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Abstract

Early detection methods are key to reducing morbidity rates from diges-
tive tract cancer which is currently one of the fastest growing cancers
in the World. Capsule endoscopes (CEs) are a new technology that can
be used to improve early detection of the gastrointestinal (GI) tract dis-
order. The device integrates the technologies such as image processing,
optoelectronic engineering, information communication, and biomedical
engineering. The capsule is the size and shape of a pill and contains an
optoelectronic camera, antenna, transmitter, battery and optoelectronic
illuminating light emitting diodes (LEDs).

The small size of these devices enables them to offer many advantages
over conventional endoscopes such as accessibility to the entire intestine
and minimising the risk of perforation, particularly for patients with dif-
ficult anatomy (e.g. post-operative scar tissue). Currently used devices
are passive and can only follow the natural transit of the intestines, and
hence there is considerable interest in methods of controlled actuation
for these devices.

In this thesis, a novel actuation system based on magnetic levitation
is designed, developed and implemented, utilizing a small permanent
magnet embedded within the capsule and an arrangement of digitally
controlled electromagnets outside the body. The proposed approach is
that the magnet can be moved and oriented by DC magnetic force and
torque produced by coils placed outside of the human body, with a suit-
able position feedback sensor enabling closed-loop control. Theoretical
analyses of the proposed actuation system are presented which model
the magnetic field, force and torque exerted by electromagnetic coil on
the embedded magnet. Based on the distribution of the magnetic field,
an optimal geometry for the coils is proposed in order to achieve a levi-

tation distance which is realistic for the inspection of the GI tract.



Two types of systems are investigated in the thesis, namely single-input
single-output (SISO) and multi-input multi-output (MIMO), and the
dynamics of these systems are modelled in state space form and hence
linear controllers are designed for capsule actuation. The controllers
are simulated using Matlab/ Simulink tools to realize the mathematical
analysis of the system, and then implemented digitally in real-time using
Texas Instruments (TI) TMS320F2812 Digital Signal Processor (DSP)
to validate the proposed actuation system.

In the SISO system, a linear one degree of freedom (1DOF') proportional-
integral-derivative (PID) controller is designed to move the inserted mag-
net in the vertical dimension within an area around the operating point
and to maintain it at a desired position. A realistic simulation model is
designed and implemented to evaluate the proposed controller. Simula-
tion results have shown that the controller is able to successfully hold the
embedded magnet in the desired position. For practical validation, the
PID controller is implemented in real-time on the DSP system, where
pulse width modulation (PWM) is generated to control the coil current,
and Hall effect sensors are used for position feedback. Experimental re-
sults are obtained under step and square wave input demand.

In the proposed system, high frequency noise on the position sensor is
initially rejected by hardware implementation of resistor capacitor-low
pass filter (RC-LPF) circuit. The accuracy of the position feedback
is increased by calibrating the DSP’s on-chip analogue-digital converter
(ADC) in order to reduce conversion error due to inherent gain and offset
errors. To further reduce the influence of the position feedback noise, an
average of ten repeated samples based on mean filter is implemented by
the DSP in order to reduce the influctuation of the sensor reading. The
tracking performance of the actuation system based on two Hall effect
sensors on the opposite coil’s poles is investigated under step trajectory
input. In an improved actuation system, position feedback is provided by
using an AC magnetic field to obtain the capsule position information,
decoupling this from the DC actuation field. The noise of the position
feedback in the improved system is reduced by replacing the PWM cur-

rent drive with a linear power amplifier driven from a digital to analogue



converter (DAC), hence reducing AC interference. Positioning sensor
noise was found to be further reduced by implementing digital filtering
based on a coherent detector using the DSP, without increasing response
time. The performance of the actuation system using these position sen-
sors is compared based on settling time, overshoot, steady-state error,
and control input parameters in order to validate the proposed improve-
ment in the position feedback. The experimental results have shown that
the controller based on both sensing strategies satisfactory control of the
magnet’s position. However, the response of the system based on AC
position sensing has the shortest settling time, smallest overshoot value
and steady-state error.

In the MIMO system, several linear controllers such as pole placement
(PP), Entire Eigenstructure Assignment (EEA), and linear Quadratic
regulator (LQR) techniques are designed and their tracking performances
are compared. Simulation results have shown that, based on acceptable
control inputs, the LQR controller has the fastest response with mini-
mal overshoot value and steady state error. However, the LQR controller
based on 2DOF is unable to maintain stable control of the magnet due
to the insufficient position feedback from the two coil sensors.
Specifically, it is not possible to achieve a stable 2D system since the ori-
entation angle of the magnet is not resolvable. Therefore, the position
feedback is improved by obtaining the device position and orientation
information from a pair of 3-axis orthogonal coils. A realistic simula-
tion model for the 3DOF LQR controller is designed and implemented
to evaluate the developed system. Simulation results have shown that
this controller is can achieve the necessary stability.

In conclusion, based on the results from the 1D control system, the thesis
shows that the DC magnetic field, which is used for capsule movement,
can be also used to provide the controller acceptable position feedback.
However, the use of AC magnetic field for positioning purpose provides
more accurate position information. In order to implement 2DOF con-
trol system successfully, two 3-axis orthogonal coil sensors are considered
which are used to provide the actuation algorithm with more accurate

feedback of position and orientation information.
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Chapter 1

Introduction

1.1 Introduction

Digestive tract disorders, such as ulcerative colitis and colon cancer, are considered
one of the most common fatal human diseases. However, early detection of gastroin-
testinal (GI) cancer can contribute to its cure. There are several medical procedures,
which can be adopted to diagnose the pathologies of the GI tract without the appli-
cation of intrusive medical devices, such as the endoscope, double-contrast barium
enema and stool test. GI endoscopes in particular are considered worthy and irre-
placeable medical tools as they enable the surgeon to evaluate the digestive tract of

the patient based on real images.

1.2 Endoscopes

Many important diseases of the GI tract are currently diagnosed by using minimally
invasive methods, which allow an endoscopist to enter a medical device through
oral or rectal orifices, or small incisions made by surgeon in suitable places near the
investigated organ, not only to evaluate visually the interior surfaces or tissue of a
tested organ, but also to enable the taking of biopsy samples of foreign objects. This
medical procedure is called endoscopy [1]. A common application of endoscopy is
the examination of the GI tract of the human body Fig. 1.1. Current digestive tract
endoscopes can be categorized into two types: wired active endoscopes and wireless

passive endoscopes.



1.2 Endoscopes

Parotid Gland
Lo
=3 oY
fenm, |
Sublingual bl J

Gland P
Submandih.llar/-i-.-) \

Gland W\ :|'

/

| =———Esophagus
}f ‘ |
/ : \

" |

I-'I | Spleen

'3// Splenic

Figure 1.1: GI tract of the human body.

1.2.1 Wired Active Endoscopes

Cabled endoscopes are conventional endoscopic technologies which are used for the
reliable and detailed analysis of the digestive organs, oesophagus, stomach and
bowel. Unlike most other medical devices, they are directly inserted into the tested
digestive organ. Typically, there are three kinds of traditional endoscopes to evaluate

specific organs [1][2],

e Gastroscope. This is passed through the oral orifice and used to examine

the upper digestive tract, the oesophagus, the stomach, and the duodenum

e Push enteroscope. This is entered via the anal orifice and is used to evaluate

the upper small intestine.

e Colonoscope. This is also passed through the anal orifice and exploited to

test the colon and rectum.

The endoscope, which is basically a long, thin and rigid or flexible fibre optic tube,

includes the following schemes [1][3][4]:

e Imaging system. This is based on a miniaturized colour camera fixed on the
end of the tube and used to visually inspect the organ. The scheme is provided
by an optical fibre unit, which is used to coherently transmit an image and to
direct the light generated from the source outside the patient’s body to the

tested organ.
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e Mechanical system. This is used to tract the imaging device tip.

e Controllable system. This is composed of water/air and biopsy/suction
control units. The insufflation of air by the water /air unit is used to distend the
walls of the examined organ in order to enable the passage of the endoscope.
The aspiration of the contents from the digestive tract is examined by the
suction capabilities of the biopsy/suction unit. Otherwise, the view of the

evaluated organ is obscured by its fluid.

After passing this imaging scope through the GI tract, the endoscopist can directly
see the inside lining of the digestive organ under investigation with a cathode ray
tube (CRT) monitor or any other video display unit.

However, the application of this type of wired examination procedure has many
drawbacks. First, the manual insertion of the imaging tube is a tedious and cum-
bersome process for the endoscopist [5]. Additionally, it causes discomfort to the
patients as it needs flexible, relatively wide cables to be pushed into the digestive
organ which are used to carry power, light, and video signals [6][7]. Furthermore,
the examination of the GI tract is limited since most of the small bowel cannot be
visualized without an incision, due to the difficulty of passing the cabled camera
through the small bowel with its tortuous nature [8]. Moreover, examination of the
upper small intestine based on the push endoscope is not successful because of the
difficulty of its manipulation by the surgeon. The reason for this is that the bending
capability of commercial endoscopes at their tip is limited and the shape along the
rest of their length is not controlled. Lastly, conducting the examination requires
sedation or anaesthesia or air insufflation of the intestine [9][10]. Finally, it needs
to be performed by a skilled physician [11]. For these reasons, therefore, there is
an urgent clinical need for improved techniques of evaluating the small intestine

without any inconvenience for the patient.

1.2.2 Wireless Capsule Endoscope

A Wireless Capsule Endoscope (WCE) is a healthy monitoring device provided by
a digital camera, and is used to examine the entire GI tract, without discomfort
or the need for sedation, as it transmits pictures wirelessly from inside the human
body. The idea of a radio transmitting capsule was first presented in 1957 by the
Rockefeller Institute of New York [12]. The proposed pill-shaped device was 1.125

3
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inches long and 0.4 inch in diameter with a plastic body resistant to the action
of digestive juices. It contained a small IMHz transistor oscillator and a replace-
able battery which was placed in one end of the medical device and which supplied
electric power for 15 hours. The other end of the device was sealed by a rubber
membrane which was used to transmit the variation in human body pressure to the
coil armature, thus varying the radio signal frequency.

Once the ingestible capsule was swallowed by the patient and its navigation tracked
through the digestive tract, it transmitted varying frequency signals based on chang-
ing GI tract pressure. These transmitted information signals were picked up by a
receiver circuit with an antenna fixed near the human body. The received signals
were then processed and finally displayed on a CRT monitor.

At almost the same time, the University of California developed another radio trans-
mitting capsule 28 mm long and 9 mm in diameter for monitoring environmental
blood pressure, temperature, and power of hydrogen (PH) value [13] [14]. In spite
of the limited clinical applications of these disposable pills, they contributed to the
development of the invention of the video capsule endoscope.

In May 2000, Given Imaging Ltd released the first wireless capsule endoscope

called the M2A Diagnostic Imaging System, which was small enough to be swallowed
(11 mm diameter and 26 mm in length) [3]. Its internal composition is illustrated
in Fig. 1.2, and mainly includes a camera, an advanced application-specific inte-
grated circuit (ASIC) video transmitter, lights and a battery. The video camera
was comprised of a complementary metal oxide semiconductor (CMOS) imager de-
signed especially for direct imaging within the digestive tract, a short focal length
lens, a lens holder, and an optical dome. The illumination system was based on four
optoelectronic light emitting diodes (LEDs) to ensure proper lighting for capturing
pictures. Two silver oxide batteries were used to supply the medical device functions
with electrical power for eight hours. Finally, an radio frequency (RF) transmitter
and antenna were taped to the capsule body which was used to transmit the video
images.
It is worth considering that the use of the CMOS imager, which requires much less
current than a charge-coupled device for comparable image quality, and the ASIC
transmitter, contributed to the reduction of the power consumption and, conse-
quently, saved the available energy of the battery for the imaging trip of the capsule
through the digestive tract [15].
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Figure 1.2: Internal structure of the M2A capsule endoscope: 1. optical dome, 2.
lens holder, 3. short focal length lens, 4. four LEDs, 5. CMOS image sensor, 6. two
batteries, 7. ASIC RF transmitter, 8 antenna [14].

Figure 1.3: M2A capsule endoscope scheme [2].

The Given Diagnostic Imaging scheme consists of three stages: the imaging cap-
sule, the data recorder, and the workstation as shown in Fig. 1.3. In the first stage,
a disposable, swallowable capsule acquires video images at a rate of two images per
second during its passive navigation by peristalsis of the GI tract. Based on the
transmitter and antenna means, the image information is then transmitted outside
the patient. In the second stage, the transmitted data are received by sensors array
placed on the patient’s abdomen and then subsequently stored in a data storage
unit of an external recorder places on a belt around the patient’s waist. In the final
stage, the image data are reclaimed from the recorder and sent to the workstation
equipped with Given Imaging’s RAPID™ (Reporting and Processing of Images and
Data) proprietary software, which is used by the endoscopist to display, evaluate,
and archive the video images [3].

The capsule endoscope M2A, which was renamed to PillCam later, received ap-
proval from the Food and Drug Administration (FDA) in 2001 for use in patients
[2] [16]. The camera in a pill represents a great breakthrough in the GI tract diag-

nosis because, it not only diminishes the suffering caused by a traditional endoscope
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manually inserted in a gastrointestine, but is also able to reach areas of the small
intestine that cannot be explored by traditional endoscopic means [17] [18] [11].
Therefore, it has quickly captured widespread attention and incredible interest from
endoscopists and bio-engineers. Since then, many other companies have released
similar capsule cameras and achieved a great deal of scientific research in this field,
such as the RF System Lab [19] and Olympus Corporation [20] in Japan, the Chong
Qing Jin Shan Science and Technology and Institutes in China, and the Korean
company IntroMedic [2].

1.3 Challenges of Capsule Endoscopes

The technique of the WCE has revolutionized the examination of the intestine; how-
ever, compared with traditional endoscopes, it has some technical limitations and
challenges to overcome before its adoption as a commercial diagnosis tool in hospi-
tals. Firstly, the capsule camera cannot be guided to point to a special examination
direction nor to stop at a site for interactive examination. This is because it is
moved passively by the natural GI peristaltic movement and gravity. Hence, it is
possible that some important GI portions [8] may not be photographed. Secondly,
the power capacity of the capsule batteries is insufficient to complete imaging of the
whole bowel, as the device’s passive navigation through the whole human GI tract
takes about 20 to 36 hours, but the battery can only supply electric power for eight
hours [21][22]. Finally, the capsule is not able to take biopsy samples from the target
GI tract or perform any treatment procedure, such as the removal of polyps, as a
traditional catheter endoscope can [2]. To overcome these obstacles, a new capsule
endoscope with a locomotion mechanism should be proposed in order to improve

the GI tract evaluation and control the medical device’s functionality.

1.4 Active Capsule Endoscope

Development and improvement of the WCE has been continuously considered by
many researchers and bio-engineers. Because major drawbacks of the endoscopic
capsule are associated with its uncontrolled movement, it is a key point to give the
endoscopist the ability to remotely manipulate the capsule through the digestive

tract effectively [23][24]. Hence, the medical device can be externally guided to
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examine and stop at any interesting spots for additional images, and can navigate
the unimportant digestive regions at a much faster speed than the passive movement
by the natural GI peristaltic waves and gravity [23][6][25][26][27]. Additionally, with
scientific advances in gene therapy and nano-technology, such an active capsule
endoscope can have injection, laser, microwave and radiation capabilities. These
can be exploited to achieve many therapeutic treatments like biopsy, drug delivery
[15] [28] curtailment of bleeding and the cutting out or removal of a tumour by a
remote laser in a capsule [29)].

In the last three decades, there has been a considerable interest by many researchers
in methods of controlled actuation for these devices. A number of internal and
external locomotion approaches, based on different actuation force sources, have
been proposed for endoscopic capsules. The most promising of these actuation
techniques are presented and discussed in the literature review in Chapter 2. The
majority of these methods are based on magnetic actuation, which is a potential
solution for remote capsule actuation. The reason for this is that there is no need
for any cable or wire to transmit the force, and that a permanent magnet does
not need a source of electrical power. In addition, the permanent dipole could
be manipulated remotely by the force and torque of an external magnetic field.
Furthermore, the motion trajectory of the magnet can be tracked through analysis
of its magnetic field distribution. By inserting a small permanent magnet inside
the capsule, localization information of the device may be obtained. The human
body, moreover, has no effect on the distribution of the magnetic field due to its
low magnetic permeability, which is the same as a vacuum. One other advantage is
that the control scheme can be performed with low cost [14][30][31]. However, there
are some drawbacks related to the magnetic navigation approach. One is that the
magnetic force is reversely proportional to the fourth power of the distance between
the coil and the magnet. Another is that the large suspension force for human
application at a distance of (15 — 20) cm means a large number of coil turns and
a high current, leading to an increased response time in the actuator and power

consumption problems, respectively.
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1.5 Contributions

The objective of this thesis is to design a control system to enable endoscopists to
remotely guide and actuate an endoscopic capsule inside the colon. The subject
of the proposed manipulation system is based on the magnetic levitation concept
which is considered a potential solution for capsule manoeuvring in the GI tract.

During the course of this thesis,
1. Magnetic field, force and torque are analysed for various actuation schemes.

2. Design and implementation of a 1D magnetic actuation system for the WCE
based on position feedback and using Hall effect sensors are explored. This

process involved several steps including:

e System design and dynamic modelling.

Feedback controller design for the system.

System simulation.

Magnetic actuator fabrication.
e Signal conditioning circuit design and implementation.

e Real-time controller implementation on a DSP.

3. The position feedback of the 1D control system is improved by using an AC
magnetic field and coil sensor to find the capsule position, eliminating the

influence of the actuator field.

4. There is optimisation of the response time of the control system and reduction
AC interference on the coil sensor signal by a linear power amplifier driven
from a digital to analogue DAC instead of the puls width modulation (PWM)

approach.

5. Further reduction of the position noise is achieved by implementing digital

filtering based on coherent detection in the DSP.

6. Several 2D control systems are designed, modelled, simulated, fabricated, and
finally implemented digitally in DSP based on LQR, separated PID, and bang-

bang techniques.
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7. The position feedback of the 2D simulation design is improved by using a pair
of 3-axis orthogonal coil sensors to provide the actuation algorithm by position

and orientation information of the capsule.

8. A realistic simulation model for a capsule actuation system based on 3DOF
LQR controller technique is designed and simulated in Matlab/Simulink to

validate the improved scheme.

9. Finally, to increase the maximum levitation distance to a realistic value for the
colon inspection, an optimised proposed system was designed based on Comsol
software for future control system in terms of increasing current, number of
turns in the coil, using a high permeability iron core, and finally optimum coil

structure design.

In summary, a very stable 1D control system is successfully implemented based on
DC magnetic position feedback. However, a more stable and robust control system
is achieved by using an AC magnetic position signal and digital filtering. The
successful implemented scheme can be adopted to actuate the capsule endoscope
through the whole digestive tract by moving the actuator frame based on a 3DOF
robotic manipulator. For a 2D control system, a better position feedback system is
required to implement an effective movement and rotation control system in colon
through providing the actuation algorithm with more accurate capsule position and

orientation information.

1.6 Publications Arising From This Research

1. I. K. Mohammed, B. S. Sharif, J. A. Neasham, and D. Giaouris ” Novel MIMO
4-DOF Position Control for Capsule Endoscope” Proc. of the IEEE ISCAS,
Rio de Janeiro, Brazil, 909-912 May 2011.

2. I. K. Mohammed, B. S. Sharif and J. A. Neasham, ”Design and Implemen-
tation of a Magnetic Levitation Control System for Robotically Actuated
Capsule Endoscopes ,” Accepted in IEEE ROSE2012 conference, Germany,
November 2012
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3. I. K. Mohammed, B. S. Sharif and J. A. Neasham, ”Design and Implemen-
tation of an Effecient Positiong System Based on Coil Sensor for Capsule
Endoscope,” Presented as a poster paper in Digital Institute Event, Newcastle

University, September 2012.

4. 1. K. Mohammed, B. S. Sharif and J. A. Neasham,” Study of 1D and 2D Mag-
netic Actuation and Positioning Systems for Capsule Endoscope” under prepa-

ration to be submitted as a journal paper.

1.7 Thesis Outline

The thesis is organised as follows:

Chapter 2, includes two main parts. In the first part, the background and types
of gastrointestinal endoscopes are presented, followed by internal and external pro-
posed locomotion mechanisms for CE. The theory of the proposed SISO and MIMO
controllers for an endoscopic capsule is presented in the second part.

In Chapter 3, mathematical analysis of magnetic field distribution around coil is
presented. It also states mathematical analysis of the magnetic force and torque
exerted by the actuator on a permanent magnet inside the endoscopic capsule. For
colon inspection purposes, proposed actuator coil design based on Comsol software
for realistic levitation distance is finally presented in this chapter.

Chapter 4, contains first original contribution of the thesis. It provides simulation
for both SISO and MIMO control systems. In the SISO system, dynamic modelling
and simulink design based on 1DOF PID controller using Hall effect and coil sensors
are presented. For the MIMO scheme, dynamic modelling and simulation design of
2DOF controller based on pole placement (PP), entire eigenstructure assessment
(EEA), and Linear Quadratic Regulator (LQR) techniques are introduced. Finally,
design and simulation for 3DOF linear control system based on the LQR approach
are also presented in this chapter.

In Chapter 5, the background and theory of two kinds of magnetic sensors, Hall
effect and coil, are presented. Position algorithms for an endoscopic capsule based
on these sensors with their circuits design and implementation are also introduced.
Finally, improvement of the position feedback accuracy based on a coil sensor using

the Discrete Fourier transform (DFT) technique is presented.
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Chapter 6 introduces real-time implementation of the SISO and MIMO simulated
systems based on the processor TMS320F2812 DSP in order to validate the pro-
posed actuation systems. Experimental results of the control system are included in
this chapter to confirm performance of the navigation system. Finally, conclusions

are given in Chapter 7 and the thesis ends with recommendations for future work.
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Chapter 2

A Review of Existing Actuation
Methods and the Background to

the Proposed Actuation System

This chapter includes two main sections. In the first section, a literature review
of potential existing actuation methods for capsule endoscopes is introduced. The
background and theory of SISO and MIMO controller techniques for the proposed

actuation system are considered in the second section.

2.1 Capsule Endoscope Actuation

Endoscopists and bio-robotic engineers have for some time been considering the
design and control of schemes that contribute to the locomotion and orientation of
the capsule in the digestive tract. There are many methods that can be adopted
to actuate the objects. However, using the most common approach, the rotating
electric motor, is considered an inapplicable procedure for the WCE due to the
difficulty of inserting the motor inside the small sized medical device. Moreover,
the motor needs an operating power which will shorten the long life of the capsule
batteries. This means the duration that an electric motor does not supply sufficient
power to the medical device for whole digestive tract evaluation [32]. Therefore,
the designers proposed other possible methods which can be applied to navigate the
WCE in the GI tract. These approaches will be addressed in turn as internal and

external capsule actuation techniques.
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Figure 2.1: A ovoid-shape endoscope that propels itself through the intestine via
electrically stimulating contractions of the gut [34].

2.1.1 Internal Capsule Guidance Methods

Many researchers have proposed different locomotion methods for a capsule endo-
scope based on the idea of attaching an active propelling device to the capsule.
So far, such a navigation concept has been the object of many endoscopists and
bio-robotic engineers. Gong et al. [33] presented their conceptual scheme for a
capsule endoscope as a joystick which not only communicates with the WCE but
also controls illumination, picture capturing, and data transmission from the device.
However, there is no control over the motion of the capsule.

Alexander Mosse et al. [34] proposed the first locomotion mechanism for a cap-
sule endoscope. They fabricated an acrylic ovoid-shaped endoscope provided by
two stainless steel electrodes mounted on the tapered section, which is used to ap-
ply electro-stimulation to the intestine wall. Fig. 2.1 shows schematic diagram and
prototype of the proposed ovoid-shape endoscopic capsule. The stimulation causes
a circular muscle contraction, which might propel the capsule within the digestive
tract. The experimental tests were carried out to evaluate the actuation perfor-
mance of the proposed locomotion scheme. Another locomotive mechanism based
on an electrical stimulus for small intestine navigation is proposed by Woo et al.
[35]. By contracting the bowel by electrical stimulus the capsule can propel itself
in the opposite direction, which can enhance speed of movement and change the di-
rection of the device. In vitro tests using a pig’s small intestine were carried out to
assess the actuator locomotion. The experiments showed that the electric excitation
of the bowel does not move the capsule quickly, and its movement is not smooth
and controlled.

Louis P. et al. [36] introduced an inchworm locomotion model for the capsule en-

13
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doscope based on extensor and clamper mechanisms to propel the device forward
through the first tract of the colon. Experimental results and analysis of the loco-

motion efficiency are reported.

