the
flows at the DRP are transferred by series of fluid packages. This also causes to some oscillation.

Measurement of controlled pressure in real time simulator
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Fig. A.7 Case of controller without disturbances and supervision (PM = 37°)

In this case, the measurement from the control signal u; is not close correctly to the signal of u>.

This is proved that there always exists some noise from the loss of flow or pressure in the knee

model; some noise from encoding and decoding of the descrete signal during operation; or some

noise from the sensor itself during measurement of real-time devices experiment.

A.2.1.2 Case of phase margin 60°

Comparing with the result in Fig. A.7, the response of pressure in this case (blue signal in Fig.
A.8) has bigger overshoot. This was explained with the same case in Simulink presented in section

A.1.1.2, because of the anti-wind up strategy during transition time.
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Measurement of controlled pressure in real time simulator (PM=60°)
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Fig. A.8 Case of controller without disturbances and supervision (PM = 60°)

A.2.1.3 Case of phase margin 78°

While doing experiment, the author also tried to give some pressure loss as a type of disturbance
at the output. Then the controlled pressure in the knee model was still remained stable at the desired
value. And this resulted in some difference between the inflow and the outflow. The difference
between them is indicated by signals #; and u> in the lower panel of Fig. A.9.
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<10° Measurement of controlled pressure in real time simulator (PM = 78°)
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Fig. A.9 Case of controller without disturbances and supervision (PM = 78°)
A.2.2 Experimental results of supervised controller with the knee flexion disturbances

A.2.2.1 Case of phase margin 37°

There are three types of disturbances as the knee angle changes at different times (noises from
knee flexion of 30° at 45s, knee flexion of -60° at 65s, and knee flexion of 80° at 85s respectively)
in this case of PM = 37°. The result is shown in Fig. A.10 . Because the controller feature in this
case works ineffectively, therefore it is easy in getting fluctuation with the disturbances. This is
the reason leading to the unexpected result as in Fig. A.10 . The disturbances of pressure to the
process were not supervised and controlled efficaciously.
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Fig. A.10 Case of controller with disturbances and supervision (PM = 37°)

A.2.2.2 Case of phase margin 60°

In this case of controlling and supervising, two types of knee angle disturbances (-30° and 60°)
were tested. Time of disturbances were in 44s and 64s relatively (in dark yellow signal). The result
is presented in Fig. A.11. The response of supervised and controlled pressure is indicated (in blue)
on the upper panel of the figure. It looks better than the result in the case of 37° phase margin from
Fig. A.10.
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5 Measurement of supervised & controlled pressure in real time simulator
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Fig. A.11 Case of controller with disturbances and supervision (PM = 60°)

A.2.2.3 Case of phase margin 78°

As mentioned in Section A.1.2.3 (at the same case of phase margin in Simulink), it is obvious that
the result in this case of real-time experiment is also smoother than the other cases with the reduced
overshoot percentage, although there has been a little bit longer time in transition period. This is
shown in Fig. A.12. From the lower plot of the figure, there existed some difference between the
signal u> (for the outflow) and the control signal u; (for the inflow). This might come from some
loss of gas or flows for the expansion in the OA during MIS.
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5 Measurement of supervised & controlled pressure in real time simulator
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Fig. A.12 Case of controller with disturbances and supervision (PM = 78°)
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THESES

e Fundamentals of minimally invasive surgery (MIS) and related procerdures were
investigated. Mathematical equations in theory for modelling process of MIS with the
usage of medical therapy device DRP in flowing fluid were established. These are required
concepts to develop methods of pressure control and estimation in the operation area.

e The process of the knee arthroscopy for rinsing fluid was modelled and simulated on

MATLAB/Simulink. This is necessary in the stage of control design.

e While doing experiment on the real patient is not allowed in the stage of verification and
evaluation, an alternative real-time device simulator of the knee arthroscopy process was
constructed and implemented. A Hardware-in-the-Loop (HIL) Simulator was concreted
with a physical interface and a software model for the realization of physiological states of
the human body.

¢ Input/Output hardware interface module for the communication between the computerized

programs and the actuators of the HIL-Simulator was also set up.

e The process of the knee arthroscopy was identified and linearized for controller design
strategy. This is really helpful in pressure control during MIS. Due to the identified process,
the PI controller was proposed to design based on symmetric optimum method (P1_SO
controller).

e Some posibilities of pressure disturbances from the knee flexions were considered to
identify and simulate some effects of disturbance into the process. Those are useful
information for supervisory algorithm integrated to the control strategy of the whole
system.

e The problem of windup phenomenon in nonlinear process was solved with the anti-windup
algorithm integrated in the PI SO controller. The designed controller was implemented
successfully in the closed loop controlled system with a stable pressure in the operation
area.

e Some different phase margin cases implemented in PI_SO controller were analyzed to
decide the optimal parameters for the controlled pressure stability in the knee model during
arthroscopy.
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Cases of the knee flexion disturbances of the process were applied in supervision strategy
integrated to the controller effectively. The supervisory algorithm for the elimination of the
pressure disturbance can be applied with another seperated PI SO controller integrated.
However, with a small volume injected to the knee model as usual applied in the real
patient, the pressure changes from angle knee actions response in a linear area (around or
smaller 10ml/s). Therefore the simple empirical proportional controller was implemented
for the elimination of pressure disturbance effectively.

Another limitation that needs to be solved during MIS is how to get a feedback data for
pressure control without using pressure sensor in the operational area. This solution is the
implementation of the observer method. Three observer methods of Luenberger, basic
Kalman filter, and extended Kalman filter (EKF) were implemented in pressure estimation
for evaluating the quality of estimated pressure in the knee arthroscopy among methods.

The whole controlled system working with the observers was established and simulated on
MATLAB/ Simulink. The system was also executed in real-time with the HIL-simulator
efficiently.

During experiments in real-time simulator as well as in MATLAB/Simulink, the results in
chapter 3 presented the stability of pressure control in the knee joint model within some
disturbances. In addition, the results of pressure estimate in chapter 4 showed that the
extended Kalman filter gave more accurate in estimated state than the other implemented
observers in this research. Therefore, it would be better to choose the EKF instead of using
pressure sensor at the operation area interconnecting to the closed loop controlled system.
And the EKF worked effectively in this case. Those results in this thesis offered a

contribution of pressure control and estimate in minimally invasive surgery.
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