Researchers have focused on bio-inspired mechatronic methods for the actuation
of the WCE. A series of active actuation mechanisms based on bio-inspired legs
have been developed by the research team of CRIM Lab [2]. Menciassi et al. fabri-
cated a capsule-type micro robot with a legged locomotion mechanism based on a
sliding clamper solution [37] [38] and shape memory alloy (SMA) clamping devices
[39] for semi-autonomous colonoscopy. The proposed legged locomotion systems are
designed to have self-propelling and guiding abilities. For controlled pneumatic ac-
tuation power, a control system is needs to be applied, which is usually quite large
and unsuitable for wireless movement. Therefore, this team has started to develop
a device with SMA legs [40] [41], which are driven by micro stepper motors.

The locomotion mechanisms for on-board actuation of the legs have been developed
and evaluated in vivo experiments. However, there are many drawbacks related
to the proposed model; firstly, its positioning is still ill-controlled as the proposed
mechanism is based on the SMA actuation. Furthermore, the hook actuation needs
more electric power than it is possible to provide from the capsule batteries. Finally,
the locomotion of the device with this legged mechanism system is not wireless, as
it is still wired with a supplying electric power.

Kim et al. [27] [42] proposed a capsule prototype with a locomotion mechanism
based on SMA springs and micro hooks. Authors fabricate a prototype locomotion
system inserted in a dummy capsule using micro brushless motors, an ionic poly-
mer metal composite actuator, SMA springs, and clampers. In the proposed active
mechanism, four SMA springs are chosen to be microactuators for the capsule, and
stopping devices are based on four biomimetic clampers. The actuation of the robot
is based on heating and cooling of the springs, heating achieved by ohmic heat,
generated by the current flowing through the springs. By repeated cycles of heating
and cooling process, springs connector can move forward. The in vitro tests were
carried out to evaluate the movement ability of the robot capsule.

However, the proposed actuator is not able to move backward for additional eval-
uation. Furthermore, the experiments showed that the proposed method was not

as efficient for capsule actuation, and the average moving speed of the actuator was
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Figure 2.2: Robot endoscope [43].

slow at approximately 14.7 mm/min. The reason for this is that the increase in the
clamping failures is associated with the deformation of the colon’s shape. On the
other hand, heating and cooling of the SMA actuator are required in order to achieve
the capsule movement in the tested digestive tract, and because the human body is
a closed environment, the cooling speed of the actuators is very slow, thus reducing
the speed of the robot. In order to increase the actuator speed, a sequential control
with two or more clamping modules are required. Moreover, the actuation of the
capsule with this locomotion mechanism is not wireless as it still needs to connect
to external power via electrical wires. Thus it is difficult to include the actuator
and the power supply within a swallowable capsule. Finally, the micro robot was
not designed based on capsule functions such as a micro camera, an RF system etc,
and its actuation was not even evaluated for in-vivo test.

Wang et al. [7] fabricated a prototype of a new magnetic actuator system based
on an inchworm-like locomotion mechanism with a reasonable size of capsule en-
doscope. The actuator is composed of a permanent magnet, a plunger, a solenoid,
and a cone-shaped polymer. By applying an alternating current to the solenoid, the
dipole will make a vibrating movement based on the electromagnetic force. With the
directional difference of friction produced by the cone-shaped polymer, the actuator
could achieve a forward displacement on the 2D surface. Experiments based on two
types of surface were carried out in order to study the effect of the various frictional
coefficients and find the suitable exciting voltage and frequency which governs the
actuator’s velocity. The actuator still needs to connect to an external power supply
via cables, which make its use in the WCE impossible. Furthermore, the actuator

is not validated based on the capsule functions such as camera, illuminating LEDs;,
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transmitter and so on. Finally, further investigations of its controllability and safety
should be considered for use on a patient’s body.

Valdastri et al. [43] proposed a new active locomotive mechanism for the capsule
endoscope. They fabricated a prototype of a legged endoscopic capsule robot with
mechanical components matching the dimensions of a commercial WCE. The robotic
capsule had 12 legs made of superelastic SMA and ending with hooks for friction
proposes. These were placed axially nearer the centre of the device to enhance
turning as shown Fig. 2.2. Control of the legged capsule’s movement is based on
a human machine interface (HMI). The in vitro and in vivo tests were carried out
to evaluate the locomotion ability and the velocity of the capsule based on the pro-
posed locomotive mechanism. The experimental tests proved that the legged robotic
capsule could proceed with a maximum speed of 50 mm/min and stop in the colon.
However, the proposed legged robotic device still needs to connect to external power
using wires, so it is difficult for this technique to be used in the WCE. Additionally,
further investigations of actuator safety are required before it is used in the human
body. Finally, the speed of the proposed legged robotic capsule is still not high
enough as the evaluation procedure of the whole colon is based on the maximum
robotic capsule speed, and needs more than 30 minutes, which is long time compared
with the evaluation time based on another capsule robot proposed by Park et al.
[44] .

The proposed robot, which is based on paddling locomotive mechanism, can propel
itself by six paddling legs driven by a linear actuator based on a stepper micromotor
and lead screw together with two mobile cylinders inserted inside the capsule. The
structure of the 13 mm x 30 mm capsule-shape microrobot is shown in Fig. 2.3. The
in vitro tests using a porcine small intestine showed that the microrobot could move
with a velocity of up to 6.42 mm/s.

However, the experimental study was achieved on a micorobot device structure with-
out any endoscope functions. Furthermore, the micorobot was powered externally
through wires that prevent the possibility of using it in the WCE. Lastly, the moving
speed of the robot still not high enough. Therefore, the research team developed
their micro robot and fabricated a modified wireless paddling-based locomotive cap-
sule endoscope as shown in Fig. 2.4 [45]. The in vivo experiments in the colon of
an anesthetized pig showed that the paddled capsule endoscope could move forward

and backward with an average velocity of 17 cm/min coordinately the evaluation of
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outer
cylinder

wired-type
pin

inner

cylinder

slit

robot outer-body

e B Qi R W

micro motor

lead screw legs

Figure 2.3: Internal structure of a paddling based microrobot for capsule endoscope

[2].

Figure 2.4: Prototype of developed paddling based robotic capsule endoscope [45].

the colon takes 20 minutes. However, further assessment of its controllability and
safety is required before adoption in the diagnosis of human digestive organs.
Wang et al. [46] developed a hybrid active locomotion system for capsule endoscope
combining internal actuation mechanism and external magnetic guiding. They fab-
ricated an internal actuator based on a micro motor integrated on-board a capsule
dummy for driving force. A small cylindrical permanent magnet is embedded in
the capsule used to control the device’s orientation and enhance the driving force
through its interaction with an external magnetic field generated from a cuboidal
permanent magnet fixed on a 6DOF robotic arm. The 18 mm (diameter) 64 mm
(length) prototype of the capsule-shape microrobot and its internal structure are
shown in Fig. 2.5. Rotating the motor by a controlled electrical power from the in-
serted batteries will move the capsule forward and backward by the spiral structure
fixed on its body. The external guidance based on the external magnetic field will
enhance continuity of the rotation movement and control the capsules orientation
during evaluation procedure.

The in vivo tests showed that the dummy capsule with the wireless internal actuator
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Control

circuit

Figure 2.5: Prototype of a capsule-type robot with external guidance for capsule
endoscope and its internal components [46].

Figure 2.6: Prototype of a hybrid capsule-shape micro robot [47].

and external guidance system could achieve controlled movement with a maximum
velocity of 4.2 mm/s in the porcine large intestine. However, the battery power was
only sufficient to run the motor for a few minutes and, moreover, the moving speed
of the actuator was not high enough. Finally, further miniaturization of the size of

the proposed internal actuator is required for installation in the capsule endoscope.

In 2010, a new hybrid miniaturized endoscopic capsule for the digestive tract
evaluation is proposed by Simi et al. [47]. They fabricated a prototype capsule-type
micro robot with a hybrid active locomotion system which merges with an internal
actuation mechanism with external magnetic dragging. The internal actuator is
based on a micro motor, which is inserted with a supplying battery in the capsule,
to drive the legs fixed on the body of the device. The external actuator is based
on the magnetic interaction between a set of small cylindrical permanent magnets
embedded in the capsule and a big external cylindrical permanent magnet mounted

on a passive hydraulic arm controlled by the operator.
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Fig. 2.6 shows a prototype model of the proposed capsule-shape micro robot. In the
proposed navigation system, the internal legged mechanism is actuated whenever
the device gets lodged in the tissue folds of the GI tract in order to free the cap-
sule from the collapsed regions so that dragging the capsule magnetically becomes
feasible and effective. The in vivo and in vitro experiments were carried out to val-
idate the proposed hybrid locomotion system. The practical tests based on the in
vitro tests showed that the proposed hybrid capsule could proceed with a maximum
moving speed of 8 cm/min. It is worth considering that the achieved speed based
on the hybrid locomotion scheme is considered the higher compared with their pre-
vious legged capsule prototypes. The 4-leg, 8-leg, and 12-leg capsule speeds were 3
cm/min, 4 cm/min, and 5 cm/min respectively [48][49][50].

However, the actuation of the proposed hybrid locomotion mechanism was not val-
idated for capsule endoscope functions and the supplying ability of the inserted
battery. Additionally, further miniaturization for the hybrid capsule size is required

in order to achieve a swallowable capsule size.

Several kinds of active locomotion mechanisms have been proposed for capsule
endoscope. However, most of these techniques are complex and their performance is
still inadequate due to the inability to achieve a stable and smooth movement with
a steady speed in the tested digestive organ. Therefore, the controllability of these
approaches still needs further improvement. Additionally, further investigations for
their safety also need to be considered for the human body.

On the other hand, some of the proposed methods, such as an inchworm-like lo-
comotion, SMA-based locomotion, and stimulation-based mechanisms, still need to
connect to an external power supply using electrical cables due to the large electri-
cal power required to drive their actuators, so it is difficult for these capsule-shape
robots to be used in the WCE. Moreover, further size miniturization for most pro-
posed robotic navigators is required in order to achieve a swallowable pill size. Fi-
nally, the actuation performance of most proposed locomotion mechanisms has not
been not validated for capsule endoscope functions [2][7][27][36][42][43][46-50].

Consequently, due to the above difficulties and drawbacks associated with the use
of some active locomotion devices, another propelling method in passive mode has
been proposed by many research groups for capsule endoscopes based on the force

and torque produced by the external magnetic field. This is discussed in the next
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section.

2.1.2 External Capsule Guidance Methods

External actuation can be achieved by using small permanent magnets inside the
endoscopic capsule coupled with an external magnetic field, generated either by elec-
tromagnetic coils [51] or permanent magnets [9][11]. This method does not require
supplying electric power from the on-board battery, hence saving available energy
to operate other different device functions. [47].

In 1991, Fukuda [52] proposed the control and actuation idea of a micro mobile
robots without any electrical wires or cords based on an external electromagnetic
field generated from coil. The presented method could be used for small pipe in-
spections and the bio-medical field. A Giant Magnetostrictive Alloy (GMA), which
does not need any power supply wires, was used as a macro actuator to move legs
fixed on the bodies of two types of cableless mobile microrobots. The actuation of
the proposed microbobots is based on the inchworm-type locomotive mechanism.
The motion depends on the expansion and contraction of the actuator which are
controlled by regulation of the coil position. The experimental tests showed that
the non-contact type of actuator could proceed with a moving speed of 0.75 mm/sec
based on an exciting current with an amplitude of 3.2 A and frequency of 80 Hz.
However, the proposed mechanism is not validated based on the in vitro tests. Fur-
thermore, development of the robot’s velocity is required in addition to further
investigations of the mechanism’s controllability and safety, which need to be con-
sidered for the human body. Therefore, the development and improvement of the
capsule’s actuation methods has been a target of many engineers and research cen-
tres. Guo et al. [53] proposed another in-pipe micro robot driven on the basis of a
screw mechanism which can be used in the medical field and industry applications.
Experimental tests have taken place on the cableless micorobot to evaluate its nav-
igation ability. The practical results showed that the in-pipe actuator could propel
itself forward with a moving speed of 42 mm/s. However, the proposed actuation

system is not validated based on the GI in vitro and in vivo tests.

For the purposes of the GI tract inspections, a new capsule actuation system

has been proposed by a Japanese company "RF System Lab”. They fabricated a
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Figure 2.7: NORIKA 3 wireless capsule endoscope and its internal structure [19][54].

prototype of a robot capsule endoscope as shown in Fig. 2.7(a); definition of its
internal structure is presented in Fig. 2.7(b) [54]. Wireless power transmission is
adopted to externally power the actuating device.

A schematic drawing of the proposed locomotion mechanism is depicted in Fig. 2.8.
Three coils are situated at 60-degree intervals inside the capsule body, which plays
a role akin to rotor coils, while three other coils inserted in a vest-like jacket act as
starters. An external power unit is used to transmit electric power wirelessly in order
to charge the capsule capacitor. Through the quick release of the charged energy to
the rotor coil, a strong magnetic force is generated within a short period of time so
as to rotate the medical device. The magnetic field’s direction of the stator decides
the rotation direction, and thus drives the capsule forward or backward. In the

proposed control mechanism a remote operation with a joystick is used not only to
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Figure 2.8: NORIKA 3 rotation mechanism [54].

control the capsule rotation movement but also to adjust the device lighting volume
and switch it to infrared spectrum for multiple analysis. However, this locomotion

mechanism is unable to control the orientation angle of the capsule [2][19] .

In 2004, another Japanese company, the Olympus Medical Systems Corporation
also adopted a new magnetic guidance method for a capsule endoscope, developed
by Sendoh et al. at Tohoku University [55] [56]. They fabricated a capsule dummy
actuator for the colonoscopic navigation scheme, with the actuator being composed
of an axially magnetized permanent magnet inside a capsule with a spiral structure
made of rubber. The inserted magnet is rotated wirelessly by applying an external
rotational magnetic field; and thus the capsule moves forward and backward by the
spiral structure, as demonstrated in Fig. 2.8. The in vitro tests were carried out to
examine the locomotion performance of the dummy capsule based on the proposed
mechanism. The experiments proved that the capsule movement speed depends
on the height of the spiral structure. It is worth considering that this locomotion
technique needs a uniform external magnetic field in any direction, which may be
created by three pairs of orthogonal coils placed outside the human body.
Although the proposed mechanism can achieve both forward and reverse capsule
motion, it has some drawbacks. Firstly, its actuation system is based on open-loop
control system. Secondly, the exciting currents of the external magnetic sources

seem to be too high. Lastly, the rotational movement of the capsule could cause
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blurring in the captured images.

Therefore, an alternative proposed scheme is considered, as developed by Hu et al.
[8][22]. They used a magnetic localization and orientation sensor array system to
measure the position and orientation of the embedded magnet. They implemented
a closed-loop control system to adjust the current of the three pairs orthogonal coils
based on the information from the sensors. Based on the regulated rotational mag-
netic field, the capsule with the spiral structure can propel forward and backward.
Analysis of the magnetic force and the magnetic field distribution, together with the
simulation of the proposed actuation system, are reported. However, the proposed
method is not validated in real-time experiments.

In 2011, this idea was similarly proposed for GI tract examinations by Zhong et
al. [57]. They inserted a small permanent magnet in a dummy capsule and used
an external rotary magnetic field produced by two pairs of orthogonal rectangular
coils to rotate the device. With the help of the spiral structure on its surface, the
device can move forward and backward. Validation of the proposed scheme in the
in vitro tests was carried out. Regarding the simulation analysis, the thickness of
the coils winding was taken into consideration in the analysis of the magnetic field
distribution. In addition, simulation experiments were carried out to analyse the
relation of the size of the electromagnets and the character of the magnetic intensity
distribution. However, as well as the blurring problems of the captured pictures,
as mentioned earlier, the propulsion capsule force is not controlled as the position
feedback is not considered in the proposed actuation algorithm. Moreover, the ori-
entation of the capsule is not controlled.

Hong et al. [58] fabricated a new preliminary magnetic actuation system for a cap-
sule endoscope based on a twistable thread module mechanism. They inserted two
disc-type permanent magnets inside the MIRO capsule endoscope with its magneti-
zation direction perpendicular to the central axis; these dipoles acted as an internal
armature magnet. Fig. 2.9 shows the prototype of the capsule-type actuator. An
external permanent magnet, which was used as a source of actuation magnetic field,
was connected across an electric motor and then fixed on a 5DOF (x,y,2,0,¢) mov-
able frame. Rotating the external permanent magnet by the motor, and having its
symmetrical axis parallel to that of the capsule, also rotates the device.

The capsule can then move and orient itself to any interesting spot in the tested di-

gestive organ by moving the external magnet using a 5DOF robotic movable frame.

23



2.1 Capsule Endoscope Actuation

Electrodes Magnets CMOS
Sensor
] . 7 vV
El | I
s \
- = S L
- - e —— Batteries
28 mm

Figure 2.9: Experimental WCE based on MIRO [58].

Experiment tests for the capsule velocity based on single, double, and triple twistable
thread modules in an artificial tract were carried out and compared. The practical
results showed that the capsule based on the double thread module, the thread pitch
angle of 35°, and the external magnet rotated at 24 rpm, could proceed through the
colon simulator with a velocity not faster than 300 mm/min.

However, precise movement of the robotic movable frame was not enough to stabilize
the implanted magnets in the free space of the investigated organ. To achieve that,
the attraction force between the magnets must be controlled based on a closed-loop
control system. Moreover, the captured pictures, as mentioned previously, were
blurred due to the rotation movement of the capsule.

In 2012, a new magnetic actuation approach was proposed by Yim et al. [59]

[60] for a capsule endoscope. They fabricated a prototype of a compliant magnetic
capsule robot for medical procedures in the stomach. The device was actuated and
oriented magnetically based on a rolling locomotion method. They implanted two
permanent magnets in both ends of a dummy capsule made of soft elastomer and
used the force and torque of an external permanent magnet connected across a motor
and mounted on a movable frame to rotate the capsule. Preliminary tests for the
proposed navigation method in the stomach simulator were carried out.
However, the magnetic force of this actuator was not controlled to manipulate the
capsule in the free space of the tested organ. Additionally, further investigation of
its safety is required before its use in the human body, as the rolling locomotion
of the capsule could damage the internal wall of the stomach. Finally, the axial
movement of the device could prevent the taking of pictures for some interesting
spots in the investigated organ.

A new actuation strategy for a capsule endoscope is proposed by Federico et al

[11]. They fabricated prototype magnetic shells made of a silicon rubber mixed with
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Figure 2.10: (a) Endoscopic capsule and elastic shell. (b) Application of the shell
to the capsule. (c) Resulting capsule/shell complex [11].

magnetic particles to cover the central part of the capsule as shown in Fig. 2.10.
These elastic shells were adopted to actuate the capsule through their interaction
with an external magnetic field which is generated from magnetic cylindrical discs
handled by the operator.

Based on the different configurations of the shells, it can achieve different types
of capsule motions. Manipulation of the position and orientation of these magnetic
sources can control the actuation and rotation of the capsule/shell complex. Prelim-
inary bench tests reported that the use of an external magnetic field could translate
and rotate the capsule/shell complex wirelessly within sample tubular structures
made of bovine tissue.

However, it is hardly possible to actuate the device along the digestive tract, un-
less the lateral magnetic actuation force of the system is large enough to overcome
the friction force between the capsule and the internal wall of the tested organ.
Moreover, the system needs further work to optimise both the shell design and the
magnetic field sources to achieve an applicable actuation system.

In 2011, A robotic magnetic navigation scheme (Stereotaxis system) was used by
Carpi et al. [61] to robotic steering of a capsule/shell complex based on a M2A cap-
sule camera. In vivo experiments were carried out in the main organs of the digestive
tract in a domestic pig model, and the medical device was tracked in real-time us-
ing fluoroscopic imaging. However, the magnetic guiding instrumentation should be
validated by using it with the next generations of endoscopic capsule schemes.

G. Kosa et al. [18] fabricated a miniature swimming mechanism for a capsule
endoscope, using the static (B0) and radio frequency (RF) magnetic field inherently
available in a magnetic resonance imaging (MRI) scanner for both capsule move-
ment and wireless energy delivery. The proposed mechanism, as shown in Fig. 2.11
included three waving tails with three coils in each. Propulsion force was generated

through passing alternating current in the coils on the static magnetic field of MRI.
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Figure 2.11: Steerable swimming micro robot for the MRI. [18].

The MRI's RF magnetic field was used to power the coils of the swimming tails.
The preliminary results showed that the capsule with swimming tails could move
based on the MRI’s magnetic field. However, this limited experimental study was
not performed on a dummy capsule and the proposed mechanism was not validated
based on a practical environment. Moreover, the capsule propulsion force was not
controllable.

In 2012, Lien et al. [62] proposed a magnetic actuation system to enable sur-
geons to control the mobility of the endoscopic capsule by means of moving their
own hands as previously proposed by [11][61]. They fabricated a new prototype
capsule endoscope equipped with shorter and longer focal length lenses for visual-
ization of close-up and far-end stomach wall. A side-magnetized permanent magnet
was embedded into the capsule to enable remote locomotion. An external magnetic
field navigator (MFN) based on a permanent magnetic rotor with a built-in stepping
motor was fabricated to manoeuvre the capsule inside a stomach. Fig. 2.12(a)(b)
shows the prototype model of the fabricated endoscopic capsule and the MFN re-
spectively. The ex vivo and in vitro tests were performed to validate the locomotion
capabilities of the proposed navigation system using both simulated and resected
porcine stomachs. However, the proposed endoscopic capsule was not wireless as it
still needed to be connected to power and image data transfer cables. Moreover,
further assessment of its safety and controllability is required before its adoption in

practice.

2.2 Magnetic Levitation Technique

Magnetic levitation is a powerful technology for noncontact suspension and manip-

ulation of objects using magnetic fields. Generally, the manipulated objects are

26



2.3 Background of Proposed Navigation System

Optical Imaging Module
(CMOS Sensors and Lens) Optical Imaging Module ome y Permanent Magnet
(CMOS Sensors and Lens)

2

‘[' ——

Power/Signal
¥ Transmission Line
Permanent Magnet

White Light LED

Stepping Motor

Optical Dome

(a) Prototype capsule endoscope (b) Prototype MFN

Figure 2.12: Prototypes of proposed endoscopic capsule and its external MFN [62].

either steel or permanent magnets, in this application a small permanent magnet
embedded in the capsule endoscope used a levitated object. Basically, the mag-
netic suspension scheme are open-loop instable and inherently nonlinear with fast
dynamics [63]. According to Earnshaws Theorem [64], it is impossible to achieve a
stable and static suspension for permanent magnets in space using only fixed mag-
netic fields. This means that if the magnetic dipole is to be levitated stably, the
external electromagnetic field must be time-variant, and this should be achieved by
a closed-loop control system.

The feedback control of the magnetically levitated magnet has received a great deal
of interest from many of controller design methods. In this thesis, two control
systems named SISO and MIMO are investigated for capsule actuation. A PID con-
troller is adopted for 1D capsule locomotion system due to its ability to effectively
regulate the suspension scheme, under the assumption of a well known controller
gain parameters [65]. Where as the PP, EEA, and LQR approaches are considered
for the 2D capsule control. In the next section, background and theory of these

proposed controllers techniques are considered.

2.3 Background of Proposed Navigation System

2.3.1 Controller Techniques

Magnetic levitation systems are inherently unstable and, therefore, applying a con-
trol system with feedback is required to achieve the stabilization of the suspending

object. The usual purposes of feedback in practice are [66]

1. To optimise or ensure the system stability.
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Figure 2.13: Block diagram of PID controller.

2. To decrease the sensitivity of the control scheme to modelling errors.

3. To support the system’s ability to reject disturbances and to attenuate noise

of the system hardware components.
4. To change the transient response of the scheme.

In this section, controller techniques for SISO and MIMO systems are presented for

the problem of control.

2.3.1.1 1D Controller technique

A PID is the most popular and commonly used industrial controller due to its
simplicity and performance characteristics [67]. This technique is simple to realize
for SISO schemes since the control parameters are relatively independent. Fig. 2.13

shows the structure of the PID controller, in block diagram, as given by:

de(t)
dt

¢
u(t) = Kpe(t) + K, / e(t)dr + Ky (2.1)
0
Basically, a PID controller generates an output control signal u(t) based on the
controlled error signal e(t) between the desired input and actual system output. The
control signal is calculated by involving three separate parameters: the proportional
gain K, the integral gain K, and the derivative gain K. It is accordingly also called
three-term control: the proportional (P), the integral (I), and the derivative (D)
values. P depends on the current error value, I on the accumulation of past errors,
and D is a prediction of future errors. The controller attempts to minimize the error
by regulating its gain parameters. The response of the controller is evaluated based

on the response error, the level to which the controller overshoots the reference input
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and the degree of system oscillation. The influence of the PID controller terms on

the response of the closed-loop control system can be clarified as follows:

e Proportional term. It produces a control action that is directly proportional
to the present error value. The expression of the proportional output is given
by:

P, = Kpe(t) (2.2)

The system can become unstable, if the proportional part is too high. In
contrast, the control action of the system based on too low proportional gain

may be too small when responding to scheme disturbances.

e Integral term. This is proportional to both the duration and magnitude of
the error, and can be expressed by multiplying the integral gain K; by the
accumulated error, which is the sum of the instantaneous error over time, as

follows:

Lot = K, / e(r)dr (2.3)

The integral part accelerates the movement of the process towards the desired
input and eliminates the residual steady state error that occurs with a pure
proportional controller. However, since the integral part responds to accu-
mulated errors from the past, it can cause the present value to overshoot the

demand value.

e Derivation term. This is termed by multiplying the error gradient time by
derivation gain K4, and it can be expressed as follows:

de(t)

D, = K,
t =

(2.4)

Derivative control is used to reduce the overshoot level produced by the integral
component and improve the combined controller-process stability. However,
the derivative term slows the transient response of the controller. Also, dif-
ferentiation of a signal amplifies noise and thus this controller part is highly
sensitive to noise in the error term, and can cause a process to become unstable

if the noise and the derivative gain are sufficiently large.
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Finally, in most control applications, proper tuning of the gains K, K;, and K, in
the controller algorithm, can enable the controller to provide control action designed
for specific performance. Therefore, this technique can be adopted to implement our
1D capsule actuation system.

Based on the root locus controller design method, the time domain specifications
of the control system, which include rise time ¢,, overshoot M, and settling time
ts, are used to determine the damping factor ¢ and the natural frequency of the

controller w,, as follows:
log, (0.01M,,)

<= /72 + log_(0.010,)? (2:5)
4
Wnp = E (26)

Using on (2.5) and (2.6), a pair of complex dominant poles for the closed-loop control

system is calculated as follows:

812 = —Cwp £ jwp\/1 — (2 (2.7)

Based on the desired time response of the control system ¢, and M, the closed-loop
poles are assigned and are then used to determine the controller gains required to

stabilise the system [68] [69].

2.3.1.2 2D Controller techniques

For multi-variable systems, i.e. systems with MIMO, the design of multi-degree
of freedom (MDOF) controllers requires the formulation of the systems in state
space form. In this research project, three methods are adopted to implement the
controller of the MIMO system: entire eigenstructure assignment (EEA), pole place-

ment (PP), and linear quadratic regulator (LQR).

EEA Method

The EEA controller approach depends on the assignment of the closed-loop eigen
values and their associated eigenvectors which have an influence on the time re-
sponse of scheme. In the MIMO case, there are an infinite number of feedback
matrices that can assign a specific set of closed-loop eigenstructures. The controller
can be applied successfully to the synthesis for both MIMO regulators and tracking

systems; applying this approach in tracking systems requires the number of outputs
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Figure 2.14: Block diagram of the control system based on EEA technique.

that can be attracted to be less than the number of control inputs [70].
For a controllable open-loop time-invariant (TT) MIMO system presented by the

following plant state and output equations:

X(t) = AX(t) + BU(t), (2.8)
Y(t)=CX(t) + DU(t), (2.9)

the control law
Ut) = KX, (2.10)

where K = [K; K] is the gain matrix and X = [X ¢|7 is the composite state vector
of the open-loop system, is applied to the plant in order to assign its both closed-loop

eigenvalues spectrum

o (Au) = { M, A2y Aseee Ansp ) (2.11)

and an associated set of eigenvectors [70]

v (A_cl) = {01,1)2,@3 ----- Un+p} (2-12)
Ay =A+ BK (2.13)
o R A 0] _
where A, is the closed-loop plant matrix, A = , B= . Based on
-C 0 0

(2.10), the above equation can be rewritten as:

_ A+ BK, BK
A, = 1 2 (2.14)
—C 0
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The closed-loop eigenvalues and associated eigenvectors of the feedback tracking

system can be seen as a block diagram in Fig. 2.14. These are related by:
(/[d)'Ui = Aivia 1= 17 2a - N (215)

If we define
v; = Kv;, fori=1,2,..n (2.16)

Then (2.15) can be written as follows:

S(\) =0, i=1,2,..n (2.17)
(0

where S(\;) = [(A —XI) BJ is an n x (n + m) matrix, for the above quality to

hold, the following is required:

v;

Vi

€ kerS(\), i=1,2,..n (2.18)

where kerS(A;) denotes the Kernel or null-spaces in the S(\;) which must be oc-
cupied by the vectors [v; ;]T. Using (2.16) for every i = 1,2,..,n, we obtain the

following form of the state feedback gain-matrix:

K=vV™1' i=12.,n (2.19)

tion, V must be invertible. This is in general possible when the desired closed-loop
eigenvalues spectrum contains no eigenvalues of the open-loop matrix A. If the de-
sired eigenvalue set is specified and the associated eigenvectors are selected to satisfy

(2.17), then an optimal gain-matrix K is determined from (2.19).

pole placement Method

It is well known that in order to change the characteristics of a plant, a closed-loop
control system based on a controller technique must be applied. Changing efficiency
depends on the type and robustness of the controller used. For a completely state

controllable system, the full state feedback gain matrix based on the PP technique
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is designed to provide sufficient number of controller design parameters in order to
move all the arbitrary closed-loop poles independently of each other and place them

at desired locations [71].

e Algorithm. Consider a completely state controllable system with a state and
output equations (2.8) and (2.9), the state feedback supplied for regulation
design is given as:

U(t) = —KX(t), (2.20)

where K is state feedback gain matrix. The closed-loop state equation can be

obtained by substituting (2.20) into (2.8)

X(t) = (A - BK)X(t). (2.21)

This state equation expresses the scheme composed by merging the plant with
the controller. It is a homogeneous equation without input, and its solution is
given by:

X(t) = N BEIXO X (0), (2.22)

where X(0) is the initial state vector caused by external disturbances. The
control input U(¢) drives the system states to zero for arbitrary initial condi-
tions. The eigenvalues of closed-loop plant matrix (A — BK), which are also
called the regulator poles, are used to make the system stable and satisfy its
transient response characteristics. If the regulator gain matrix K is chosen
properly, then it can be made as an asymptotically stable matrix, and for all
X(0) # 0 it is possible to make the state vector X (t) approaches 0 as t ap-
proaches infinity.

A gain matrix K that yields the closed-loop poles (p1, pa, pn) can be obtained
by solving the equation [72]:

det (sI — A+ BK) = (s —pl)(s — p2)....... (s — pn). (2.23)
For tracking MIMO systems, the control law applied is given by:

U(t) = K(Xa(t) — X(1)) — KaXa(t), (2.24)
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where K is a state forward gain matrix and X,(¢) is the desired state vector.
If X,4(t) is linear and time-invariant, then it can represented by the following

state equation:

Xa(t) = AXa(t), (2.25)

where A, is state dynamic matrix (nxn). The error of tracking system is given
by:
e(t) = Xq(t) — X(t) (2.26)

Subtracting (2.8) from (2.25) and substituting (2.24) yields the following plant

state equation in terms of the tracking error:
é(t) = (A— BK)e(t) + (Ag — A+ BKy) X4(t) (2.27)

The feedback gain matrix K is calculated by solving (2.23), while forward gain
matrix Ky, which is used to reduce the tracking error to zero, is determined

based on (2.27) as follows:

Ky=BYA—- Ay (2.28)

e Eigenvalues selection. The system can achieve different performances based
on different closed-loop system pole locations. Based on the desired response

the suitable scheme eigenvalues are assigned.

linear quadratic regulator method

The optimal control method LQR is another technique for MIMO control system.
The idea behind the approach is to transfer the designers iteration on pole locations
as used in the full state feedback method to iterations on the elements in a cost
function J. This method determines the gain that minimizes the objective function
J in order to achieve some compromise between the use of control effort and the

plant characteristics that will guarantee a stable system [73].

e Algorithm. Suppose that a system is defined by:

X(t) = AX(t) + BU(t) (2.29)
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2.3 Background of Proposed Navigation System

This approach involves applying the input vector [71]
U(t) = Ke(t) — KqXq(t), (2.30)

where K and K are the optimal feedback and non-optimal forward gain ma-
trices respectively, in order to track the input commands while minimizing the

following LQR quadratic cost function:

J = /OOO [e"(1)Qc(t)e(t) + UT(t)R(E)U(t)] d(t) (2.31)

where Q(t) and R(t) are the state and control weighting matrices respectively
which are square and symmetric. Typically, in linear control theory [74], the

feedback gain matrix K is given by:
K=R'BTP (2.32)

where P is a unique, positive semi-definite solution to the continuous Riccati

equation given by:
ATP 4+ PA—PBR'BTP+Q =0. (2.33)
While K, can be calculated by solving the following equation [71]:

BE X4(t) = AXy(t) (2.34)

Weight matrix selection. In the LQR design method, the weight matrices
Q(t) and R(t) are set such that the closed-loop system can achieve the de-
sired performance which include system stability based on reasonable control
effort. The LQR controller is an iterative bound because the parameters of
the weighting LQR matrices are determined by trial and error [75][76]. The
selection of these gain matrices is weakly connected to the performance spec-
ifications of the scheme, and therefore, a certain amount of trial and error
is required with an interactive computer simulation before satisfactory design

results are seen.
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2.4 Chapter Summary

2.4 Chapter Summary

The design of a safe and reliable navigation scheme for the WCE is a very significant
step to activate its role in evaluation of the digestive tract. For decades, a number
of researchers have used different techniques to design many actuation systems for
the endoscopic capsule. In this chapter, the literature review of several internal
navigation schemes based on different locomotive mechanisms and external actuation
systems for the capsule endoscope have been presented. The actuation performance
of these systems was also analysed based on controllability, moving speed, size, and
power consumption parameters. However, the active mobility of a medical device
is still in the developmental stages and a reliable endoscopic capsule model is not
available commercially yet. In this chapter, background and theory of the SISO and

MIMO proposed controller techniques were also discussed.
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Chapter 3

Theory and Analysis of Magnetic

Actuation

This chapter provides a general derivation of the mathematical expression for mag-
netic field density in the 3D (x,y and z) produced by a magnetic dipole (electro-
magnetic coil, permanent magnet). Coil geometry (core width and height) and its
electrical parameters (current, number of windings, core permeability) are consid-
ered in optimisation of actuator structure design. The magnetic field produced by
coils with different physical dimensions and electrical parameters is assessed based
on the strength and uniformity of the field along local axis criteria.

This chapter also focuses on the mathematical analysis of the magnetic force and
torque exerted by the external magnetic source on the embedded magnet in the
capsule. The magnetic force formula has been stated in the Cartesian coordinate
system. In the xz-plane, for distances bigger than the characteristics length of the
coil, magnetic force and torque formulas are expressed in a spherical coordinate sys-
tem. This is also done for the purpose of the simplicity of the capsule orientation
expression.

Finally, the proposed actuator was designed using Comsol software (COMSOL Mul-
tiphysics 3.4 version) through optimising the physical dimensions and electrical pa-
rameters of the proposed coil, such that it can maximise the levitation distance to

a realistic value for colon examination.
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3.1 Magnetic Field Modelling and Analysis

P(%p,2)

Q(0,0,0)

X

Figure 3.1: Position and orientation relations between the coil and test point.

3.1 Magnetic Field Modelling and Analysis

3.1.1 Mathematical Model of Magnetic Field Density

The proposed magnetic actuation system depends on the magnetic interaction be-
tween electromagnetic coil and embedded magnet in the capsule. In order to acti-
vate this interaction and apply a stable control system, the actuation magnetic field
should be analysed.

This chapter concerns mathematical modelling for the magnetic field of the actua-
tor and the embedded magnet. As there is no fundamental difference between the
fields generated by permanent magnets and the fields generated by currents flowing
around conventional electric circuits, and because the expected distance between
the actuator and the manipulation region of the magnet is bigger than the biggest
dimension of the coil, we can consider the magnetic source to be a magnetic dipole
[77][78].

Assume a rectangular iron-cored coil with length L., width W,., and height H.
positioned based on the global Cartesian coordinate system (x,y, z) at the point
q(a,b, c)T as shown in Fig. 3.1. Magnetism pair +M and —M of the coil are gov-
erned by the direction of its current flow. Let 77 be the vector from the center of the

coil to a spatial point textp(z,, yp, z,)” which can be represented as follows:

7= (xp—a)i+ (yp —b)j+ (2 — o)k (3.1)
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3.1 Magnetic Field Modelling and Analysis

The magnetic moment vector of the coil is given:

p?c = ,U/clvzca (32)

where . = NTA, is the magnetic moment value of the solenoid (Am?), N, I and
A, are the number of turns, current (A) and the cross-sectional area of the coil
(m?) respectively, and ji. is the normalized vector representing the direction of
the coil’s magnetism which is defined as the direction from negative —M to the
positive +M magnetism of the solenoid. As shown in Fig. 3.1, the orientation of
the magnetic dipole moment is represented by two angles: the inclination angle (#)

and the azimuth angle (¢). which can be expressed by the following equation:
fie = mi + nj + pk, (3.3)

where m, n, and p are the projections of the dipole direction on the x, y, and z-axis
respectively, m = sin(6)cos(¢), n = sin(f)sin(¢), and p = cos(f). Generally, the
vector magnetic field B based on air-cored coil at the spatial point p is given by

[79]:

B=_teoy (“C ' 7”) , (3.4)

where 1, is the air magnetic permeability (T'm/A) and r is the length of the vector
7 (m). For the solenoid that has an iron core with a relative permeability of ..,
the generated magnetic field can be expressed by (3.4) after replacing p, by poptr-
However, this formula is only valid within the iron core area and its surrounding
space if it has the same permeability. If the solenoid is in free air the return path for
the magnetic flux is through the relatively low permeability of the air medium and
hence high reluctance reduces the effectiveness of the coil core, and consequently,
the strength of the magnetic field around the coil. Instead, a numerical analysis
based on finite element method (FEM) would probably be required to calculate the
magnetic field anywhere around the coil [80].

For a specific operation region, the permeability of the coil in this research project
is multiplied by an attenuation factor called R, whose value depends on the distance
between the actuator and the region of interest. This factor is used to define another
factor called the magnetic field strength factor u,.R, which is incorporated in the

magnetic field expressions of the coil.
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3.1 Magnetic Field Modelling and Analysis

Expanding the gradient of the product of the two scalar functions (. - 7¥) and (%)

T

in (3.4) for iron-cored coil yields:

= ,uolvbr§R 1 — /vLo,uréR — 1
B=— — ) — : — :
4 7’3v (e - 7) 4w (e - 1)V <r3 (3.5)
Because V (y; - ) = pi. and V (T%) = —%, the magnetic field density around the

coil is expressed by equation (3.6)

B = Holtr® (3 (e T) 7" _ &) (3.6)

47 7D r3

Based on (3.2), the above equation can be rewritten in the following form:

B =By (M - ’“‘—) : (3.7)

rd r3

where By = tetebe® and p =| 7 |= \/(xp —a)’ + (g, — b)* + (2, — ©)°

By substituting (3.3) into (3.7) and expanding (3.7), we can express the three com-

ponents of the magnetic field in Tesla with the following equation:

B, = % (m (2X? —Y? = Z%) + 3nXY + 3pX Z)

B, = % (n(2Y? — X? — Z%) + 3mXY + 3pY Z) (3.8)
Br 2 2 2

B.=— (p(22° - X*—Y?) +3mXZ +3nY Z),

where X =2, —a,Y =y, — b, and Z = 2, — c. It is clear from the above equation
that the magnetic field is linearly proportional to the number of turns, current, and
cross-section area, and the iron core permeability of the coil, and is inversely pro-

portional to the fifth-order of the distance of the test region.

Based on the above equation, the transverse component in the zy-plane is given

by:
B,y = /B2 + B} (3.9)
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3.1 Magnetic Field Modelling and Analysis

The resultant and orientation of the magnetic field density created by the electro-

magnetic coil can be expressed by the following equations.

B::¢B§+B§+Bg (3.10)
B
¢ = arctan —2
B, (3.11)
0 = arctan —2,
B

z

where 6 and ¢ are azimuth and inclination angles of the magnetic field density.

If the coil is placed at the origin of the global coordinate system and oriented to
the positive z-axis, i.e. (a,b,c) = (0,0,0), and the coil’s rotation angles § = 0° and
¢ = 0°, then based on (3.8) the magnetic field density components at the spatial

point p(x,, Yp, 2p) become as follows:

3xp72p

B,=DB
e rpeap)d

3Yp2p
(a2 +y2+22) 2

(3.12)

5 p R )
(3 r+2)?

Based on [81], if a cylindrical coil with a radius . and a length L. placed at a region
so that r < 2L, , i.e. the test point p(z,,yp,, 2,) is close to the coil, the generated

magnetic field density is governed by the following equations.

L. L.
_ 3BrX Z-% . Z+k

Bac 23 5 5
" l1+D-%2)° (1+D+L&2)>

_ 3BrY Z+ L

7 — Le
By 23 2 5 5
" |(1+D-%2)> (1+D+%2)

(3.13)

B__&~1+D—%Z—E+1+D+%Z—E
2= 3 5
Pl (1+D-%2)"  (1+D+L42)”

5
2
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3.1 Magnetic Field Modelling and Analysis

Table 3.1: Parameters of the electromagnetic coil.

Parameter Value

L. 80 mm

W. 25 mm

H. 25 mm

N 180

D, 1 mm

I 5A
pr R 3

1o 4710~ 7(T m/A)

where D = #, and F = %Xifgw. To validate using the expression (3.13) for our

rectangular actuator, the factor r. should be substituted by the term %

The design of the electromagnetic coil and the determination of its drive current are
the main concerns of the proposed magnetic actuation system. The actuator should
be designed so that its magnetic field is applied to the embedded magnet as strongly
and uniformly as possible while keeping the excitation current within an acceptable
range. For this, an analysis of the magnetic field distribution based on the physical

and electrical coil parameters is considered in the next section.

3.1.2 Magnetic Field Analysis

In the design of any magnetic levitation system, the distribution of the magnetic
field around an actuator should be analysed in order to activate magnetic interac-
tion between the magnetic field source and actuated object. In order to validate the
analysis for the coil’s magnetic field, realistic values of the associated parameters
should be considered. Because the actuator is placed outside the human body, the
manipulation distance relative to the coil should be chosen according to the empir-
ical value of the human body size. Moreover, the coil current should not exceed a
certain value at which the core material reaches magnetic saturation (its calculation

is given in Chapter 4).

Assume an iron-cored coil with parameters as listed in Table (3.1) is placed at
the origin of the global coordinate system and oriented to the positive z-axis, i.e.
q(a,b,c) = q(0,0,0), 8 = 0°, and ¢ = 0°, where D,, is the diameter of the coil’s
winding wire (m). Based on (3.12), the 3D distribution of the magnetic field within
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3.1 Magnetic Field Modelling and Analysis

= -0.005
X (m) —0.01 -0.01 z (m)

Figure 3.2: 3D magnetic field distribution at region far away of the coil.

the xz-plane at a region around the coil with a current of 5 A, as shown in Fig. 3.2.
It should be noted that the magnetic field density has been distributed uniformly
across the test region.

For more specific evaluation, based on the same conditions, Fig. 3.3(a), (b), and
(c) shows distribution of the magnetic field components B,, By, and B, at vaild
distance z=160 mm in the zz-plane respectively, while the resultant magnetic field
and its orientation are illustrated in Fig. 3.3(d), and (e) respectively.

It can be noted from Fig. 3.3(d) and (e) that at the coil axis region, the magnetic
field reaches a maximum value with a gradient of zero. In this region, the suspended
magnet can be stabilized if a proper controller system is applied.

Fig. 3.4 shows the 3D variation of the magnetic field based on (3.13) at distance
close to a cylindrical coil with the following assumptions: the position is at ¢(0, 0, 0),
the orientation is to the positive z-axis, and the physical and electrical parameters
are listed in Table (3.2). It is clear from Fig. 3.4 that the coil could generate a

smooth and symmetric magnetic field around its axis.

To validate an approximation field expression (3.12), which is used for far field
analysis, the magnetic field at 2 = 16 mm in the xz-plane is also analysed using
the exact equation (3.13), as shown in Fig. 3.5, and then compared with the anal-
ysis shown in Fig. 3.3. The comparison reveals that there is a good match between
the two analyses and, consequently, it can be said that the approximation formula
(3.12) can be adopted to model the magnetic field variation theoretically at a far

away region with efficiency increasing with distance.
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Figure 3.3: Magnetic field components and angle.

It is worth considering that the exact formula (3.13) is not a precise mathematical
expression for magnetic field modelling as it does not take the thickness of the coil

windings factor into consideration.
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3.2 Magnetic Force and Torque Analysis

Table 3.2: Parameters of the cylindrical electromagnetic coil.

Parameter Value
L. 30 mm
Te 12.5 mm
N 180
D, 1 mm
I 5A
pr R 3

x (m) -0.05 0.04

Figure 3.4: 3D magnetic field distribution at region closed to the coil.
3.2 Magnetic Force and Torque Analysis

The permanent magnet, which was modelled as a magnetic dipole in the previous
section, is enclosed in the capsule endoscope not only for localization purposes, but
also so that it can be moved and oriented by the magnetic force and torque of an
external magnetic field. The force F (p) exerted on a small permanent magnet with
a magnetic moment /i, placed in a magnetic field B (p) at position p, can be derived

from potential energy considerations as follows [79]:

F(p) =V (B(p) - fim) (3.14)
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Figure 3.5: Magnetic field components and angle based on (3.12).

and the torque measured in (Nm) is

T

(e) Magnetic field angle.

(p) = fim x B(p),
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3.2 Magnetic Force and Torque Analysis

that is, the magnetic torque tries to orient the embedded magnet along the applied

magnetic field density. The magnetic moment of the permanent magnet is:

/Im = Umfm, (3.16)

where p, = BM”V is the magnetic moment value (A m?) of the magnet, B; and V

are magnetic strength (7") and the volume (m?) of the magnet respectively and fi,,
is the magnetic moment direction of the dipole.
Using (3.4), (3.14) can be rewritten as follows:

= oMr _;7? —
F:—’”Z: v ((V”TP) )um> (3.17)

In the Cartesian coordinate system, define

/Im = (lema Hmy s ,umz)T ) (318)

and

F=(F, F, F.)", (3.19)

while the position p and magnetic field B are defined as mentioned earlier as

Ty Y, 2p) ! and (By, B,, B.)T respectively. Then, (3.14) can be rewritten as [51]:
> Yps #p y

oB

F, [ 52

That is, the magnetic force is proportional to the directional gradient of the applied
magnetic field density. After the gradient and then the simplification path of (3.17),
the final magnetic force exerted by the coil on the inserted magnet becomes [79]

[82]:

F =

Bptopr | (HeT)bm + (b T)fe + (He-pin)T 5 (te-T) (K- T)T
(3.21)
4 rd r7
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Figure 3.6: Orientation definition of the magnet in spherical coordinate system.
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Figure 3.7: Global and local coordinate system for magnetic force between the coil
and magnet.

3.2.1 Magnetic Force in a Spherical Coordinate System

In a spherical coordinate system, the magnetic moment orientation of the magnet

placed at p(z,,yp, 2p), as shown in Fig. 3.6, can be defined as follows:

Y = 81+ 1] + uk, (3.22)

where s = sin(f)cos(«), t = sin(f)sin(«), and u = cos(3) are the projections of the
magnet direction on the three axes of the coordinate system z, y,and z respectively,
f and « are the inclination and azimuth angles of the magnet’s moment.

Assume a coil and magnet with azimuth angles ¢ = 0° and o = 0° respectively,
placed in the xz-plane with local coordinates as shown in Fig. 3.7. If r is bigger than

the characteristic distance of the coil, then its magnetic field components in the &
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3.2 Magnetic Force and Torque Analysis

and Z-direction in the local coordinate system, as previously expressed in (3.12), can

be rewritten as follows [83] (its detail is presented in appendix A.1):

B, _ Holirttec <3 cos () sin (?7))

4 73

B;

47 73

_ Hoftrite (3 cos (n)* — 1) (3.23)

where B; and B; are the axial and radial magnetic field components respectively
and 7 is the angle between the coil moment axis and the position vector of the
inserted dipole (radians). Based on (3.23), the magnetic force expression (3.21) can

be rewritten in the spherical coordinate system as follows:

Fy = —SHoktbelln o o (4 — ) cos (1 — B) — sin (b — B) sin (¥ — B)],  (3.24)

Arrd

oy el
4rrd

F, = sin (2¢p — 6 — ), (3.25)

where F, and F, are the magnetic force components in the position vector direction
and its radial direction respectively, ¥ is the angle between the reference axis of the
coil, and the position vector of the embedded magnet, and = is the angle between

the directions of the coil and magnet moments.

Using (3.24) and (3.25), the magnetic force components in the Cartesian coordi-

nate system applied by the solenoid coil on the embedded magnet are given by:

F, = F, cos (¢) + Fy cos <77/J + g) , (3.26)
and
F, = F,sin (¢) + Fy sin <¢ + g) (3.27)

Based on (3.26) and (3.27); the amplitude and inclination angle of the magnetic

force in the xz-plane can be expressed as follows:

F=+F2>+F>? (3.28)
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Figure 3.8: Magnetic force components and angle with fixed dipole position.

F.
p = arctan (Fx) : (3.29)

z

Based on (3.15), the final mathematical formula of the torque acting on the magnet

by the electromagnetic solenoid is given by [83]:

_ o oy o flom,

-
43

[3cos (1 — 0)sin (¢ — ) + sin (8 — 0)] (3.30)
As in the magnetic field analysis, if the material of the operating region around the
coil is different of the coil’s core material, then the relative permeability factor s,
must be multiplied by the attenuation factor ®. Based on (3.24-3.29), Fig. 3.8, shows
variation of the magnetic force components and angle exerted by the coil placed in
the origin with rotation angles = 0° and ¢ = 0° on the inserted magnet placed at
position p(0,0,0.16) with the azimuth angle & = 0° and variable inclination angle
B =0—360°.

Based on (3.29), magnetic torque exerted by the coil on the embedded magnet with
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3.2 Magnetic Force and Torque Analysis

T m(m.N)
°

s
~
o

0 50 100 150 200 250 300 350
Beta (degree)

Figure 3.9: Magnetic torque variation based on fixed dipole position.
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Figure 3.10: Location of the coil and the capsule.

the pitching angle variation = 0 — 360° is illustrated in Fig. 3.9.

For the scenario presented in Fig. 3.10, the distribution of the magnetic force
components and angle based on the direction and location of the embedded dipole
are shown in Fig. 3.11. Based on (3.29), Fig. 3.12 represents the distribution of
the magnetic torque exerted by the coil on the embedded dipole with the inclination
angle variation 8 = 0 — 360°.

It should be noted from Fig. 3.11 and 3.12 that, based on a different magnet
position, a maximum magnetic force is applied to the embedded magnet when it is
aligned with the magnetic source. Conversely, a minimum magnetic force is exerted
when the inserted dipole is in a perpendicular position and vice versa for magnetic

torque.
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Figure 3.11: Magnetic force components and angle based on variable dipole position.
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Figure 3.12: Magnetic torque variation based on variable dipole position.

3.2.2 Analysis of Coil Parameters

In this section the distribution of the magnetic field of the coil is analysed based on its

physical and electrical parameters, which include size, current, the number of turns,

and iron core permeability. The objective of the coil design is to increase the strength

of its magnetic field to a level to which it can supply the magnetic force required to

achieve a realistic capsule levitation distance. There are many parameters which can

52



3.2 Magnetic Force and Torque Analysis

[
i

Figure 3.13: Measurement setup of iron core permeability.

be manipulated to strengthen the magnetic field of the actuator, and these include
core permeability, size, current, and the number of turns of the electromagnetic coil.
The strength and uniformity of the magnetic field are the considered criteria for the

comparison of the magnetic behaviour of designed actuators.

3.2.2.1 Coil core permeability

Using an iron core of high permeability, . can increase the magnetic field produced
by the actuator in the free space medium by strength factor u,. ;. In this application,
the permeability of the iron core material is measured practically. The experimental
setup is shown in Fig. 3.13, which is mainly composed of a C-shaped core, with sharp
corners made of the same material of the coil core, and GUSSmeter equipment to
measure the electromagnetic field produced by the solenoid.

The practical magnetization curve of the used solenoid core material is illustrated in
Fig. 3.14. It can be seen from the above BH curve that, as the magnetizing field H
increases, the magnetic field density approaches a maximum value asymptotically,
at which the core material is saturated magnetically. The corresponding coil cur-
rent value at the saturation state (I,) is (20) A, which is calculated based on the

following equation:
HL,.

N

(3.31)

]sat =

Above saturation, the magnetic field continues to grow, but at the parametric rate,
which is of the 3 orders of magnitude smaller than the ferromagnetic seen below
saturation. Consequently, to keep the actuator working within the linear region, it

should be excited by a current less than the saturation current value.
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Figure 3.14: B-H curve of core material.

The magnetic permeability of the core material is given by:

B

= —, 3.32
poH ( )

ir

using the above equation, the maximum magnetic permeability of the used core
material is approximately (15) which is considered too low, and its corresponding
coil current value is (1. = 9) A. It is worth considering that the actual value of the
core permeability must be more than the measured value; the reason for this is that
there is leakage of the magnetic field due to the existence of an air cap between the
coil core and the C-core. In our application, the magnetic strength factor p,.R is
measured to be 3 which is valid within a small region around a vertical distance of
30 mm from the close coil’s pole. The used material has poor permeability, so to
improve the actuator strength a purified iron core with high permeability should be

used instead of the one used in this setup.

3.2.2.2 Physical dimensions

The manipulation of the physical dimensions of the solenoid coil, which includes
length and cross-section area, can be adopted to increase the strength of the mag-
netic response of the coil. As mentioned earlier, the proposed magnetic actuation
system includes using an external magnetic field source to move an embedded mag-
net enclosed in the WCE inside the human body, so the expected manipulation
region is far away from the magnetic source.

Based on (3.13) the length of the coil parameter has a little influence on the dis-
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Figure 3.15: Magnetic field at z = 40 mm for coils with different cross section areas.
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Figure 3.16: magnetic field at z = 70 mm for coils with different cross section areas.

tribution of the magnetic field, while based on the approximation magnetic field
formula (3.12) this parameter have no influence on the magnetic behaviour of the
coil. Therefore, the cross-section area of the coil is the only promising geometry pa-
rameter, which can be optimised to strengthen the magnetic field. Based on (3.13),
Figs. 3.15, 3.16, and 3.17 show the magnetic field distribution along the x-axis at a
distance of z = 40,70 and 160 mm respectively for coil structures with cross-section
dimensions of (25x25 mm, 30x30 mm, and 40x40 mm) respectively and the number
of turns of 180.

It should be noted that the generated magnetic field increases as the cross-section
parameter factor of the coil gets bigger. However, the relationship between the mag-
netic field strength and this factor is not directly proportional as it is expect that

the magnetic field gets smaller at continue increasing the coil’s pole face area. The
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Figure 3.17: Magnetic field at z = 160 mm for coils with different cross section
areas.

Table 3.3: Geometry and electrical parameters of the cylindrical coil.

Parameter | Value
L. 80 mm
I 5A
N 200
L 5000
D, 0.5 mm

finite element method based on Comsol software is adopted to analysis the magnetic
field and find an optimum physical coil parameters.

Based on the coil’s parameters as listed on the Table (3.3) and using Comsol soft-
ware, Fig. 3.18 shows magnetic field distribution at axial distance z of 5 ¢m using
different coil’s radius. It can be seen from Fig. 3.18 that the optimum coil’s radius
r. is 48 mm at which a strongest magnetic field is supplied at region around the
distance z = 5 cm. In this research project, we define a coil dimension factor Dy

f) which can be used to calculate

as the ratio of distance z to the coil’s radius 7. (
the optimum coil’s radius for any interesting distance. In this application, based on

Fig. 3.18 the value of the factor Dy is 1.04167.

3.2.2.3 Coil current

Fig. 3.19 shows the magnet field distribution at z = 160 mm along the x-axis for
coil placed at ¢(0,0,0) and oriented to the positive z-axis with a cross-section area

(30x30 mm)and the number of turns 0f 180 based on current range 1 — 7 A with

o6



3.2 Magnetic Force and Torque Analysis

151 b

B (mT)

051 1

0 0.02 0.04 0.06 0.08 0.1 0.12
r_ (m)

Figure 3.18: Magnetic field distribution at z = 5 cm based on different coil’s radius.
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Figure 3.19: Magnetic field variation based on different coil currents.

a step of 1 A. It should be noted from Fig. 3.19 that the magnetic field increases
by raising the coil excitation current in accordance with the directly proportionality
between them in (3.12). In this application, the current increase is restricted by a
value at which the coil core material reaches magnetic saturation, which is 20 A.
It is worth considering that increasing the current I leads to an increase in power

dissipation in the coil:

P =I’R, (3.33)

where R is the coil resistance (€2), which increases the actuator temperature and,
consequentially, changing the system behaviour. Therefore, there is a trade off
between magnetic field strength and solenoid heat dissipation. However, a potential
solution which can be adopted to reduce the power dissipation of the system is
the use of a superconductor, as its resistance is too low compared with the normal

conductor. Consequentially, based on using a superconductor coil, the increasing of
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Figure 3.20: Magnetic field distribution based on different turns number.

the excitation current of the actuator may be a promising procedure to strengthen
the magnetic actuation field while keeping the scheme dissipation power at a minimal

value.

3.2.2.4 Turns number

Increasing the number of turns in the coil is another approach which can be adopted
to support the strength of the magnetic field density. Based on (3.12), Fig. 3.20
shows that increasing the number of turns increases the strength of the magnetic
field generated from the coil with a cross-section area of (30x30 mm) and a current
of 1 A at z = 160 mm for winding number N = 100 — 400 with a step of 100 turns.
However, based on the following equation, increasing the number of turns increases

coil inductance L,

prN2A,
L,=———, 3.34
) (334)
and consequently the response time Ry of the system.
Ly,

3.2.3 Electromagnetic Coil Design

The objective of the coil design is to increase the strength of its actuation magnetic
field to a level so that it can achieve a realistic capsule levitation distance. There
are many parameters which can be manipulated to strengthen the magnetic field

of the actuator, and these include core permeability, size, current, and the number
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Table 3.4: Geometry and electrical parameters of the cylindrical coil.

Parameter Value
L. 30 mm
Te 12.5 mm
I 1A
N 200
Lo 25
D, 1 mm
x107° x107°
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Figure 3.21: Magnetic field distribution on axis of cylindrical coil (12.5 x 30 mm).

of turns of the coil. It is worth noting that the coil parameters are designed so
that the actuator can supply a high magnetic field while keeping the consumption
power and the system response time within acceptable and reasonable limits. The
strength and uniformity of the magnetic field are the criteria considered to evaluate
the magnetic behaviour of the actuator. In this research project, Comsol software
is used to design proposed actuator coil for colon examination. In order to assess
the magnetic field modelling based on the simulation software, the magnetic field
variation of a cylindrical coil placed at p(15 mm,0,0) and oriented to the positive
x-axis with parameters as listed in Table (3.4) is analysed using Comsol software as
shown in Fig. 3.21. It should be noted that the simulation yielded a magnetic field
distribution as theoretically expected: the magnetic field is at its maximum in the
coil center and this reduces as the third-order with distance.

To further enhance the reliability of the Comsol model, it is compared to experi-
mental and analytical (3.12) studies, as shown in Fig. 3.22. It can be seen that there
is a difference between the analyses which decreases as the distance increases. The

reason for this is that the simulation results are based on a magnetic field expres-
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Figure 3.22: Theoretical, simulation and practical magnetic field distribution of
cylindrical coil (12.5 x 30 mm).

sion which is only valid for far field analyses. However, the far field is the range of
operation and because the match between the experimental and simulation results

is satisfactory, the Comsol tool can be adopted to design the proposed coil.

As mentioned earlier, the objective of the coil design is to increase the strength of
the actuation magnetic field. In this research project, the geometry and electrical
parameters of the proposed coil are optimised based on the magnetic field analy-
sis. The number of turns of the proposed coil is chosen as the same number as the
present coil used in experiments with (200) turns based on the actuation magnetic
field being strengthened while keeping the response time within a rate so that it can
run an active closed-loop control system. Additionally, a purified iron core (99.8 %
pure) with a higher permeability is used to increase the strength of the actuator.
Further increasing in the levitation distance can be achieved by using a lighter and
smaller size rare-earth magnet (NdsF'e14B sintered) with a higher magnetic strength
B; so that it can fit within the capsule endoscope, as the used one is non-ideal due
to its size and heavy weight. The values of the designed coil parameters are listed in
Table (3.5). Fig. 3.23 shows the distribution of the magnetic field along the z-axis
of the proposed coil, which is placed at ¢(0.04,0,0) and oriented to the z-axis. It
worth considering that based on the designed coil, the generated actuation field is
increased to more than ten times that produced by the present coil used in experi-
ments (whose parameters will be listed in Table (4.1)) and at distance z = 15 cm is
7 mT. The measured magnetic field produced by the present coil in experiments at

a distance of 3 cm is 1.026 mT.
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Figure 3.23: Magnetic field distribution on axis of the proposed coil.

Table 3.5: Structure design parameters of the proposed electromagnetic coil.

Parameter || Value | Parameter Value
L. 80 mm m 0.01kg
Te 48 mm B; 1.5 T
I 5A Loy 5000
N 200 D, 0.5 mm

It is worth noting that from Fig. 3.22 it is clear that the simulation results are lower
than the practical results. Therefore, it is expected that the experimental result of
the magnetic field strength produced by the proposed coil will be bigger than the

simulated value; hence, the levitation distance will be higher than simulated.

3.3 Chapter Summary

The power source of the proposed capsule actuation system is the magnetic field
density, and therefore, this chapter has emphasised the derivation of the general
mathematical formula for the magnetic field produced by a magnetic source (elec-
tromagnetic coil, permanent magnet) in 3D. The distribution of the magnetic field
around the coil is assessed based on strength and uniformity criteria. The core ge-
ometry and electrical parameters (permeability, current, and the number of turns)
of the coil were considered as manipulation factors in the design of the proposed
magnetic actuation source.

This chapter also concentrated on the derivation of the mathematical expression
of the magnetic force and torque in Cartesian and spherical coordinate systems.

Several coils with different geometry and electrical parameters were fabricated and
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evaluated based on the experimental field measurements.

The physical and electrical parameters of the coil are analysed in order to optimise
proposed coil for realistic capsule suspension distance. The practical B-H curve was
presented in this analysis which revealed the poor permeability of the used core
material. Increasing the strength of the actuator requires using higher permeability
iron core. Based on the analyses it was found that manipulation the cross-section
area of the coil’s core can varying the strength of the generated magnetic field. An
increasing in the actuation magnetic field was achieved based on optimum coil’s
radius which is obtained using Comsol software. Furthermore, the actuation field
can be increased significantly by increasing the coil current, which consequently
increases the maximum levitation distance. Nevertheless, this action leads to prob-
lems of power consumption and dissipation. The most practical solution to reduce
the power disspation in the coil, while keeping the strength of the generated field,
is to reduce the current and compensate that by using a high permeabity iron core.
Another possible approach to decrease the power dissipation is using super conducor
actuator windings incorpoating a suitable cooling system

The analyses were also showed that increasing the number of windings can increase
the magnetic field and support the magnetic force. However, the coil inductance
is raised and, as a result, so is the time system response. Moreover, this chapter
introduced the B-H curve which revealed the poor permeability of the used core
material. Consequently, the best way to optimize the actuator is through using a
high permeability material in order to increase the maximum levitation distance to
a realistic value for the inspection of the colon. Finally, the Comsol software was
used to optimize the parameters of a proposed actuator for more realistic levitation
distance.

In our research project, this chapter serves as a building block for the proposed
actuation system as the designed actuator and the derived expression described in
this chapter will be used in the simulation design and then the implementation of a

realistic capsule actuation system for colon inspection.
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Chapter 4

Simulation of Actuation Control

System

In this chapter, SISO and MIMO linear controllers are proposed for the capsule
actuation system, which is based on the well known magnetic levitation concept. A
realistic simulation model of the actuation system was designed and implemented
in a Matlab/Simulink environment to validate the proposed controllers.

For the 1D actuation system, 1DOF linear controllers with AC and DC position
feedback based on the PID technique are considered in this chapter. For the 2D
actuation system, 2DOF linear controllers with AC position feedback based on PP,
EEA, and LQR approaches were also designed and simulated. To evaluate perfor-
mance of the proposed system, the simulation results will then be discussed.
Finally, the simulation model equating to the 2D actuation system will be supported
by improving the position feedback of the actuation algorithm through involving
both the position and orientation of the capsule in the calculation of the controller

output. Simulation results are provided to validate the developed actuation system.
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4.1 1DOF Controller Simulation

4.1 1DOF Controller Simulation

This section introduces the design and simulation of PID controllers based on AC
and DC position feedback for a 1D capsule actuation system. In the DC position
feedback-based controller design, actuation and localisation of the control system
is based on the DC magnetic field. In the AC position feedback-based controller
system, the capsule actuation is still based on the DC magnetic field while an AC

magnetic field is used for its localisation.

4.1.1 DC Position Feedback-Based Controller System

In this section, the 1DOF linear controller design based on the PID technique will
be presented as the means of capsule actuation. Position feedback of the controller
algorithm is based on the DC magnetic field of the magnet which is detected by a

Hall effect sensor.

4.1.1.1 System configuration and modelling

System Configuration

The depicted stage of the 3DOF actuation system based on magnetic levitation
is given in Fig. 4.1. The scheme consists of a controlled electromagnet, a small
cylindrical permanent magnet, which made from an alloy of a neodymium, iron,
and boron NdFeB enclosed by a capsule, two magnetic sensors, DSP, 3D simulated
bowel tube, and a 3DOF (z,y, z) robotic movable frame.

The electromagnet is based on an iron-cored coil and fixed on the movable frame.
The magnetic sensors, which are based on Hall effect sensors (A1301), are placed
in the opposite extremities or poles of the electromagnet. The processor is used to

implement a suitable controller algorithm in order to levitate the embedded magnet
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Figure 4.1: Simulated platform of the control system.

and keep it in the desired position related to the coil. In the proposed system, the
levitated magnet can navigate the colon by moving the actuator above the human
body using a robotic frame manipulator.

The introduced system, which is based on the magnetic levitation concept, is inher-
ently unstable. Therefore, a closed-loop control system should be applied to stabilize
the magnet at a desired position by adjusting the electrical current of the actuator.
Generating an appropriate command signals needs a realistic dynamic model of the

control system which will be discussed in the next section.

System Modelling and Dynamics

A schematic diagram of the 1IDOF actuation system is shown in Fig. 4.2. The sus-
pension system can be categorized into two systems: an electrical and a mechanical.
The embedded dipole position in the mechanical system can be controlled by adjust-
ing the magnetic force of the actuator in the electrical system through regulation of
the coil current based on the position sensor feedback.

Assuming that the origin of the coordinate system is located in the centre of the
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Figure 4.2: Conceptual schematic diagram of a single DOF control system.

electromagnet’s lower pole, then the general magnetic force between the coil and the
inserted dipole incorporating the attenuation factor ® and the magnetic moment of
the coil and the magnet are as previously stated in Chapter 3 in (3.21), (3.2), and
(3.16) respectively.
With the consideration of these assumptions, the magnetization of the permanent
magnet and the actuator points to the positive z-axis, then based on (3.2), (3.3),
(3.16), and (3.22), the magnetic moment expressions of the coil and the magnet can
be rewritten as follows:

fic = pet + 05 + OF,

(4.1)

fim = Jmi + 0 + OF,

while the position vector between the coil and the magnet placed (z,0,0) is as

follows:

7= xi + 0 + Ok (4.2)

Based on (4.1) and (4.2), the magnetic force (3.21) incorporating the attenuation

factor i can be written as follows:
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where K = % wRNA.B;V is a force constant depends on the geometry of the sys-
tem (NTWL), I(t) is the coil current (A), and z(t) is the vertical distance between

the magnet and the bottom pole of the actuator (m). The motion of the capsule in

the magnetic field can be expressed by Newton’s second law.

I(t)

Ky (4.4)

mi(t) = mg —

where i(t) is the magnet’s acceleration in the z-direction (%), g denotes the accel-
eration of the system due to gravity (Z3). To design a linear control strategy, the
above non-linear dynamic equation is linearized about suitable equilibrium values

xo and Iy. Consider a perturbation about these equilibrium values is as follows:

AI(t) = I(t) — I, (4.5)

where Ax(t), AI(t) are the position and current deviation from the equilibrium
position zy and current I respectively. Then the linearization of the model about

the steady state values (z(t) = xo, I(t) = Iy) by Taylor’s series expansion yields:

. ) i (t) di(t)
Ax(t) = Z(O] wwy=e0.10)=10 T 7777 Ax(t)+ AI(t)
(#0=20,1O=I0) = G (t) (@(t)=0,I(t)=I0) OL () | (2 (ty=ro.1(0)=10)
(4.6)
At equilibrium point, #(t) = 0, then based on (4.4)
K I
= 4.
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and the equilibrium current is given by:

4
1y = 2) (45)
Solving the partial differentials yields:
o (1)) _ K1
oz (t) (z0,10) mz%’
(4.9)
EI0) _ K
oI(t) (z0,10) m:c%
Substituting (4.9) and (4.7) in (4.6) yields
- 4K Iy K
Azx(t) = Ax(t) — —AI(t). 4.10
(1) = S A(t) - S AL (4.10)

Finally, taking the Laplace transform of (4.10), the transfer function of the scheme
with the change in electromagnet current as the system input and the change in

device position as the system output is given by:

AX(s) d
Al(s) ~ (F—e) (411)

where AX (s) and Al(s) are the Laplace transform of Az(t) and AI(t) respectively,
d = mix%, and e = %. The negative sign in the above transfer function of the
linearized system implies that with an increase in AI(t), there will be a decrease
in Az(t) and vice versa. It can be noted from the above transfer function that the

system has two poles, one of which is in the right half plane at /4K Iy/ma}, which

makes the open-loop system unstable. Hence, a PID controller is presented in this
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chapter to stabilize the capsule at the desired position.

To implement the controller in state space, the linearized system dynamics should
be formulated in state space form. Let AX,1)= [Am(t) Ax(t)} ! be the state vector
of the system, Axz(t) be the controlled output, and AU, x1y=[AI(t)] be the control
input vector, then based on (4.10), the state and output equation of the continuous

time-invariant (TIV) system can be written as in (4.12) and (4.13) respectively.
AX(t) = AAX(t) + BAU(t) (4.12)

AY (t) = CAX(t) + DAU(t), (4.13)

where A is the system matrix (nxn), B is the input matrix (nx1), C'is the output
matrix (1xm), and D is the feed forward matrix (1x1), for the designed system.

These matrices are given by:

4.1.1.2 Actuation system design

Actuation Strategy

The main idea of the proposed approach is that the magnet, which is enclosed
in the device as a marker for localisation, can also be moved and oriented by the
magnetic force and torque of the external controlled DC magnetic field produced by
coils placed outside the human body.

The proposed motion strategy for the WCE in the digestive tract includes the fol-

lowing steps:
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Figure 4.3: Block diagram of the control system in state space form.

e Stepl. Applying a linear control system to move the embedded magnet in 1D
within an area around the operating point and keep it at a desired position

with a controllable x set-point relative to the coil.

e Step2. Navigate the inserted magnet through the bowel in the x, y and z-
direction by translating the controlled electromagnet and/or the patient’s bed

using the 3DOF manipulator.

This research focuses on achievement of stepl. The idea presented here for the
proposed capsule navigation scheme is very simple as it has been based on the
magnetic levitation concept which is highly recommended for accurate movement
applications. Basically, the magnetic suspension systems are open-loop instable with
fast dynamics, therefore, in order to stabilize the floating object at a desired posi-
tion, a closed-loop control system must be applied to regulate the system.

The block diagram of the proposed feedback control scheme based on state space
form is shown in Fig. 4.3. The main part of the control system is the controller,
which is designed to adjust the actuator current based on the feedback information

of the capsule position provided by the magnetic sensor.

Controller Technique
The controller for magnetic levitation systems requires a high degree of control and

data-processing speed to achieve good performance. The proposed magnetic suspen-
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Figure 4.4: Flowchart of simulated PID controller.

sion system is inherently unstable and has nonlinear behaviour. In order to stabilize
it, the linear PID controller is used due to its simplicity and reliability [67]. Details
of the PID controller were stated in Chapter 2 section (2.3.1.1).

For known modelling systems, the performance of the controller depends on its pa-
rameter values K, K; and K, which are obtained based on the scheme modelling
expressions. The procedure of the implemented PID controller is clarified by the
flowchart as shown in Fig. 4.4. The validity of the obtained controller parameters
depends on realism of the system modelling, which is supported by including not
only realistic electrical and mechanical system parameters, but also simulated pro-

cess and measurement noise to compensate the actual system noise. In order to
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achieve a good control response in the presence of this noise, tuning for the calcu-

lated controller parameters should be applied.

Controller Algorithm

In the proposed control algorithm, the magnet position detection is based on the
idea that the upper sensor measures the magnetic field of the electromagnet, while
the lower sensor senses the magnetic field for both the coil and dipole.

The position signal of the floating object is calculated based on its magnetic field
which is effectively isolated by subtracting the sensor readings by a differential am-
plifier. The position signal is amplified and filtered by conditioner circuit, which
will be discussed in detail in Chapter 5, and then sent to the DSP for sampling. In
the processor, the sampled signal is compared with reference voltage corresponding
to the desired capsule position to generate an error signal which is fed to the PID
controller.

The controller calculates the control signal based on the error value and its gains
K,, K;, and K;. The controller parameters are set based on the demand system
response which is based on maximum overshoot, rise time and steady state error.
The controller output is finally sent through a current driver circuit to the electro-
magnet which supplies the magnetic force required to guide the capsule gradually

to the desired position.

4.1.1.3 System simulation

A simulation design for a closed-loop control system must not only verify the pro-
posed controller performance before validating it in real-time implementation, but

also help to design the controller. A Matlab/Simulink environment is used as the
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Table 4.1: Physical and magnetic parameters of the control system

Parameter | Value Parameter Value
N 200 m 0.0157 kg
L. 0.03m B; 1T
W, 0.03m g 9.8177
rq 0.006m Lo dmx1077Lm
La 0.016m K 2.3328 % 107 A

simulation tool to verify the performance of the proposed controller based on the rise

and settling time, maximum overshoot, and steady state error. The PID controller

is designed for desired response with settling time ¢, of 0.25 s and maximum percent

overshoot M POS of 10%. The efficiency of the control system design depends on

the similarity of the simulated and real-time systems. In this thesis, the realism of

the simulation design of the actuation system is supported by using realistic mag-

netic and physical parameters values, which are listed in Table (4.1).

To further validate the system simulation design, the following procedures are taken

into consideration:

1. The magnetic force constant K, which mainly depends on the vertical distance

between the bottom of the coil pole and the centre of the floating object and

the coil current at the equilibrium case, is measured experimentally as follows:

after placing the dipole at the desired distance xy, the coil current I, was

increased slightly until the magnet just lifted off. Then, the practical magnetic

force constant K can be calculated by substituting the measured parameters,

xg, Iy, m, and ¢ into (4.8).

2. Two categories of noise, process and measurement noise, are included in the

simulation model. Process noise based on Gaussian noise with mean value of
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Figure 4.5: Simulink block diagram of the control system.
0 V and variance of 0.24 mV is added to include the effect of modelling system
linearization, while measurement noise, which is based on band-limited white
noise with power of 25 1V, is added to compensate for A /D quantization error

and position sensor error.

3. Because it is difficult to make an accurate mathematical model of the sensor
processor, an empirical model based on experimental measurements for the
position sensor is considered. In the simulink design, a realistic calibration
expression is used for capsule positioning, which is derived from practical po-
sitioning data (as seen in Chapter 5) instead of using the theoretical expression

of the sensor stated in (5.1).

Realistic simulation design of the closed-loop control system based on the consider-
ations mentioned above is shown in Fig. 4.5. In the Simulink model, the output of
the system plant is calibrated into its corresponding voltage by the positioning unit
which is then compared with the demand voltage to generate the error signal. After
processing the error signal, the controller calculates the command signal which is

used to guide the magnet through the demand trajectory.
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Figure 4.6: Simulated responses of the dipole position for step input based on the
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Figure 4.7: Simulated responses of the system control effort under step input based
on the Hall effect sensor.

4.1.1.4 Simulation results

Let the desired position of the actuation system be xq = 25 mm, then the operation
current and the matrices elements of the scheme dynamics are calculated based on

(4.8) and (4.10) respectively as follows:

Iy = 0.14A, d=69.7, e = 1569.6

In the simulated scheme, the initial position of the demand trajectory must be
close to the operating point as the proposed linear controller is valid just around

the equilibrium point by a distance of +1.25 cm.
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Based on the initial dipole position z; = 35 mm and velocity V,; = 0 7, the per-
formance of the Simulink design is evaluated under step input. Standard control
criteria which include rise and settling time, overshoot, and steady state error, are
considered to evaluate the response of the simulated system.

For the position voltage step input V,, = 2.0275 V which corresponds to the vertical
magnet position z(¢) = 25 mm, the actual and desired time responses of the states
Ax(t) and x(t) based on controller gains K, = 1.2, K; = 0.02, and K; = 0.035 are
shown in Fig. 4.6(a) and (b) respectively. Based on these gains, the pole p; and
zeros z1, 23 locations of the controller are (0,-0.0167, and -34.3) respectively. More-
over, Fig. 4.7(a) and (b) show the control efforts required for Az(t) and x(t) journey
respectively.

The results of Fig. 4.6(a) and (b) suggest that, the controller enables the manipulat-
ing object to follow the desired step input trajectory very well. Based on the mini
plot of Fig. 4.6(a), it should be noted that the controller output achieved a fast fall
and settling time of 0.035 s and 0.35 s respectively. It is worth considering that the
designed controller gains are tuned in order to achieve a simulation response close
as much as possible to the desired response while keeping the control signal of the
system as small as possible. However, there is a variance of approximately 4+0.35
mm around the desired position and an overshoot of approximately 2.5 mm due
to process and measurement noise, which was incorporated into the system model.
This variance in the embedded magnet position has no effect on the resolution of
the taken pictures due to the low capture rate of the WCE’s camera (2 frames per
second) [84]. Regarding the overshoot, its level is within tolerance and will have
no influence on the colon, as the shooting distance is very small in proportion to

the diameter of narrowest region (approximately 60 mm) within the investigated
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organ [85]. Regarding the system control effort, it can be seen from the mini fig-
ure Fig. 4.7(a) and (b) that the actuator control effort required to track the step
trajectory was within reasonable and applicable values, with the initial value being

approximately 0.41 A while the steady state value is approximately 0.14 A.

4.1.2 AC Position Feedback-Based Controller System

In this section, the AC magnetic signal is used for position feedback of the controller

system which is also based on the linear PID technique.

4.1.2.1 System configuration

Simply, the AC position feedback-based controller system is the DC position feedback-
based controller system with improved position sensing. In this positioning unit, a
generating coil attached to the capsule is used to transmit the AC magnetic position
signal through exciting it by an AC voltage signal. Furthermore, a coil sensor placed
on the electromagnet’s lower pole is also used instead of the Hall effect sensors for
AC induced signal detection purposes. As in the controller system based on the Hall
effect sensor, the coil sensor is modelled empirically based on experimental measure-
ments which are used to derive an expression of the capsule position calibration (as
seen in Chapter 5).

The Linear PID technique is also adopted to implement the controller of the pro-
posed actuation system. Finally, it is worth considering that the capsule coil should
be excited by a low frequency signal, which in this application is 100 kHz, in order

to minimize absorption loss in human tissue.
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Figure 4.9: Simulated responses of the system control effort under step input based
on coil sensor

4.1.2.2 Simulation results

Based on the controller parameters K, = 0.576, K; = 0.024, and K, = 0.0216,
Fig. 4.8(a) and (b) show the actual and desired time response of the control system
for the states Ax(t) and z(t) respectively for the desired capsule position x = 25 mm,
which corresponds to the voltage sensor Ves(t) = 3.371 V. The control signal re-
quired for the capsule displacement Ax(¢) and z(t) are presented in Fig. 4.9(a) and
(b) respectively. It can be seen from Fig. 4.8 that the controller based on coil sensor

effectively guided the inserted magnet through the desired trajectory.
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By comparing the mini plot of Fig. 4.6(a) and (b) and Fig. 4.8(a) and (b), it should
be noted that the response of the system based on the coil sensor retains a short
settling time of approximately of 0.25 s. In addition, the overshoot value is reduced
from 28% to 20% and the position variation about the desired magnet position is
reduced to approximately of 0.2 mm. Moreover, the initial current of the system
is decreased from 0.41 A to 0.33 A.

The good response of the AC position feedback-based controller system is achieved

since the controller algorithm is fed by more accurate position feedback.

4.2 2DOF Controller Simulation

In this section, three controller techniques, PP, EEA, and LQR, are proposed for
the 2D capsule actuation system. The controllers will be designed and simulated
and their output response will be compared based on settling time, overshoot, and
steady state error parameters in order to evaluate their tracking performance for the

desired trajectories.

4.2.1 System Configuration and Modelling
4.2.1.1 System configuration

The simulated stage of the proposed 4DOF capsule actuation system is shown in
Fig. 4.10. The scheme consists of a controlled electromagnet which is assembled
using two iron-cored coils fixed symmetrically on a 4DOF Cartesian coordinate
slide, a small cylindrical permanent magnet enclosed by a capsule with a generating
coil, two magnetic position sensors attached to the lower poles of the actuator coils,

a 3D simulated bowel tube, a controller and a 4DOF robot to move the coils frame.
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Figure 4.10: Platform of the 4DOF control system.
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Figure 4.11: Schematic diagram of the 2D control system.

The sensors, which are based on the coil sensors, are used to provide the controller
with feedback information about the capsule position, and is then used to adjust

the actuator current required to move the capsule to the desired position.

4.2.1.2 System modelling and dynamics

A schematic diagram of the 2DOF control system is shown in Fig. 4.11. The mag-
netic force expression between the coil and the dipole is governed by (3.21) Con-
sidering these assumptions, the embedded magnet is initially placed close to the
desired position in the zy-plane and the magnetization pole axis of the actuators

are orthogonal in the plane z = 0. The movement of the inserted magnet in the x
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and y-direction is governed by Newton’s second law, and can be expressed as follows:

2
@ y(b) (xﬁigy(t)) —F 4+ B+ W, (4.14)

where ]51, F_; are vectors of the magnetic force exerted on the inserted magnet by coil;
and coil, respectively (N) and W is the weight vector of the floating magnet (N).
Using the general magnetic force expression (3.21) incorporating the attenuation

factor R , (4.14) can be rewritten as follows:

mdQ(x(t)y(t)) _3/’L0/’LT’§R i { (ﬁcka>ﬁm + (/jmfk)ﬁ% + (ﬁcku:n>7?k

dt?  Arx e
k=1 (4.15)
_5(ﬁCk-Fk)(7ﬁm-Fk)Fk } T
r
k
where /701 He ,ucl - N1[1 cl ( J + Ok)
1 VR
/Jzz - ILLCQIELCQ = NQI? c2 (\/— \/—.7 + Ok)
BV . .
Pom = Ponflan, = (Z + 07 + Ok'),
Ho
W =WW =mg (0i + j + 0k),
. X4 . y(t)

=111 =/ X2+ y2(t) 2+ j+ 0k

VR VX
Ty = Toly = X2+y +Ok

Vv W R

Xi=2%—z(t), and X, = £ + 2(1).
After simplification, the above equation can be rewritten as follows:
&2 (x(t)y(t 2 Kily L
m% =2 — 1 (e )i + (om 7% ficy + (fiyFim )T
k=1 'k (4.16)

—5(fiey 7x) (Qlm P )P} + W,
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where K = ﬁur%chAckBiV is a magnetic force constant of coil;, for k = 1,2
N m*
that depends on the geometry of the system (T)
Assume the electromagnets have the same physical and magnetic parameters i.e

K, = Ky = K, then the equation of the manipulator motion in the xz-direction based

on (4.16) can be written as:

i - (4.17)

E < [<3Xk +y(t)  BXE(Xi+y(t)

where Z(t) is the magnet’s acceleration in the z-direction, k is the number of the
coil.

To design a linear control system, the above non-linear dynamic equation is lin-
earized using Taylor’s series expansion about a suitable equilibrium point (z¢, yo,

]01, 102). If X01 = % — X, X02 = %"—l’o, Tor = \/Xgl +y8, and To2 = \/XgQ —|—yg

Then the linearized model can be described by:

Azx(t) = C1AL (L) + CoAly(t) + (Csa + C3p) Az(t) + (Caa + Cup) Ay(t),  (4.18)

where

O — K |:(3X01 + yo) 5X§1 (X01 + yo):|
1 — 5 - 7 )
\/§m

T'o1 To1

o K {(3X02 +40)  5X5H(Xoz + yo)}
2 — 5 - 7 3
\/§m T02 To2

C?)a =

K I [_3<X§1 + y3) + 5X01(3X01 + vo)
01 -
\/im

To1

_ 5 Xo1 (X1 +45) (=3Xo1 — 2y0) + 7X5, (Xo1 + yo)}

9
To1
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O — K I {3()(32 + y3) — 5X02(3X02 + vo)
3b — 02 7
V2m T02
_5 Xoa (X + ¥5) (3Xo02 + 2y0) — TXH(Xoz2 + Z/o)}
9 )
702

K (X3 +y5) — 5yo(3Xo01 + yo)
Cio = Ioy -
\/§m 701
_5 X51 (X1 +95) — Tyo X3 (Xo1 + yo)]
7"81
and
_ K (X% + y5) — 5yo(3Xo02 + yo)
Cyp = Ioo -

\/ﬁm 702
X5H(XE +v5) — Tyo X5 (Xo2 + vo)
9
702

-5

In the y-direction, the magnetic force between the coils and the inserted magnet

can be expressed based on (4.3.1.2) as follows:

K . [(wa(t))_5Xky<f>(Xk+y<t)) +mg,  (4.19)

e i
where §j(t) is the magnet’s acceleration in the y-direction (Z3). For linear controller
implementation purposes, the above dynamic equation is linearised around the equi-

librium point (g, Yo, lo1, Lo2) as follows:

Ay(t) = DiAL(t) + DoAL(t) + (D3q + Dap) Az(t) + (Daa + D) Ay(t),  (4.20)

where
K — (X X, X
Dy = { ( 015+ Yo) 15 01Yo( o1 + yo)} ’
V2m To1 To1
K [(Xo2+w) . Xoayo(Xo2 + ¥0)
Dy = 5 -9 7 )
\/§m To2 T0o
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Dy, = K Ioy [(Xgl +15) — 5Xo1(Xo1 + o)
V2m o1
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From the free body diagram in Fig. 4.11, at the equilibrium point, the resultant
magnetic force exerted by the actuator on the levitated magnet in the x-direction
is zero where as in the y-direction equals the gravitational force. Based on (4.17)
and (4.19), the control inputs Iy; and Iy at the equilibrium point can be calculated

using the following equations:

mg |:3X2§:-y0 - 5X§2(i§22+90)] ( )
Iy = — , 4.21
V2K (S) — S)
mg |:3X7(%j-yo o 5X§1(:§(1)1+y0)} ( )
[02 - 5 422
V2K(S) — Sy)
—Xo1 — 5X01¥0(X, 3X, 5X2,(X,
where §; — oL = Y0 01%0( Ko + yo)] { 025+ Yo  5Xga( o2 + ¥o) |
T T T T
01 01 02 02
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45 — —Xo2 — 40 5Xooyo(Xoz +v0) ] [3Xor + %0 5XG (Xo1 + %o)
and oz = 5 - T 5 - T
02 02 01 01

To design the MIMO controller, the system dynamics should be formulated in state
space form, let AX(nxl):[Ax(t) Axz(t) Ay(t) A'y(t)}T be the state vector of the
system, Ax(t) and Ay(t) be the controlled output, and AU,x1)y=[AL(t) ALH)]"
be the control input’s vector, then the state and output equation of the system can

be written based on (4.18) and (4.20) as in (4.23) and (4.24) respectively.

AX(t) = AAX(t) + BAU(t) (4.23)
AY (t) = CAX(t) + DAU(t), (4.24)
where
0 1 0 0 0 0
A _ Cs3 0 Ciy O ’ B _ Cy C2 ’
0 0 0 1 0 0
D3 0 D4 0 D1 D2

4.2.2 Strategy of the Actuation System

The proposed motion strategy for the WCE in the digestive tract includes imple-

mentation of the following steps:

e Stepl. Move the embedded magnet in the xy-plane by the control system
around the operating point and keep it at a variable-y desired position relative

to the electromagnetic frame.

e Step2. Navigate the inserted dipole in the x,y and z-direction and orient it

horizontally with inclination angle # through the simulated bowel by moving
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the actuator frame and/or the patient’s bed using the robotic frame manipu-

lator.

This research focuses on the design of a linear MIMO 2DOF controller based on
the PP, EEA and LQR tracking techniques to achieve stepl. The protocol of the
proposed actuation system is based on the basic idea that the vertical and horizontal
magnetic force generated by the actuator and exerted on the embedded magnet
can be used to fix the position of the dipole in the xy-plane (with a controllable
y setpoint) and fix the orientation with respect to the coils. The stable device
then navigates in the 4DOF (z,y, z and 6) through the bowel by moving the frame
and /or the patient’s bed. To realise the desired position, the controller is designed to
supply reasonable control inputs required for capsule actuation based on the position

feedback information from the magnetic sensors.

4.2.3 Controller Design Methods

In this section, the state feedback controller based on the PP, EEA, and LQR tech-

niques is designed to implement a tracking algorithm so that the system outputs

can follow the command of the desired inputs. In the PP and LQR approaches, all

the states are assumed to be measurable.

The trackers are simulated at equilibrium point [zg yo]T = [0 0.025]7, initial states

position [Az; Az; Ay; Ay;]T=[0.005 0 0.01 0]7, and desired inputs Xapxn=[Azq Azy
Ayq Ay,]"=[0 0 0.005 0] based on Gaussian process noise with mean value of 0 V

and variance of 0.24 mV and band-limited white measurement noise with power of

25 V. To evaluate the proposed controllers, their tracking performance is compared

based on maximum overshoot, settling time and steady state error parameters.
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Figure 4.12: Block diagram of the PP tracker system.

Table 4.2: Physical and magnetic parameters of the control system

Parameter Value Parameter | Value
Io1 -0.7472 A Cy 0
Iopo 0.7472 A Dy 9.285
C1 -5.472 Do -9.285
Co -5.472 D3 0
Cs 46.144 Dy 716.372

4.2.3.1 Simulation and results of the PP tracker

The block diagram of the closed-loop control system based on the state feedback
pole placement controller is shown Fig. 4.12. The design of the controller involves

applying the input vector [71]

SU(t) = K(Xq(t) — AX () — KaXa(t), (4.25)

to minimize the tracking error

e(t) = Xa(t) — AX(2), (4.26)

through forcing the plant states AX (¢) to follow a specified desired trajectory X,(t),
where K; and K are forward and feedback gain matrices.

Let the horizontal distance between the coils L = 0.06 m and the magnetic field
strength factor p,. R of the actuator core material be 3, then the main parameters
and the matrices’ elements of the tracking scheme, are calculated at the operating

point Xo=[zo yo]" = [0 0.025]" using (4.18), (4.20), (4.21) and (4.22) and listed in
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Table (4.2).

The Simulink block diagram of the simulated MIMO tracking system is presented
in Fig. 4.13, in which both process and measurement noise are considered in order
to validate the simulation of the system. The forward controller gain matrix Ky is
calculated based on (2.28). For this application, because the demand values are DC
not change with the time so, Ag4(n x n)=0, therefore the forward gain matrix Ky is

design so that the steady-state tracking error

ess = A— BK,, (4.27)
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is reduced as much as possible. However, the stability of the system is governed by
the feedback gain matrix K, which is calculated using the Matlab command " place”
based on arbitrary closed-loop system poles. It is worth considering that the large
magnitude of the closed-loop poles reduces the transient response of the control
system and increases the control signal [86]. Therefore, compromising between the
system response speed and the control effort should be considered in the choice of
the location of the system poles.

Using the following controller gain matrices which are calculated based on the closed-

loop poles (—90 £ 2¢, —95 + 14);

0 0 8715 0 —796.860 —17.021  489.987 9.873
K(t) = , and Kd<t> = s
0 0 10 0 —784.551 —16.895 —502.291 —9.987

the step response and the input signals of the tracking scheme are shown in Fig. 4.14(a)
and (b) respectively. It is observed from the mini plot of Fig. 4.14(a) that, the PP
tracker can achieve a fast and stable response, albeit with unacceptable steady-state
error values. The system output Axz(t) and Ay(t) followed the desired trajectories
with no overshoot, a settling time of 0.08 s and 0.07 s, and a steady-state error of
3.5 mm and 0.1 mm respectively.

Regarding the tracker control signals, it can be seen from the mini plot of the input
signals response as shown in Fig. 4.14(b), the steady-state control signals of the
tracker were reasonable values while the initial values were high, especially for coil2.
The system inputs A/l (t) and Al,(t) have the same steady-state value of 0.2 A and
their initial values are 1 A and 6 A respectively.

It is worth considering that the reason behind the large value of the steady state er-
ror is that there are insufficient controller gain elements to make the error identically

zero [71].
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Desired Position X4

Figure 4.15: Block diagram of the EEA tracker system.

4.2.3.2 Simulation and results of the EEA tracker

The block diagram of the MIMO tracking system based on the EEA approach is
shown in Fig. 4.15. In this tracker, the controller is designed to supply the system
plant by the gain matrix K = [K; K] in order to enable the system output to track
the desired input X,4(¢). The tracking algorithm is based on both the Eigenvalue
spectrum of closed-loop plant matrix Ay, o (fld) = {1, A2, A3 g} and an
associated set of Eigenvectors v (Acl) = {v1, V2, V3.....Up1p } [T0)],

where A, as mentioned previously in (2.14) is:

B A+ BK, BK,
Acl =

—-C 0
To evaluate performance of the proposed EEA controller, the tracking system is sim-
ulated as shown in Fig. 4.16. As mentioned earlier, the performance of the tracking
system is based on Eigenvalues and Eigenvectors of the closed-loop control system.
In the proposed EEA controller, the closed-loop Eigenvalues are assigned arbitrarily
and then the system performance is investigated based on all its Eigenvectors sets,

whose number is given by [87]:

N, = m"™t? (4.28)

The response and control effort of the tracker based on all the Eigenvectors sets
and the optimum set of Eigenvectors under the desired input Xy(¢) = [0 0.005]7 is

shown in Fig. 4.17. The controller gain matrix based on the optimum Eigenvectors
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set is listed below:

1

18.3784 2.0101 —47.9474 —1.2386
)
18.3784 2.0101  47.9474 1.2386
—31.9792  23.2636
—31.9792 —23.2636
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4.2 2DOF Controller Simulation

Fig. 4.17(a) and (b) show the response of the system output Ax(t) and Ay(t) based
on promising Eigenstructure sets respectively. The red responses represent the sys-
tem output (Az(t) and Ay(t)) based on unsuitable eigenvectors sets and the blue
responses present the system performance based on the acceptable eigenstructure
sets. It can be seen that the response of the tracker depends on the Eigenvalues of
the closed-loop control system and their associated eigenvectors. Based on the opti-
mum Eigenstructure set, Fig. 4.17(c) and (d) show output response and the control
signals of the tracker.

Compared with the PP tracker response, the capsule actuator system based on the
EEA controller is improved through keeping the stability and reduction of the steady
state error. However, the response time of the system is not fast enough, based on
Fig. 4.17(c) the settling times of the Az (t) and Ay(t) are 0.5 s and 1 s respectively.
Regarding the control effort, it can be seen from Fig. 4.17(d) that the control signals
of the system Al (t) and Al (t) are reduced from 1 A and 6 A to 0.33 A and 0.43

A respectively.

To improve scheme performance, a complex optimization algorithm based on
numerical analysis should be applied to assign an optimum set of closed-loop Eigen-
values and Eigenvectors; nevertheless, there is no guarantee of realizing acceptable
transient response behaviour based on a reasonable control inputs range [86][88].
Therefore, another controller technique should be adopted to implement the capsule
actuation system based on the simplicity of the design and trade off between the

performance efficiency and the accepted control effort.
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4.2 2DOF Controller Simulation

4.2.3.3 Simulation and results of the LQR tracker

Because the proposed system is observable and state controllable, the LQR technique
can be used to implement its controller as this approach bases on the full state
feedback. The block diagram of the tracking system based on the LQR technique is
the same block diagram of the PP control system as previously shown in Fig. 4.12.

The LQR controller design includes choosing a control law [71]:

AU(t) = Ke(t) — KX q(t) (4.29)

where K and Ky are the optimal feedback and non-optimal forward gain matrices
respectively and e(t) = X4(t) — X(t) is the tracking error, which stabilizes the

magnet at the desired position while minimizing the quadratic cost function:

J = /OOO {e"(1)Q(t)e(t) + U ) (t)R(1)SU(t) } d(t), (4.30)

where Q(t) and R(t) are the combined state and control penalty matrices respec-
tively. The Simulink model of the LQR tracker system against the same simulation
model of the PP tracker scheme is shown in Fig. 4.13. Tracking performance can be
investigated by a proper setting of the gain matrices K and K; which determines
the input vector AU(t) and eliminates the steady state error respectively. The con-
troller gain K was calculated based on the LQR matrices Q(t) and R(¢), which are

set to effectively enable the system states to track the desired inputs while keeping
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Figure 4.18: Output response and control signals of the LQR tracker system

the control inputs as small as possible.

9%10* 0
0 350
Qt) =
0 0 20
0 0
—26.219
K =
—26.281

73.082 3.247
—81.997 —3.6435

While the forward gain matrix K, was calculated based on (2.34) as follows:

0
Ky=
0 0

38.577 0
—38.577 0

The output response and the control signals of the simulated tracking system based

on the above controller parameters are shown in Fig. 4.18(a) and (b) respectively.

It is observed from the mini plot of Fig. 4.18(a) that the controller output Axz(t)

and Ay(t) followed the demand inputs in a short settling time of approximately 0.18

s and 0.27 s respectively with no overshoot, zero steady state error and a minimal

system noise of 0.15 mm and 0.25 mm respectively

The mini figure of Fig. 4.18(b) suggests the initial and the steady state control input



4.3 3DOF Controller Simulation

of the controller system were within acceptable values. The initial value of the Al
and Al are 0.4 A and 0.7 A respectively, while their steady state values have the
same value of 0.2 A.

Based on the above analysis, it can be said that under the assumption of a perfectly
matched coil parameters, the LQR controller has achieved a good stability and
performance robustness based on Gaussian process noise with mean value of 0 V
and variance of 0.24 mV and band-limited white measurement noise with power of
25 puV. Consequently, this approach can be adopted to design the controller of the
capsule actuation system. However, practical implementation of the LQR controller,
which will be discussed in Chapter 6, has shown that the controller was not able to
achieve a stable 2D system.

The reason for this is that the simulation design of the proposed system is simple, as
the effect of the capsule orientation on the position feedback, is not considered in the
controller algorithm. Therefore, in this research project, a more realistic simulation

design for a capsule actuation system will be considered in the next section.

4.3 3DOF Controller Simulation

In this section, the 3DOF capsule navigation system is designed and simulated based
on the LQR controller. A positioning feedback system based on coil sensors is used to

provide the controller algorithm with capsule position and orientation information.
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4.3 3DOF Controller Simulation

Mg "~

Figure 4.19: Schematic diagram of the 2D control system.

4.3.1 System Configuration and Modelling
4.3.1.1 System configuration

The proposed system has the same configuration and the simulated platform of
the 2D controller system as previously shown in Fig. 4.10, except a pair of 3-axis
orthogonal coil sensors is used instead of a pair of 1-axis coil sensors. The mutual
coil sensors are used to detect the AC magnetic signal generated by the capsule
coil, including the device position and orientation information. The sensor outputs
are conditioned and then sent to the controller which delivers control signals to the

electromagnets in order to guide the capsule through the desired trajectory.

4.3.1.2 System modelling and dynamics

A schematic diagram of the 3DOF controller scheme is illustrated in Fig. 4.19.
The coil and dipole moment are governed by (3.2) and (3.22) respectively while
the exerted force by the actuators on the inserted magnet is governed by (3.21).

Taking these assumptions into consideration, the actuators are orthogonal in the
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4.3 3DOF Controller Simulation

plane z = 0, and so the magnetic moment of the coils can be expressed as follows:

. (-DF 1
. = fhe it ——j + Ok | k=12 4.31

Assume the initial position of the capsule is close to the plane z = 0 and, therefore,
the coils work to drag the dipole to their plane. Then, based on an appropriate
controller design the coils can control the magnet’s position and orientation in the
xy-plane. In the manipulating plane (z = 0), the dipole inclination angle g = 90°

and then the magnetic dipole moment fi,, based on (3.22) becomes as follows:
firm = pim(cos(a)i + sin(a)j + 0k) (4.32)

The expression which governs the movement of the embedded magnet in the xy-plane
is the same expression used in the 2DOF controller system as previously shown in

(4.3.1.2), which is:

m ZE090) 5~ Fidi

—5(fiey -74) (fimn )P Y + WV,

If the coils have the same physical and magnetic parameters, then based on (4.3.1.2),

(4.31), and (4.32), the a-direction movement expression of the inserted magnet can
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4.3 3DOF Controller Simulation

be written as:

i) = 51, {(_3608@ - sin(@))Xs + (cos(a) — sin(@))y(?)

T

)

7

(= X2+ X1y(t))(cos(a) X, + sin(a)y(t)}

(4.33)
_l’_

K I [(3008((1) + sin(a)) X + (cos(a) + sin(a))y(t)
V2m 5

T'a

)

7

(X2 + Xoy(t))(cos(a) Xy + sin(a)y(t))]

where K = 21, RN AB;V, X = £ —2(t), Xo = L + 2(t), r1 = /X7 + y()2, and
r2 = \/W .

For the linear control system design, the above non-linear dynamic equation is
linearized using Taylor’s series expansion based on the Jacobian method about an
operating point (zo, Yo,c0, lo1, lo2). If Xo1 = £—0, Xoo = L4120, 701 = VX2 R,

and 1oy = \/X& + y2. Then the linearized model can be described by:

Az(t) = C1AL(t) + CoAL(t) + CsAx(t) + CsAy(t) + CsAa(t), (4.34)
where ¢} = 2&®) Oy = 9(&(t) O = o(E()) 7
! oh (20,Y0,20,101,102) 2 Ol (x0,y0,00,101,102) ’ 0w (z0,Y0,20,101,102)
Cy = w ,and C5 = 8(3(“) . These expressions are in-
Y (@o,y0,00,101,102) * (z0,y0,20,101,102)

cluded in Appendix B.1.

In the y-direction, the magnetic force exerted on the embedded magnet by the coils
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4.3 3DOF Controller Simulation

is expressed based on (4.3.1.2), (4.31), and (4.32) as follows:

i = 2, [(COS(O‘) — sin() X, + (3sin(a) — cos(a))y(1)

-

5
1

)

y(t)(— X1 + y(t))(cos(a) X; + sin(a)y(t))]
i

(4.35)

K (cos(ar) + sin(ar)) Xa + (cos(ar) + 3sin(a))y(t)
" [ ]

y(t) (X + y(t))(coigoz)Xz + Sin(a)y(t))l .

-5

For the linear MIMO controller design, the above non-linear dynamic equation is

linearized around the operating point (x,y0,c0,l01,102) as follows:

Ay(t) = DiAL(t) + DAl (t) + DsAx(t) + DyAy(t) + DsAa(t), (4.36)
where D — o3i(t) _ o3®) D3 = o(§(t)) ’
! on (z0,y0,20,101,102) Ol (z0,Y0,20,101,102) ’ O (z0,y0,20,101,102)
D, = @ , and Dy = % . These expressions are
Y N=o,y0,00,101,102) (wo,y0,20,101,102)

provided in Appendix B.2.

The dipole rotation in the xy-plane, which is represented by the angle «, is also

governed by Newton’s second law, and can be expressed as follows:

Ja(t) =— [\/(Fgw sin ()2 + (Fy, cos (a))? — \/(le sin («v))? 4 (Fy cos (a))? (4.37)

where G(t) is the magnet’s acceleration in the a-direction, J = 2(3r7 + L3) is
the moment of inertia of the dipole (kg m?), Fj, and Fy, are the magnetic force

components of the coil; in the x and y-direction respectively. This can be expressed
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based on general force expression (3.21), (3.1) (4.31), and (4.32) as follows:

P K I (—3cos(a) + sin(a)) X1 + (cos(a) — sin(a))y(t)
Vam & (4.38)

X1 (X1 — y(t))(cos(a) Xy + sin(a)y(t)

7 )
T

+5

K I (cos(a) — sin(a)) X7 + (3sin(a) — cos(a))y(t)

Fy,

- Vam i . (4.39)
+5y(X1 — y(t))(cos(o;)Xl + sin(a)y(t)) |
P K I (3cos(ar) + sin(a)) X + (cos(ar) + sin(a))y(t)
2z \/§m 2 7”5)
(4.40)
Xl 4 (1) cos(e) Xy + sinfa)y(0)]
o K I (cos(a) + sin(ar)) Xz + (cos(a) + 3sin(a))y(t)
2y \/§m 2 rg
(4.41)
IICChs y(t))(COS(a?)Xz + sin(a)y(t))

The Jacobian linearization of the system about the equilibrium point (xg,y0,a0,Z01,02)

is given by:
Aa(t) = AL (L) + EyAL(t) + EsAx(t) + EsAy(t) + EsAaf(t), (4.42)
where B, = o(a(t)) By = o(a(t)) B = o(a(t)) ’
! oh (20,40,20,101,102) 2 Ol (x0,y0,20,101,102) K 0w (20,40,20,101,102)
5, — 2s) and By = 250 |
(z0,y0,20,01,102) (z0,y0,20,101,d02)

At the equilibrium point, the change in the magnet position and orientation is zero,

so based on (4.33) and (4.35), the control inputs Ip; and Iy of the system at the
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4.3 3DOF Controller Simulation

steady state point can be calculated using the following equations:

V2mgA,
Ipp = — 4.4
T K(A Ay — Ay Ay) (4.43)

\/§mgA2

Iy = :
27 K (A Ay — AyAy)

(4.44)

where

(3cos(ayg) + sin(ag)) Xoz + (cos(ap) + sin(ao))yo

A= o2
. Xoa(Xo2 + yo)(cos((;zo)ng + sin(ao)yo)7
02
A, — (—3cos(ag) + sin(ao))Xog + (cos(ap) — sin(a))yo
o1
L5 Xo1(Xop — yo)(COS(;Mo)Xm + sin(ozo)y07
To1
A, = (cos(ap) — sin(ag)) Xo1 —; (3sin(ag) — cos(ap))yo
o1
45 Yo(Xo1 — yo)(COS(O;O)Xm + Sin(ao)?/o)’
To1
A, — (cos(ag) + sin(ap)) Xoz —5|— (cos(ayg) + 3sin(ao))yo
To2
_ g Yo(Xoz + yo)(COS(Oé?O)on +sin(ao)yo)
o2

To design a MIMO controller, the system dynamics should be formulated in

: : . T
state space form: let AX(, )= [Am(t) Ax(t) Ay(t) Ay(t) Aa(t) Aa(t)| be the
state vector of the system, Ax(t), Ay(t), and da(t) be the controlled output, and

AU(mx1)y=[AL (1) (512(t)]T be the control inputs’ vector, then the state and output
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equation of the system can be written based on (4.34), (4.36), and (4.42) as in (4.45)

and (4.46) respectively.

AX(t) = AAX(t) + BAU(t), (4.45)
AY(t) = CAX(t)+ DAU(t), (4.46)
where _ - _ .
01 0 0 0 0 0 0
Cg 0 C4 0 Cs 0 Cl 02
A 0 0 0 1 0 0 B 0 0 |
D3 0 D4 0 D5 0 Dl D2
0 0 0 0 0 1 0 0
E3 0 E4 0 E5 0 El E2
1 00 0 0 O -0 0
C=1o 010 0 of|,andD= |0 o0
0000 1 0 00

4.3.2 Strategy of the Actuation System

The proposed motion strategy for the WCE in the digestive tract includes applying

the following steps:

e Stepl. Move the embedded magnet using the control system in the zy-plane
within a small area around the operating point, with the ability to set its

azimuth angle () to 0° or 90° and keep it at the variable-y desired position.

e Step2. Navigate the magnet through the simulated bowel in the x,y, and
z-direction with ability to manipulate its inclination angle (3) by moving the

actuator frame and/or the patient’s bed using the robotic frame manipulator.
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Table 4.3: Physical and magnetic parameters of the 3DOF controller system.

Parameter Value Parameter Value
Inq -0.205 A D3 0
Ioo 0.205 A Dy 318.9488
Ch -32.6 Ds 0
Co -32.6 E, 8921.5
Cs 693.148 B, 8921.5
Cy 0 Es —4.318 % 10°
Cs -13.8755 Ey 0
Dy 33.8 E5 -731.89
Dy -33.8 K 4.948 10~ 7=

4.3.3 Simulation Design and Results

The proposed MIMO tracking system based on the LQR approach was simulated
in order to evaluate its performance in tracking the desired trajectories. It is worth
considering that increasing the levitation distance and including the capsule rotation
angle as a controlled parameter in the control system based on the current physi-
cal and electrical parameters increased the control effort exerted by the actuator to
unreasonable value. Therefore, the proposed 3DOF control system was optimised
in order to run the control system based on acceptable coil currents through using
a high permeability core material so that the magnetic field strength factor of the
system R becomes 8.

To further reduce the system control signal, the magnetic force strength between

the actuator and the levitating object was increased using a stronger permanent
magnet with an intrinsic field strength B; of 1.5 T.
At the operating point Xo=[zq 3o o]’ = [0 0.03 0°]", the tracker was simulated
based on the equilibrium coil currents and the Jacobian matrices elements which
were calculated using (4.34), (4.36), (4.42) (4.43), and (4.44). These are listed in
Table (4.3).

It is worth noting that it can successfully implement the 3DOF LQR controller for
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Figure 4.20: Simulink design of the MIMO LQR tracking system.
the proposed actuation system as the system matrices (A,B) and (A,C) are com-
pletely controllable and completely observable respectively. Based on the assump-
tion that all the system states are measurable, Fig. 4.20 shows the Simulink model
of the 3DOF LQR controller system. At the state and control weighting matrices

Q(t) and R(t) which are given:

1012 0 0 0 0 0
0  75%10'! 0 0 0 0
Q(t): 0 0 15 % 107 0 0 0 7 R(t):103 [1 0]7
0 0 0 2500 0 0 0 1
0 0 0 0 5x%10' 0
0 0 0 0 0 0

the forward and feedback gain matrices are calculated based on (2.32) and (2.34)

respectively as follows:

0 0 4.7175 0o 0 O
Kd = 5
0 0 —47175 0 0 O

K —305.46 —61244  278.616 3.5916 15812 —0.0184
—305.46 —61244 —278.616 —3.5916 15812 —0.0184

Under the assumption of a perfect match between the coil parameters, using the

above LQR controller gain matrices and initial states [Ax; Axi Avy; Ayi Aq; Aai]T
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= [0.01m 0 0.005m 0 £ 0]", the response of the controller output Axz(t), Ay(t) and
A«a(t) based on Gaussian process noise with mean value of 0 V and variance of
0.24 mV and band-limited white measurement noise with power of 25 pV, for the

following desired input:

B ] 0
Axg
0
Ay
) 0.01 for t=2s,4s,6s,...
Ayd ft =

Xat)=1 | = 0 for t=1s,3s,5s, .. ,
Aya
0
Aayg
0
Aayg
- - 0

is shown in Fig. 4.21(a), (b), and (c) respectively. The control input of the tracking
system is presented in Fig. 4.21(d). The response of the tracking system suggests
that, based on acceptable control effort, the controller enables the embedded magnet
to be successfully guided through the demand trajectories. Based on the mini figures
of Fig. 4.21 (a) and (b), it can be seen that the controller output Az(t) and Ay(?)
tracked the desired input with a short settling time of approximately 0.225 s and
0.025 s, overshoot of 08% and 0% respectively, and a zero steady state error.

For the dipole rotation angle response, it can be seen from the mini plot as shown in
Fig. 4.21 (c) that the LQR controller can provide a response with a very short settling
time and minimal steady state tracking error. However, the inserted magnet has
an overshoot of 38%, which is considered acceptable proportional to the area of the
investigation organ, particularly because its influence on the inspection procedure
is little as it happens within a very short transient time of 0.1 s.

Regarding the system control signals, Fig. 4.21 (d) shows that the exciting current
of the coils is equal at steady state with an acceptable value which swings between

0.2 A and 2.7 A. Tt is worth considering that manipulation in the control weighting
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Figure 4.21: Output response and control signal of the 3DOF tracking system.

matrix R(¢) could improve the controller response, but this action increases the

system control effort which should be as small as possible.

The good performance of the 3DOF LQR controller system encourages its real-time

implementation using the DSP in order to validate the simulation results of the
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proposed actuation system. In the practical implementation, it is expected that the
valid manipulation distance around the equilibrium position is very small due to the

linearisation of the high order system modelling terms.

4.4 Chapter Summary

In this chapter, SISO and MIMO actuation schemes are proposed for a capsule
endoscope. These systems, which are based on the magnetic levitation concept,
are modelled in state space form and hence linear controllers were designed and
simulated to realise the system mathematical analysis and validate the proposed
approaches.

In the SISO system, the inserted magnet was used for actuation and a marker for
localisation. A linear PID controller, based on a Hall effect sensor, was designed
to move the embedded magnet in the vertical dimension within an area around the
operating point and to maintain it at the desired position.

The proposed 1DOF controller system was then developed through improvements
to the capsule position feedback. This improvement included using a coil sensor
by which it could obtain the device position information from the AC magnetic
field, which was decoupled from the DC actuation fields. Simulation results have
shown that, based on reasonable control effort, the controller using both sensing
strategies was able to successfully guide the embedded magnet through the desired
input trajectory. However, the response of the system based on the coil sensor had
the shortest settling time, smallest overshoot value and steady state error.

In the MIMO actuation system, the 2DOF linear PP, EEA, and LQR controllers
were designed and simulated for the 2D capsule actuation and finally their tracking

performance was compared. Simulation results have shown that, based on acceptable
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control inputs, the linear LQR controller had the fastest response with minimal
overshoot value and steady state error.

In the last section, a more realistic design for the 2D capsule actuation system was
considered by including the capsule rotation angle in the modelling of the system
as a controlled parameter. The linear 3DOF LQR controller was designed and
simulated to evaluate the developed system. Simulation results have shown that
the controller was able to effectively guide the dipole through the desired input
trajectory. However, the modelling of the system dynamics includes high order
terms which their linearisation process could be valid in the real-time controller

implementation just for very narrow region around the operating point.
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Chapter 5

Position Sensing

In the area of biomedical applications, suitable fields for a location position scheme
are either static or quasi-static magnetic fields. These are suitable because they do
not significantly interact with human body tissue. Static magnetic fields are time
invariant and produced by either passing a DC current though a loop of wire or
permanent magnet. Quasi-static fields are also time invariant and are produced
by passing a low frequency AC current through a loop of wire, but otherwise they
behave identically to static magnetic fields.

In this research project, these two types of magnetic fields are used to transmit
capsule position feedback and the magnetic sensors, Hall effect sensors and coil
sensors, are used to detect this magnetic information. Detection of the DC magnetic
field by the Hall effect sensor will be discussed in this chapter, along with two types
of coil sensors, 1-axis coil sensor and 3-axis orthogonal coil sensor, which are used

to sense low frequency transmitted magnetic fields.
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5.1 Introduction

A magnetic sensor measures the magnetic field density around it and converts the
field to a voltage or current signal. It is widely used in control applications such
as determination of an object’s position [89]. There are many types of magnetic
sensors that can be used to detect magnetic fields, such as search coil sensors, su-
perconducting quantum interference devices (SQUID), fluxgate, magneto-inductive
magnetometers, Hall sensors, anisotropic magnetoresistive (AMR), and giant mag-
netoresistive (GMR) devices, among others [90][91] [92].

Coil magnetic sensors can only detect AC magnetic fields, while the other sensing
devices are sensitive to both AC and DC magnetic fields [93]. Of the DC magnetic
sensors, Hall effect sensors, AMR, and GMR have the advantages of good linearity,
high reliability, small size, ease of realization, and low cost. GMR devices have a
precision response, but remnant magnetism exists after it is exposed to a magnet.
Therefore, to correct the measurement, an additional de-magnetic coil is needed, and
this process makes the implementation of the sensing system complicated. Conse-
quently, the Hall effect sensor and AMR device can be adopted to detect the DC
magnetic signal from the embedded magnet for capsule positioning purposes.

It is worth considering that position feedback accuracy based on a DC magnetic
field is not high due to interference between positioning and actuation DC fields.
In this research project, two positioning approaches based on the Hall effect sensor
are used in the localization part of the proposed capsule actuation system which
are one Hall sensor and two Hall sensors on the opposit poles of the electromagnet.
For more accurate position detection, the coil sensor is adopted for the capsule ac-
tuation system due to its simplicity, good response and very low cost. It is used to

receive a specific frequency AC magnetic signal from the generating coil attached
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Table 5.1: Designed parameters of the proposed electromagnetic coil.

Characteristics Values
Supply current (I.) 11 mA
Output type Ratiomateric
Output voltage span 0.2 — (Vee —0.3)
Magnetic sensitivity 2.5 mV/G
Magnetic range +880 G
Operating ambient temperature (T4) —40-125°C
Output linearity +2.5%
Size 2.9 x 3 x lmm

to the capsule, so that, by an appropriate algorithm, it can find the position and
orientation parameters of the device [21][31][94]. Details of Hall effect sensor and

coil sensor will be taken into consideration next.

5.2 Positioning With DC Magnetic Field Mea-

surement

5.2.1 Hall Effect Sensor Descriptions

In the proposed actuation system, positioning of the WCE is based on using of a
1-axis Hall effect sensor. Fig. 5.1 shows the block diagram of a linear Hall effect
sensor integrated circuit (IC) (Alergo Microsystem, A1301) employed to measure
the position of the WCE [95]. It converts magnetic field, produced by an embedded
magnet in the capsule, into electrical signals for processing by electronic circuits.
Generally, the output voltage of Hall effect devices can be quite small, even when
a strong magnetic intensity is applied, therefore, they are manufactured with built-
linear amplifiers and CMOS Class A output structure, not only to reduce the size
and improve the sensor’s sensitivity, hysteresis and output signal, but also to allow

operation over a wide range of magnetic field conditions and power supplies. High
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To all subcircuits

Control
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Figure 5.1: Block diagram of A1301 Hall effect sensor [92].

precision in device output levels is obtained by internal gain and offset trim regula-
tions made at the end-of-line during the manufacturing process.

The voltage supply range of the Hall sensor IC is 4.5-6 V. The relationship be-
tween the magnetic field sensed by the device and its corresponding voltage output
is defined by the transfer characteristics curve as shown in Fig. 5.2 [64]. The ratio-
metric output voltage is govern by the supply voltage and changes in proportion to
the strength of the magnetic field passing through the device. Based on the above
characteristics function, it is clear that the device, which has a quiescent out voltage
that is 50% of the supply voltage, can respond to either positive or negative fields,
monitoring either or both magnetic poles. More details about the electrical, ratio-
materic, and magnetic characteristics of the integrated circuit Hall effect sensor are
listed in Table (5.1) [95].

In our proposed actuation system, which is based on the magnetic levitation con-
cept, the voltage across the Hall effect sensor (V) attached to the coil, induced by
the levitating magnet distance x and the electromagnet curring current I, can be

closely approximated as [96].

V, = A+ = +1, (5.1)
T
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BSM’v BSI.T&

Figure 5.2: Linear Hall effect sensor transfer curve [64].

where the parameters A, € and ¢ are constants that depend on the particular Hall
effect sensor used, as well as the geometry of the system, and x is the axial distance
between the sensor and the floating magnet (m). Usually, ¢ is quiescent output
voltage (0.5V,.) that matches the sensor characteristics curve shown in Fig. 5.2,
while A and e should be determined from measurement, as they depend not only on
the sensitivity of the Hall effect sensor, but also on its location and the properties

of the actuator coil.

5.2.2 Positioning Based on One Hall Sensor
5.2.2.1 Experimental setup

The conditioner circuit schematic diagram of the Hall sensor signal is shown in
Fig. 5.3. The function of the processing circuit is to prepare the feedback position

signal for processing in the DSP. It consists of the following stages:

e Voltage follower. This is the unity gain amplifier stage, used to buffer the

Hall effect sensor voltage output to enable it to drive the subsequent circuits.

e Amplification. This stage, as shown in Fig. 5.3, is based on an inverter

amplifier circuit, and its function is to amplify the buffered position signal.
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Figure 5.3: Schematic diagram of the conditioner circuit based on single Hall effect
Sensor.

The gain of the amplifier is given by:

(5.2)

The level of the output signal is governed by the value of the variable feedback
resistor y. For our application, the position signal is amplified to a level
so that we can distinguish the position signal from the sensor noise when
the magnet is at the typical operating distance from the actuator coil. The
feedback resistor is adjusted until the amplified position signal becomes 5 V
when the dipole is placed at a minimum operating distance of 15 mm from the

Hall effect sensor.

e Filtering. This is a RC low pass filtering (LPF) stage used to reject the high
frequency interference. As shown in Fig. 5.3, it is implemented by adding a
shunt capacitor C5 to the output of the differential amplifier which has a low

output impedance R, of approximately 50 2. Solving the impedance of the
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resistor /capacitor network gives the transfer function of the filter:

1
Hf)y=—————— 5.3
(7) 14271 fR,Cy (5:3)
The cut-off frequency of the filter is given by :
1
.= ————. 5.4
f 27TROCQ ( )

In our application, the cut-off frequency was chosen to be 31.8 Hz, at which
a compromise between noise rejection and the system response time is con-
sidered. The cut-off frequency was calculated using (5.4) based on the shunt

capacitor Cy = 100 pF.

Regulation. This was a simple voltage divider circuit, used to protect the
DSP from the position signal with a voltage level higher than its maximum

input voltage of 3 V.

5.2.2.2 Hall effect sensor calibration

The position feedback of the embedded magnet was based on the Hall effect sensor,

which was calibrated practically using a precision vertical positioning look up table.

By keeping the inserted magnet concentric with the magnetic sensor, the calibra-

tion was carried out by lowering the dipole from the minimum vertical operating

distance, which was 15 mm below the electromagnet, up to 55 mm. The position

sensor reading was amplified by a non-inverter amplifier to a level so that we could

discriminate the dipole position signal from the sensor noise when the magnet was

at the typical operating distance from the actuator coil. The amplified signal was

then filtered to reduce noise and sampled using the DSP’s on-chip ADC, which was
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Figure 5.4: Axial displacement versus conditioned magnet position signal based on
Hall effect sensor.

calibrated in order to reduce conversion error due to inherent gain and offset errors.
To further reduce the influence of noise on the positioning calibration procedure, at
each distance step, the dipole position measurement was derived from an average of
ten repeated readings. The data curve used to calibrate the vertical dipole position
is shown in Fig. 5.4.

To reduce computational complexity and enable real-time controller program exe-
cution, the positioning calculation was approximated by a fourth-order polynomial
generated using the Matlab command ”polyfit”. The resulting positioning expres-
sion which converts the DSP’s ADC reading Vp(t) to the corresponding position

x(t) is as follows:

z(t) = 0.0574Vp () — 0.587VpP(t) + 2.236Vp2(t) — 3.77Vp(t) + 2.4 (5.5)

To evaluate the performance of the proposed positioning method, the magnet po-
sition error was measured based on practical operating conditions. By keeping the
magnet at a practical vertical distance 30 mm from the below actuator pole, the coil

was excited by a step current of 0.5 A over the current range (0-5) A with the step
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Figure 5.5: Position error based on single Hall effect sensor.

time of 30 s. Over the current range, the practical dipole position was measured
based on the (5.5) and then compared with its actual distance 30 mm to generate
the position error which is shown in Fig. 5.5. It can be seen from the Fig. 5.5
that increasing the coil current increased the position error. The reason for this is
that increasing current heats the coil hence changing the magnetic behaviour of the

actuator.

5.2.2.3 Positioning algorithm

In this approach, a magnetic dipole, which is based on a small embedded permanent
magnet in the capsule, is used as a magnetic source. The Hall effect sensor is fixed
on the lower pole of the actuator, to detect the position signal produced by the
dipole. Initially, while keeping the dipole away from the actuator, sensor readings,
which are amplified, filtered, and then regulated by a conditioner circuit and finally
sampled by the DSP’s ADC, are saved in a calibration array in the DSP during the
excitation of the actuator by a full PWM range.

During the system operation with the presence of the inserted magnet, a subtraction
operation in the DSP is implemented between the sensor signal and its corresponding

lookup value for the current PWM value to extract the current dipole position.
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The dipole position signal is compared with the demand position to generate an
error signal that is sent to the PID controller implemented digitally in the DSP.
The output of the controller, which is in the form of a pulse width modulation
(PWM) signal with varying duty cycle, is supplied to the current driver circuit
which adjusts the current of the coil. However, the positioning efficiency of this
procedure drops dramatically as the excitation current increases due to increasing
in the power dissipation in the coil which increases the actuator temperature that
changes the characteristics and behaviour of the system. To avoid this problem, the

following algorithm is used:

5.2.3 Differential Measurement Based on Two Hall Sensors

5.2.3.1 Experimental setup

The conditioner circuit of the position signal is based on two Hall effect sensors

shown in Fig. 5.6. The circuit is simply composed of the following stages:

e Voltage follower. As mentioned earlier, in the processing circuit of single
Hall effect sensor positioning system there is a 2-channels unity gain amplifier
stage, used to buffer the output of the Hall effect sensors to enable them to

drive the subsequent circuits.

e Amplification. This stage, as shown in Fig. 5.6, is used to subtract and am-
plify the buffered position signals. R, is a variable resistor, and used to adjust
the zero deviation of the amplifier output, when the embedded magnet is away
from the manipulation area, due to mismatch of the sensors characteristics.
From the amplifier circuit, it is evident that, the required amplification level

of the position signal can be governed by the following equation:
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Figure 5.6: Schematic diagram of the conditioner circuit based two Hall effect sen-
sors.

R
Viut = R%”(m — V), (5.6)
2

where V,,; is the output of the amplifier and V; and V5 are buffered voltage
outputs of the lower and upper Hall effect sensors respectively. The amplifier
resistances are also adjusted so that the amplifier output reaches 5 V when
the dipole is placed at a minimum vertical operating distance of 15 mm from

the lower Hall effect sensor..

e Filtering. This stage, as shown in Fig. 5.6, is a LPF stage which is also
implemented by connecting a shunt capacitor across the differential amplifier
output. It is used to filter unwanted noise frequencies from the amplified
difference voltage signal. Optimum performance of the filter is achieved at a

cut-off frequency of 31.8 Hz, calculated using (5.4) based on C' = 100 uF.

e Regulation. This stage as shown in Fig. 5.6 is a voltage divider circuit in

which both sensor outputs are scaled down to 3.3 V range.
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Figure 5.7: Axial displacement versus processed position signal based on Hall effect
Sensor.

5.2.3.2 Hall effect sensor calibration

The two Hall effect sensors were adopted to provide the actuation algorithm by
position feedback; however, with this positioning method, only below magnetic sen-
sor is calibrated based on the same calibration procedure mentioned in the section
(5.2.2.2). The data curve used to calibrate the vertical dipole position is shown
in Fig. 5.7. To reduce computational complexity and enable real-time controller
program execution, the positioning calculation was approximated by a fourth-order
polynomial generated using the Matlab command ”polyfit”. The resulting position-
ing expression which converts the DSP’s ADC reading to the corresponding position

x(t) is as follows:

z(t) = 0.093VpA(t) — 0.93Vp?(t) + 3.476Vp(t) — 5.754V p(t) + 3.585 (5.7)

The fit of the above equation to the measured readings practically has a zero mean
error with a standard deviation of o = 0.32 mm. For simulation purposes, the posi-

tion voltage signal V'p(t) based on the vertical dipole position z(¢) can be formulated
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Figure 5.8: Position error based on two Hall effect sensors.

as follows:

Vp(t) = 3.217 % 10824 () — 5.1 % 10°2°(t) + 2.965  10*2%(t) — 769.12:(t) + 9.41 (5.8)

To evaluate the performance of the positioning approach, based on the same error
measurement procedure mentioned previously in section (5.2.2.2), the dipole posi-
tion errors were measured and are shown in Fig. 5.8. It is obvious from Fig. 5.8
that there was an important reduction in the position error based on the two Hall
effect sensor position method, due to cancellation of the problems of heating the
coil. However, there were still some differences between the actual and the mea-
sured dipole positions. The reason for this is that it very hard to achieve a perfect
cancellation for the actuation field due to problems of mechanical tolerance, thermal

drift, and the winding distribution of the actuator.

5.2.3.3 Positioning algorithm

In this algorithm, the inserted magnet is still used as a marker for positioning, and
two Hall effect sensors attached to the pole faces of the coil are used to measure the
position signal of the suspended magnet. Magnet position detection as demonstrated
in Fig. 5.9 is based on the idea that the upper sensor measures the magnetic field of
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Figure 5.9: Magnet’s field detection approach.

the electromagnet, while the lower sensor senses the magnetic field for both the coil
and the dipole. The position signal of the floating object is determined by measuring
its position with the two Hall effect sensors, and then these position signals are sent
to the signal conditioner circuit as shown in Fig. 5.6.

In this circuit, the low current position signals are buffered by a voltage follower
circuit, subtracted and amplified by a differential amplifier and finally filtered to
reject interference and sensor noises. The processed position signal is also passed
to the DSP for sampling and PID controller implementation, and finally the PWM
processor output with varying duty cycle is used to regulate the electromagnetic
current. This positioning approach needs a high degree of accuracy, not only in coil
geometry design and manufacturing, but also in coil winding, in order to obtain
a symmetric magnetic field distribution around the coil which will enhance the
accuracy of the position feedback information of the capsule.

It is worth considering that positioning methods based on both one and two Hall
effect sensors on the opposite poles of the actuator can be adopted to measure the
dipole position, however, the accuracy of the positioning system based on single
Hall effect sensor on the lower pole of the coil influences by changing of the actuator

magnetic behaviour due to rise its temperature at high exciting current values. On
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the other side, the two sensors positioning system is still not an efficient positioning
system as the sensors measurements influence by the problem of the DC actuation
field cancellation. Therefore, another positioning approach based on an AC magnetic

field will be considered in the next section.

5.3 Positioning With AC Magnetic Field Mea-

surement

5.3.1 Coil Sensor Background and Descriptions

Coil sensors are one of the oldest and most well-known types of magnetic sensor.
It is practically the only sensor that can be manufactured directly by a user (in
comparison to Hall, magnetro sistive or flux-gate type sensors). There are two
types of coil sensors (either with air cores and ferromagnetic cores). The response
function of air core coil sensors is easy to characterize by Faraday’s fundamental law

of induction, as follows:

A

V = _Ns_7
dt

(5.9)

where V' is the induced voltage (V), Ny is the number of coil turns, and @ is the
magnetic flux passing through a coil sensor. The above expression refers to the
fact that induced voltage in a N, turn coil winding is equal to the rate of change of
electromagnetic flux, the concept which inductive transducers use for measurements.
Generally, the sensitivity of an air coil sensor is relatively low so to improve the
output response a ferromagnetic core with high permeability should be used. Based

on the above equation the output voltage of an iron-cored coil sensor is governed
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dH
V= —/L(),LLRNSA%, (510)

where A is the cross-sectional area of the coil sensor (m?), H is the magnetic field

intensity (%), and pp is the resultant permeability of the core which is:

p— MT
1+ DF(u, — 1)

where p, is the relative permeability of the iron core of the coil sensor and DF
is the demagnetization factor, which depends on the geometry of the iron core.
However, this enhancement is accompanied by the sacrifice of one of the most im-
portant advantages of the air core coil sensor which is the linearity. The core, even
if made from highly permeable ferromagnetic material, adds some nonlinear factors
to the transfer function of the coil sensor, which depends on temperature, frequency
and flux density, among others. Furthermore, the resolution of the coil sensor also
decreases by additional magnetic noise (e.g. Barkhausen noise). Moreover, the fer-
romagnetic core alters the distribution of the investigated magnetic field, which can
have important consequences [90]. Therefore, in this study, an air-cored coil sensor
will be adopted for capsule positioning. How its sensitivity can be improved will be
discussed later in this section.

The equation (5.10) can be simply stated as follows [97]:

V= —NS(WTE)% o Nyr2f, (5.12)

where rg is the radius of the coil sensor (m) and dB/dt is the change of magnetic
field which is linearly proportional to the coil exciting frequency,f. For control and
measurement, what is needed is a magnetic sensor with high sensitivity, adequate
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stability and reliability. Based on the above equation, an increase in the number of
turns of the coil sensor can be adopted to improve its output sensitivity. However,
this process will increase the coil resistance as the total length of wire increases,
hence increasing in resistance noise.

Following the scaling rules outlined, [98] [97], if the overall coil physical dimensions
are maintained constant then the cross-sectional area of the sensor winding wire must
be reduced proportionally to Ny by using a different wire gauge. The resistance for
a given geometry is then 27r N2, If the coil size is reduced by decreasing all its
physical dimensions (including wire diameter) proportionally to rg, then the active

resistance of the coil sensor will scale according to:

omN?
R=""s (5.13)

Ts

The sensitivity of a coil sensor is limited by Johnson noise given by:

N,
Vnoise =V 4KBTRAf X > (514)

Vs

where Kp is Boltzmann’s constant in joules per kelvin (£), T' is the coil resistor’s
absolute temperature (K), and Af is the bandwidth (Hz) over which the noise is
measured. Then the signal-to-noise ratio SNR of an inductive coil for a given
geometry is independent of the number of coil turns Ny but depends on the physical
dimension, r, , of the coil:

5

SNR = x 12 (5.15)

noise

Because the SN R of coil sensors reduces rapidly with reduction in coil size, and
also decreases linearly with exciting frequency, therefore, coil sensors become less
effective for both low frequency and high resolution applications.
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In practice, the coil sensor must have sufficient windings in order to obtain sufficient
signal amplitude so that the system performance is not affected by amplifier noise.
Optimal coil sensors are still wound by user hand or by machine from copper wire.
However, the optimization process for coil sensor performance, in many cases, is not

as easy [90].

5.3.2 Coil Sensor Design

Because the coil sensor is placed outside the human body on the actuator pole,
there is no limitation in the geometry and the number of turns parameters of the
coil sensor. Consequently, these parameters can be manipulated in the design of a
high sensitivity coil sensor. In this research project, the coil sensor was designed
with a diameter of 40 mm and 50 turns with a 38 American wire gauge (AWG)

copper wire.

5.3.3 Positioning With 1-Axis Coil Sensor

This section presents the hardware design and experimental setup of the transmis-

sion and receiving stages for the 1D AC position signal.

5.3.3.1 Position signal transmitter

The main part of the AC position signal transmission is the generating coil, which
is a magnetic coil wound around the capsule body. The schematic diagram of the
electronic circuit for the signal generation and driving of the transmitter coil is
shown in Fig. 5.10. It consists of a simple oscillator, driving amplifier, and series
LC resonant circuit. For the generator part, a square wave signals with a specific

frequency can be generated by programming a logic unit within the capsule body.

126



5.3 Positioning With AC Magnetic Field Measurement

vdd 1

—

=
==
=

==
=
m p-ch o 55
Vin Il L
1n',l 2.53mH

+

Figure 5.10: Transmission circuit of AC position signal.

To support the exciting signal, a simple class D amplifier, which is commonly used
in transmitter circuits, is used to amplify it so that it can drive the LC circuit.

To generate a high power AC coupling signal, the current of the LC circuit should
be maximum. The LC circuit is designed to work at a resonant frequency at which
the impedance of the circuit is zero, as the capacitor and inductor reactances are
equal in absolute value.

The resonant frequency of the LC series resonant circuit is given by:

1
fo= m, (5.16)

where L is the inductor of the generating coil (H) and C' is a capacitor included
in the internal components of the capsule (F). Exciting the coil with AC current
provides an accurate capsule position information through detecting the generated
AC magnetic field, which is decoupled from the DC actuation fields, by a suitable
sensor. The transmitted signal level is governed by the amplitude and frequency of
the exciting signal and the generating coil parameters, which include the number
of turns, coil size, and core material. The transmitted signal must be of a value so

that the sensor coil can receive an adequate AC signal from the generating coil over
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the entire positional range of the system.

The frequency of the transmitted signal should not be of a high value if damage to
human tissue is to be avoided, meaning that the operating frequency is 100 kHz. The
only capsule coil parameter that can be manipulated is the number of turns, since
the generating coil is attached to the capsule, which means using a high permeability
core and increasing the coil size are impossible. In our application, the AC magnetic
source is made with 20 turns of AWG 20 copper wire. The inductance of the coil
is 2.53 mH, at resonant frequency 100 kHz; the capacitor should be inserted in the

capsule based on (5.16) is 1 nF.

5.3.3.2 Position signal receiver

In this section, two proposed receiver circuits based on analog and digital detectors
are designed and experimentally implemented. These circuits were used to extract
the capsule position signal and then send it to the PID controller in the DSP, which
delivers the control signals required to move the device to the desired position and
keep it there.

Analog detector

The detector was used to provide an envelope of the position signal and combined

of the following stages:

e LC circuit. This is a resonant circuit, and is used to pick out the specific
frequency magnetic coupling signal induced by the coil sensor corresponding to
the AC magnetic field signal from the generating coil. The parallel LC circuit
acts as a band pass filter (BPF) circuit with a centre frequency of f,. The
schematic diagram of the circuit is shown in Fig. 5.11. The circuit is designed

to work at a resonant frequency at which the reactances of the coil inductor
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Figure 5.12: Frequency response of the RLC BPF.

L and the capacitor C' cancel each other, and hence maximum current passes

in the circuit. This occurs at:

1
fo= o /IC (5.17)

For our application, the resonance frequency is f, = 100 kHz, then based on
the above equation, the capacitance C' = 4.7 nF.
Using the designed parameters, the frequency response of the filter under input
signal V;,, of 10 Vp — p, and frequency f; sinusoidal signal for input frequency
range f; = 0 — 250 kHz is illustrated in Fig. 5.12.

It is evident from the LC circuit response that the filter passed the bandwidth
frequencies (B.W=93 — 107) kHz, which are between the upper and lower

—3 db points, and reject all the frequencies outside this range. To further
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Figure 5.13: Schematic diagram of inverting BPF circuit.

reject unwanted frequencies, a robust BPF should be applied which will be

discussed in next section.

Active BPF'. This is a type of active BPF based on an inverting operational
amplifier which can perform two functions, amplification and filtering, at the
same time. The schematic diagram of the circuit is shown in Fig. 5.13. Ba-
sically, it is used in electronic systems to separate a signal at one particular
frequency from signals at other frequencies. It can be easily implemented by
cascading together a single LPF with a single high pass filter (HPF). The filter
is designed to have a much narrower pass band. The gain, centre frequency
and bandwidth of the filter are governed by the values of the components Ry,

Ry, C', and C5. The filter gain is 18 which is calculated as follows:

(5.18)

1
— 1
fa= gn o (5.19)
fo= (5.20)
CQ_ZWRQOQ' ‘
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Figure 5.14: Frequency response of the Inverting BPF.

To design a high pass sub-filter, let f.; = 90 kHz and C; = 1 nF, then based
on (5.19), the resistor Ry = 1.76 k2. For a low pass sub-filter design, in this
research project, G = 18 then, using (5.18), the resistor Ry = 31.68 k2, and
for f.o = 110 kHz, the capacitor Cy value based on (5.20) is 47 pF.

Based on the designed filter parameters, the frequency response of the active
BPF is shown in Fig. 5.14. It should be noted that the band of the passed
frequencies becomes narrower (B.W=98.2 — 102.5) kHz, which means an extra
attenuation for unwanted frequencies has been achieved that will increase the

accuracy of the position signal.

e Rectifier. The schematic diagram of the rectifier circuit is shown in Fig. 5.15.
It is used to rectify the AC position signal even if its amplitude is as low as 100
mV due to the op amp’s ability to compensate for non-linear devices in the
feedback loop. This circuit considers a precision rectifier as it combines the
rectifying action of the diodes with the accuracy of the op amp. This rectifier
circuit must be followed by a LPF circuit, which will be discussed in the next

section, in order to create a DC signal.

e LP filtering. This stage is a first order LPF which follows the rectifying
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Figure 5.15: Schematic diagram of the rectifier circuit.
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Figure 5.16: Schematic diagram of the LPF circuit.

circuit and its function is to reject unwanted low frequencies mixed with the
rectified signal. The smoothing of the filtered signal depends on how low
the filter cut-off frequency is. Therefore, getting a signal closed to the DC
requires the reduction of the cut-off frequency to minimal value; however, this
action leads to an increase in the response time of the system. Consequently, a
compromise between the smoothing of the filtered position signal and system
response time should be considered in the design of the filter. The schematic
diagram of the filter is shown in Fig. 5.16, and its transfer function is given

by:
Ky

H(f) = 14+ 27RC’

(5.21)

where K is the filter passband gain. The filter cut-off frequency is as follows:

1

Je= 2rRC’

(5.22)

In this research project, the smallest compromised cut-off frequency is f. =4

Hz, which is based on the designed component values C' = 1 puF and R =
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1.6 k€. It is worth considering that the filtered position signal is not smooth
enough as it includes some ripples and low frequency noise signals. To enhance

smoothing the signal, another filtering process is considered necessary.

e Regulator. This was the same regulation circuit of the position signal based
on the Hall effect sensor, as previously shown in Fig. 5.3 and Fig. 5.6. It was
used to regulate the filtered position signal before sending it to the DSP for

processing.

Digital detector
The digital receiver offers an efficient method for reducing the position noise based

on coherent detection. The detector is composed of the following stages:

e Analogue front end. This circuit includes LC and active BPF stages which

are the same stages as the analog detector.

e Digital coherent detector. For more active reduction of noise on the posi-
tion signal while keeping the response time of the system within an acceptable
rate, a digital noise rejection based on the 1-bin discrete Fourier Transform
(DFT) was applied in the DSP. Using digital filtering based on coherent de-
tector is a most effective way to achieve very narrow band filter and amplitude
detector. In our research project, the centre frequency of the implemented
band pass filter based on digital coherent detector is 100 kHz. Generally, the
implementation of the digital detector in the DSP system includes the follow-

ing advantages:

1. Its implementation does not add noise to the system as a result of its

hardware components.
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Figure 5.17: Windowing effect on DFT response.

2. Its performance can be easily improved or optimized by just manipulating

the related software.

Generally, the use DFT alone can not completely eliminate unwanted interfer-
ence at other frequencies from outside sources. However, it can vastly reduce
their amplitude with a suitable window function. Fig. 5.17 shows the influ-
ence of windowing in spectrum frequency of the sampled data. Many window
functions are commonly used in narrow-band applications, e.g. Hamming and
Hanning windows, which are selected based on how the DFT output is used.
Scope DSP utility is considered one of the best and most dependable ways to
acclimatise to DF'T Windowing in which, on the same data waveform, different
window functions are applied, and the resulting spectrum is observed.

IQ is used to denote the complex format on which the position signal is
stored, with I and ) as the In-phase and Quadrature components of the po-
sition signal. In the digital filtering procedure, the detected signal of the coil
sensor, after passing the buffering and active filtering stages mentioned ear-
lier, is sent through a protection circuit to the DSP. The conditioned signal is
sampled using the DSP’s ADC with a sampling frequency of f; = 400 kHz for
the integration time 7T, = 0.25 ms, i.e 100 sample, and saved in an array in the

DSP. Then, a quadrature mixing operation, whose block diagram is presented
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Figure 5.18: Quadrature mixing with sinusoidal signals.
in Fig. 5.18, is achieved in the DSP to produce I and ) format arrases.
In this operation, the saved sampled data are multiplied by a complex vector
based on a sinusoidal signal with the same frequency as the position signal.
The vector is one unit in length in order to ensure that the energy content
of the position signal is not changed. Finally, the envelop detection of the
sampled data can be obtained by the following equation:

1
‘/tsignal =3V I? + Q27 (523)

2

(Appendix C.2 provides more detail of this with a flowchart of the digital filter
implementation). Calculation of the waveform envelope can, at times, be a
heavy computational load on the fixed point used processor. Therefore, in
our application, the computational operation of the filtering algorithm was
optimised through setting the sampling frequency of the coherent detector to
4f,, by which only the odd multiples between position and sinusoidal vector
samples were implemented; because the even samples of the sinusoidal signal

were zeros, this action saved half the computational time.

Fig. 5.19(a) and (b) show the contrast effect before and after the digital fil-

tering, respectively. The responses suggest the ability of the filter to suppress
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Figure 5.19: Coil sensor response before and after digital filtering based on coherent
detector.

impulsive noise quite well through its narrow band and perfect envelop detec-
tion. This superior performance of the filter is based on its narrow-passing
band and perfect envelop detection. The fluctuation of the position signal
around the desired value has been reduced by the digital filtering from 0.0125
V to 0.002 V, based the coil sensor calibration curve, which will be discussed

in the next section, corresponds to 1.5 mm and 0.25 mm respectively.

5.3.3.3 Coil sensor calibration

As with the control system based on the DC position feedback, to validate the

system simulation, the position sensor, which was adopted to the coil sensor, was also
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calibrated practically. Basically, the magnetic torque exerted by the electromagnet
on the embedded magnet works to set the dipole aligned with the magnetic actuation
source; therefore, the calibration was based on that and the inserted magnet was
concentric with the coil. The calibration procedure starts by exciting the generating
coil directly from the power supply by a low frequency AC signal, and then taking
the coil sensor readings for a vertical distance range 15 — 55 mm. The AC position
readings were amplified and filtered by the conditioner circuit in order to reject the
position noise. The hardware filtered signal is then sampled by the DSP’s ADC.
The position noise is also reduced by implementing a mean filter in the processor.
To further reduce the influence of the position noise, the sampled signal was filtered
digitally based on a coherent detector in the DSP. Fig. 5.20 shows the data curve
which was adopted to calibrate the vertical capsule position. In this research project,
the sensor calibration curve was used to calculate the position feedback for both
system simulation and real-time implementation in order to support realism of the
simulation design. To reduce the computational load of the controller algorithm
implementation in real-time, the calculation process of the capsule position was
also, as in the DC position feedback-based controller system, approximated by the
following expression which was used to convert the DSP’s ADC reading Vp(t) to

the corresponding position z(t).

2(t) = —0.4Vp(t) + 4.8VpH(t) — 22.3Vp(t) + 52.3Vp3(t) — 60.8Vp(t) + 28.2 (5.24)

For purposes of system simulation, based on the vertical capsule position z(t), the

position voltage signal Vp(t) can be formulated as follows:

Vp(t) = 3.0396 x 1002 (t) — 4.83 % 10°2°(¢) + 2.84 % 10*2(t) — 743.52(t) +9.22 (5.25)
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Figure 5.21: Position error based on coil sensor.

To assess the performance of the positioning approach, again based on the same
error measurement procedure mentioned previously in section (5.2.2.2) and (5.2.3.2),
the magnet position was calculated using (5.24), and based on the actual position
signals, the position errors were calculated and are finally shown in Fig. 5.20. It
should be noted from Fig. 5.21 that, based on the coil sensor, there was a very
important reduction in the position error achieved compared with the previous po-
sitioning methods. The reason for this is that the position signal was obtained from
an AC magnetic signal which was effectively discriminated from the DC magnetic
actuation fields. However, there was a difference between the actual and measured

positions due to the approximation of the Matlab position expression (5.24).

138



5.3 Positioning With AC Magnetic Field Measurement

5.3.3.4 Positioning algorithm

This algorithm is based on the idea that the capsule position information is trans-
mitted in the form of an AC magnetic field in order to decouple it from the DC
actuation field. An oscillator circuit is included in the capsule’s components and
used to supply a single loop generating coil fixed on the external surface of the de-
vice by a low frequency signal.

The AC coupling signal is detected by a coil sensor placed on the close pole of the
coil. The position signal, as mentioned in the experimental setup, is amplified, fil-
tered and then regulated by the conditioner circuit. The processed signal is sampled
by the DSP’s on-chip ADC, digitally filtered, and finally fed to the PID controller
on the DSP.

Based on the received position signal and the desired position, the controller cal-
culates an appropriate command signal and sends it to the linear power amplifier
in the form of analogue voltage ranging between 0 to 5 V through the digital to
analogue converter (DAC) circuit. The power circuit will accordingly regulate the
electric current in the electromagnetic coil and the corresponding magnetic force
exerted on the embedded magnet in order to guide the capsule through a demand

trajectory and keep it at the desired position.

5.3.4 Positioning With 3-axis Coil Sensor

A T-axis coil sensor can be adopted to measure just the 1D position parameter of
the embedded magnet, as it is sensitive only to the dipole magnetic field that is
perpendicular to its main axis. Therefore, in order to determine the position and
orientation parameters of the inserted magnet required for 2D control system, all

directional components of its magnetic vector, which are related to the distance,
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Figure 5.22: 3-axis coil sensor [94].

should be measured. To achieve this, a positioning system of at least two 3-axis

orthogonal coil sensors as shown in Fig. 5.22 placed outside of the human body

should be used.

5.3.4.1 Mathematical model for localization and orientation

The generating coil, which is fed by current, forms a magnetic dipole. The coordinate
system shown in Fig. 5.23 shows the position of the dipole is defined by (a,b,c)”

). Assume that there are N coil

, and its direction is defined by H, = (m,n,p
sensors, with [-th sensor located at (z7,y;,2)%, 1 <1 > N. The position vectors
connecting the [-th sensor to the generating coil can then be represented by r; =

(v, —a,y; — b,z — ¢)T, and based on (3.8) the components of the magnetic field

density can be represented by:

By, = % (m (2X* —=Y? = Z%) 4+ 3nXY + 3pX Z)

By, = % (n (2Y% — X* — Z%) + 3mXY + 3pY Z) (5.26)
Br 2 2 2

B, = F(p(QZ —X?—Y?)+3mXZ+3nYZ),
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Figure 5.23: Magnetic dipole model.

where By = %, and r =| 7 |=VX2+Y2+ 272 X =x;—a,Y =y, — b, and
J =z —c.

In the proposed sensing system, the magnetic field densities Bj,, By, and B;, are
measured using coil sensors that are arranged outside the human abdomen, and
(21,1, 2)T , the position of the [ —th 3-axis coil sensor, are known in advance. Con-
sequently, there are six unknown parameters in the system which are (a, b, ¢, m,n, p).
The magnetic field is invariant to the rotation of the generating coil along its central
axis, and hence the capsule’s orientation H, is in two dimensions. Based on the
direction of the generating coil which is represented based on dipole direction rep-

resentation mentioned earlier in (3.3). the vector (m,n,p)? is a normalized vector

which means its length is one. Therefore, the following constraint is added

m*>+n*+p° =1 (5.27)

Equation (5.26) governs the relationship between the magnetic field densities at
[ —th coil sensor and the generating coil position and orientation parameters. With
two 3-axis orthogonal coil sensors, it can measure six magnetic field densities by

which the six parameters of the generating coil position and orientation could be
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calculated by solving (5.26) and (5.27).

5.3.4.2 Positioning algorithm

The main idea of the proposed algorithm is that the position and orientation pa-
rameters of the capsule can be obtained by measuring the AC coupling signal by
having enough coil sensors. The AC magnetic field components of the generating
coil are detected by a pair of 3-axis orthogonal coil sensors.

The system directly samples the six AC signals from the coil sensors through the
6-channels ADC in the DSP after sensor signals are amplified and filtered by a
conditioner circuit. The sampled data are calibrated to their magnetic field val-
ues. Solving the mathematical equations of the generating coil magnetic field by
some appropriate calculation algorithms then yields the medical device’s position
and orientation parameters [31][99][100]. Finally, these parameters are fed to the
LQR MIMO controller in the DSP, which in turn calculates the command signals

required to guide the capsule through the desired trajectories.

5.4 Chapter Summary

In this chapter, the theory and description of two types of magnetic sensors, the
Hall effect sensor and the coil sensor, are discussed in detail. Hall effect sensors
have been adopted to implement positioning of the proposed actuation system us-
ing a DC magnetic field.

Both DC and AC magnetic fields are produced by embedded magnet and generating
coil respectively, and these are used to transmit the 1D capsule’s position informa-
tion. A small permanent magnet inserted in the capsule is adopted to transmit the

DC device’s position signal. Circuit design for generation and driving of the capsule
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transmit coil signal has been discussed in this chapter. The receiving of the DC
position signal based on the Hall effect sensor and feedback signal amplification and
filtering has also been discussed.

A positioning system based on the DC magnetic field was implemented using one
and two Hall effect sensors on the opposite coil’s poles. The two position approaches
could provide accurate position data; however, the accuracy of the positioning
method based on two magnetic sensors was higher at high exciting actuator currents
due to heat dissipation effect. Despite this, the two hall effect sensors positioning
approach was still not an optimum positioning system due to cancellation difficulty
of the DC actuation fields.

Therefore, an improved positioning system based on an AC coupling signal was
adopted to transmit more accurate position feedback information. The conditioning
of the received signal based on a coil sensor, which includes amplification and AC
to DC converting circuits, has been discussed in detail. In addition, the extraction
of the AC coupling signal with minimal noise based on the DFT technique has been
discussed. Furthermore, to obtain position and rotation parameters of the capsule,
a 3D positioning algorithm based on 3-axis mutual orthogonal coil sensors has been

presented.
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Chapter 6

Implementation of Actuation

Control System

In this chapter, two types of linear controllers, SISO and MIMO, are implemented
digitally in real-time using a TT TMS320F2812 DSP in order to validate the pro-
posed actuation system. The design and hardware implementation of the 1DOF and
2DOF control system are also presented.

For the SISO system, the real-time response of the linear 1IDOF PID controllers,
using Hall effect sensors and the coil sensors, is examined in tracking and regulating
cases. The performance of the controllers under step input is discussed and com-
pared based on fall time, settling time, maximum overshoot, and steady state error
parameters.

For the MIMO scheme, the simulation design of the proposed 2D capsule actuation
system is validated by real-time implementation of the 2DOF LQR controller. The
controller is implemented digitally in the DSP based on a coil sensor. The practical
performance of the control system is analysed and discussed in detail in this chapter,

and the experimental results of the controllers implementations are also included to
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confirm the validity of the proposed control strategies. Finally, an investigation of
some 2D levitation control schemes based on one and two coils is introduced and

their real-time response is also demonstrated and analysed in this chapter.

6.1 1D Control System Implementation and Ex-

perimental Results

In this section, the simulation design of the proposed capsule actuation system, based
on the PID controller with AC and DC position feedbacks presented in Chapter 4, is
validated by implementing it in real-time using the TMS3202812 DSP. The hardware
design of the control system is also discussed. Finally, the experimental results of

the controller implementation will be included and analysed.

6.1.1 Implementation of the Controller With DC Position

Feedback

6.1.1.1 Hardware design

The experimental setup of the proposed 1D actuation system is shown in Fig. 6.1.
The hardware design of the scheme is represented by the block diagram shown in
Fig. 6.2. It is basically composed of three stages: a platform test bed, a position
signal conditioner and a single-board DSP. The test bed consists of an electromag-
netic coil, two Hall effect magnetic sensors, and a current driver unit. The signal
conditioner stage contains buffering, amplification, filtering and regulation circuits
while the controller is based on the TMS320F2812 DSP which samples the incoming
sensor signal, performs the PID calculation and sets the actuator current by PWM.

Each stage of the system hardware will be configured in the next section.
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Figure 6.1: Experimental setup of the proposed 1DOF control system.
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Figure 6.2: Block diagram of the control system hardware design.

6.1.1.2 Hardware system configuration

Actuator

Fig. 6.3 shows an experimental model of the actuator. It is composed of a rectan-
gular iron-cored coil and two Hall effect sensors (A1301) which are placed on its
opposite poles. The objective of the actuator is to apply a magnetic force to the
inserted magnet in order to levitate the device and maintain it at the desired posi-
tion. The output of the electromagnet is controlled by the processor based on the
Hall Effect sensors’ position signals. The characteristics of both the electromagnetic

coil and the Hall effect sensor were discussed earlier in Chapters 3 and 5 respectively.
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Figure 6.3: Construction of actuator coil including a Hall effect sensor.

DSP controller
The TMS320F2812 DSP is used to implement the proposed linear PID controller
due to its fast and precise data processing capability which enables the real-time
calculation of the control signals. The processor is a member of the TMS320C2000
DSP generation, is a fixed-point 32-bit DSP of 150MHz maximum frequency with a
12-bit pipelined ADC module which is highly integrated, and has high-performance
solutions for demanding control applications [101]. A C2000 Tools Code Composer
driver is also provided by Texas Instruments (TT) to provide a better code devel-
oping and debugging environment. Expansion connectors are provided for other
necessary circuits, such as digital input/output I/O expansion and analogue expan-
sion [102]. Fig. 6.4 shows a photograph of the eZdsp™ F2812 board. The DSP has
two identical event mangers EV modules, EVA and EVB. Both of them consist of
16-bit general-purpose (GP) timers, full-compare/PWM units, quadrature-encoder
pulse (QEP) circuits and capture units.

In this research project, an EVA block is utilized to sample the position signal
using the DSP’s on-chip ADC, while EVB is used to provide a PWM control signal
with varying duty cycle to drive the power transistor circuit required to control the

actuator current.
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Figure 6.4: TMS320F2812 DSP board.

Figure 6.5: PCB board photograph for 4-channel signal conditioner circuit.

Conditioner circuit

It is not possible to send the Hall effect sensor signals to the DSP for processing
as they are not high enough and mixed with noise; therefore, they are processed
by a conditioner circuit whose PCB board photograph is shown in Fig. 6.5. The
processing circuit is composed of buffering, amplification, filtering and regulation

stages, which were previously discussed in detail in Chapter 5.

Current driver circuit

A simple current driver circuit based on a VNP7N04 power MOSFET device is de-
signed and implemented to initially control the coil current of the proposed control
system. The schematic diagram of the driver circuit is given in Fig. 6.6. The transis-
tor has a clamp voltage of 42 V, a linear current limitation of 7 A and drain-source

resistance Rpg of 0.14 Q [103] . The flywheel diode, based on 1N5401, is connected
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Figure 6.6: Schematic diagram of simple current driver circuit.

reverse biased across the solenoid coil, and provides a path for the current when the
transistor is off so the magnetic field and current can safely decay. The current of the
electromagnetic coil is adjusted though triggering the gate of the power transistor
by the PWM output signal of the processor with a varying duty cycle.

The performance of the control system based on the VNP7NO04 current driver cir-
cuit was acceptable; however, the circuit is unable to drive the coil current in the
two directions required to enable attraction and repulsion magnetic forces between
the actuator and the embedded magnet. Therefore, the current driver circuit of
the proposed control system was developed by the design and implementation of a
bridge circuit based on a power MOSFET IRLB3034 device. The high specifications
of the high current transistor, which are stated in Appendix C.2, enable it to excite
the coil by the current required to achieve levitation distance, which is realistic for
inspection of the digestive tract. A schematic diagram and PCB board photograph

of the bridge circuit are shown in Fig. 6.7 and Fig. 6.8 respectively.

6.1.1.3 Actuation algorithm implementation

A simple PID controller is adopted to implement the 1D actuation algorithm for

the capsule endoscope. The TMS320F2812 DSP is used to implement the controller
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Figure 6.7: Schematic diagram of bridge current driver circuit.

Figure 6.8: PCB board picture of current bridge circuit.

whose output is based on the PWM technique. The PWM approach has been
adopted in most of the controller designs for control applications due to its high
power efficiency [104].

In the proposed control algorithm, the position feedback for the capsule endoscope
is based on using two Hall effect sensors placed on the poles of the coil. In this
method, the capsule position signal is measured based only on the magnetic field
of the inserted magnet, which is isolated by the subtraction of the sensor readings
using a differential amplifier circuit as discussed earlier in Chapter 5 .

To maximise the accuracy of the position feedback, the following procedures are

taken into consideration:

1. The offset between the sensor readings is reduced as much as possible as fol-
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lows: while keeping the magnet away from the actuator, the offset is reduced
by adjusting the differential amplifier to obtain the minimum output (~ 25

mV, which corresponds to ~ 0.2 mm).

2. The DSP’s on-chip ADC is calibrated in order to reduce conversion error due

to inherent gain and offset errors of the processor.

The system operates by measuring the position signal of the magnet with an initial
position close to the equilibrium point Xo=[zo 1] = [0 0.025m]" by the Hall effect
sensors. The position readings are sent to the conditioner circuit for subtraction,
amplification and noise filtering purposes and finally to the DSP’s ADC for sampling.
To further reduce the influence of the position noise, an average filter is applied in
the DSP on the sampled data.

In the processor, the actual magnet position is compared with the desired vertical
distance of z; = 0.025 m to generate the error signal, which is fed to the PID
controller. Based on the demand response which relates to maximum overshoot,
rise time, settling time, and steady state error, the controller parameters K, K;,
and K are set. The command signal of the controller in the form of the PWM
signal is calculated based on the error signal and the controller parameters. This
PWM output signal, with a varying duty cycle, is used to drive the current bridge
circuit based on a MOSFET IRLB3034 transistor which delivers current to the
electromagnet. The structure of the digitally implemented PID controller in the

DSP is given by:

Kd
—(e(h) —e(k=1),  (6.1)

S

D, = Kye(k) + KT (e(k) +e(k — 1) +
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where T is the sampling time of the algorithm. Based on the varying control signal,
the magnetic force exerted by the actuator on the inserted magnet works to hold

the device and maintain it at the desired position.

6.1.1.4 Experimental results

To show the effectiveness of the proposed capsule actuation system and to validate
the simulation results, the real-time control system is implemented in the DSP based
on the same conditions of the Simulink design, which include input trajectory and
the controller parameters.

Due to the high acceleration and speed potential of which the suspended object is
capable, it is necessary for a high sampling rate to be used within the magnetic
levitation system in order to maintain stability [105]. The sampling frequency of
the control system is governed by the sampling of the DSP’s ADC and the controller
algorithm implementation time. On this basis, the sampling frequency of the pro-
cessor’s ADC is set to the highest sampling rate of 25 MHz. It is worth considering
that, based on this high ADC sampling rate, an average filter for the position sig-
nal is implemented in the DSP in order to reduce its fluctuation. Additionally, the
controller algorithm was optimised in order to reduce the execution time.

The control system is operated at lowest possible sampling period of 130 us which
includes implementation time of ten samples average, at the highest ADC’s sampling
frequency of 25 MHz, and optimised computation time of the controller output. The
practical results were 70% compatible with the simulation results. The reason for
this is because the modelled system does not represent the real system due to the
linearisation of the electromagnetic force equation and the static attraction force

between the levitating magnet and the core of the electromagnet not being consid-
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Figure 6.9: Experimental responses of the dipole position and control input for a
step input.

ered.

By undertaking a minor tuning adjustment within the controller parameter K, an
improvement in the system’s behaviour can be observed. Based on controller gains
K, =132, K; =0.02, and K; = 0.43, Fig. 6.9(a) and (b) show the actual magnet
position and desired step input and the coil current respectively. In practice, the
constructed system, as shown in Fig. 6.1, shows levitation of the magnet in the
air with a steady state vertical position of 25 mm and control effort of 0.16 A, as
predicted.

It can be seen from Fig. 6.9 that the controller succeeded in forcing the dipole to fol-
low the demand step input trajectory. Based on the mini figure shown in Fig. 6.9(a),
the system has a fast fall time ¢; of 0.11 s and a small system noise which oscillates
between approximately +0.8 mm. Regarding the system control effort, the mini plot
of Fig. 4.7(b) and Fig. 6.9(b) shows a very good convergence between the output
current of the simulated and real-time control systems, which were at steady state
0.14 A and 0.16 A respectively. Consequently, the interesting match between the
experimental and simulation results supports the validation of the system dynamics

modelling and the simulation design of the control system.
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(a) Dipole position response. (b) System input signal.

Figure 6.10: Experimental responses of the dipole position and control input for a
square input.

To validate the robustness of the proposed controller, the tracking performance of
the closed-loop system is examined based on a 2 Hz square input trajectory with a 10
mm peak-to-peak amplitude and offset 20 mm. The actual and the demand dipole
position and the applied control effort based on the controller gains K, = 1.64,
K; = 0.1, and K,y = 0.65 are shown in Fig. 6.10(a) and (b) respectively. It should
be noted from Fig. 6.10a that the controller enabled the dipole to track the demand
trajectory with an acceptable efficiency. The system has a fast rise time ¢, of 0.12 s,
and acceptable settling time ¢, of 0.4 s with a small scheme noise of £0.8 mm. How-
ever, there is an overshoot of approximately 2.25 mm due to non-ideal loop response.
The performance of the control system can be optimised by the improvement of the
position feedback of the actuation algorithm, which is discussed in the next section.
Fig. 6.10b, reveals the reasonable value of the actuator current range which was at
a steady state at about 0.09 — 0.37 A. Based on these good real-time results, it can
be said that the robustness of the proposed controller is enough to successfully hold
the embedded magnet in the capsule endoscope with the capability to maintain and

move the device around the desired spot.
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Figure 6.11: A picture of the control system actuator based on coil sensor.

6.1.2 Implementation of Controller With AC Position Feed-

back

6.1.2.1 Hardware design

The experimental setup and the hardware design of the AC feedback-based controller
system are the same as those in the DC position feedback-based controller system,;
these were presented earlier in Fig. 6.1 and Fig. 6.2 respectively, except for the use
of a coil sensor instead of the Hall effect sensors, and the attachment of a generating
coil to the capsule for the localization purpose. The configuration of these units and

their related processing are considered in the next section.

6.1.2.2 Hardware system configuration

Actuator

Fig. 6.11 shows the experimental model of the actuator. It is composed of a rectan-
gular iron-cored coil and a 1-axis coil sensor placed on the lower pole of the coil. The
function of the actuator is to apply magnetic force on the inserted magnet based on

the position feedback information from the coil sensor.
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Figure 6.13: A photograph of the receiver circuit PCB board.

Conditioner circuit

The conditioner circuit of the AC magnetic signal consists of transmission and re-
ceiver sub-circuits. The transmission circuit is an exciting circuit for the generating
coil by 10 Vp — p, 100 kHz sinusoidal signal supplied by a function generator, while
the receiver circuit is composed of filtering, amplification, rectification, and regula-
tion stages. These circuits were previously discussed in detail in sections (5.3.3.1)
and (5.3.3.2). A photograph of the transmission circuit and PCB of the receiver

circuit are presented in Fig. 6.12 and Fig. 6.13 respectively.

6.1.2.3 Actuation algorithm implementation

In the improved system, the capsule position information can be obtained from the

AC magnetic signal produced by the generating coil, which is decoupled from the
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DC actuation fields, based on the coil sensor.

The system operates by first exciting the generating coil with AC current with a
frequency of (100 kHz) and then placing the capsule close to the operating position.
The position signal of the capsule, which is mixed with unwanted noise, is measured
by the coil sensor and then processed by the conditioner circuit. Through the
conditioning circuit, the position signal with a specific frequency is extracted by a
parallel RLC resonance circuit, and sent to an active BPF circuit for amplification
and further rejection of unwanted frequencies. Then, the filtered signal is converted
to a DC signal by rectifier circuit followed by a RC LPF circuit and finally fed to
the DSP’s ADC for sampling.

To further reduce the influence of the position noise, the sampled signal is averaged
in the DSP. Then, the actual device position is compared with the desired vertical
distance z = 0.025 m, to generate an error signal that is finally fed to the PID
controller.

The command signal of the controller is calculated based on the error signal and the
controller parameters K, K;, and K, which are set based on the demand response
of the control system. The PWM output signal of the controller with varying duty
cycle is supplied to the current driver circuit, which excites the actuator by the

required current to hold the inserted magnet and maintain it at the desired position.

6.1.2.4 Experimental results

Based on the controller gains K, = 0.78, K; = 0.024, and K ; = 0.0216, Fig. 6.14(a)
and (b) shows the actual and desired magnet positions and the input signal of the
control system respectively. Based on Fig. 6.14(a) and Fig. 4.8(a), it can be seen

that there is good compatibility between the practical and simulation results. It is
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Figure 6.14: Experimental responses of the control system based on coil sensor.

obvious that based on the optimization of the position feedback, there are significant
improvements in the performance of the control system is achieved.

Comparing the mini plots of Fig. 6.14 with Fig. 6.9: the fall time ¢ of the inserted
magnet reduced from 1.1 s to 0.75 s, the maximum overshoot reduced from 22.5%
s (2.25 mm) to 18% (1.8 mm), and the fluctuation around the steady state position
reduced from £0.8 mm to +0.6 mm. This position variance has little effect on the
resolution of the taken pictures due to the low capture rate of the WCE’s camera (2
frames per second) [84]. On the other hand, the overshoot level is within tolerance
and will have no influence on the colon, as it is very small in proportion to the
diameter of narrowest region (approximately 60 mm) within the investigated organ
[85]. Regarding the control input, the initial excitation current of the actuator
decreased from approximately 0.64 A to 0.57 A while the steady state current value

is still approximately 0.17 A.
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Figure 6.15: Block diagram of the improved control system hardware design.

6.1.3 Improved AC Position Feedback-Based Controller Im-
plementation

The controller performance of the proposed actuation system based on coil sensor

is improved by achieving the following procedures:

e Further noise reduction for the received position signal through digital filtering

based on a coherent detector by the DSP.

e Optimizing the response time of the actuation system and reducing AC inter-
ference by sending the controller command signals to the linear power transis-

tor through a DAC instead of the PWM approach.

e Supporting the current driver circuit by using a high current gain power tran-

sistor.

6.1.3.1 Hardware configuration

The hardware design of the improved actuation system is represented by the block
diagram of Fig. 6.15. In this section, the design and configuration of improved cir-
cuits are considered. Fig. 6.16 shows a prototype circuit photograph of the improved
circuits; these are the conditioner circuit of the received position signal and the pro-

cessing circuit of the controller command signal.
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Figure 6.16: A photograph of processing circuit prototype for the improved control
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Figure 6.17: Conditioner circuit schematic of the improved control system.

Conditioner circuit

The schematic diagram of the improved receiver circuit is shown in Fig. 6.17. It is

composed of the following stages:
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e Filtering. The filtering stage is the same stage as previously stated in section
(6.1.2.2). It is used to filter and amplify the position signal with a frequency of
100 kHz based on LC parallel resonance and active BPF circuits, as discussed

in detail in Chapter 5.

e Level shifter. The objective of this stage is to shift the filtered position signal
to the input range of the DSP’s ADC of Vin = 0 — 3 V. The signal and offset

gains of the shifter circuit are stated in (6. 2) and (6.3) respectively:

o F

G, = __]1;1 (6.2)
Ry

Gy =2 (6.3)

For our application, based on Rp 0f 100 k2, G of 10 and G of -1, the shifter

resistances R1 and R2 based on (6.2) and (6.3) have the same value of 10 k2.

Command signal processing circuit
The schematic model of the control signal processing circuit is illustrated in Fig. 6.18.

It consists of the following stages:

e DAC. In the improved system, an external DAC circuit is used to convert
the 8-bit digital output of the controller to its corresponding analogue voltage
output as the DSP without a self-bring DAC module. The converter circuit
is based on the DAC IC (DACO0800), which is a monolithic 8-bit high-speed
current-output digital-to-analogue converter, with typical settling times of 100
ns, high output compliance 10 V to +18 V, and a low power consumption of

33 mW at £5 V [106].
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Figure 6.18: Schematic diagram of command signal processing circuit.

e Current driver circuit. The current driver circuit of the control system is
improved by using the power transistor TIP31C with a high current gain hfe

of 25. This improvement includes:

1. Exciting the electromagnet by high current values based on a low power

(current) command signal.

2. Supporting the response time of the control system by reducing the num-

ber of turns of the coil and compensating for the actuator strength by
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Figure 6.19: I-V characteristics of the power transistor TTP31C.

increasing its current. However, passing a high current in the coil for
realistic levitation distance heats the transistor, which leads to changes
in performance characteristics. Therefore, a high efficiency heat sink pro-
vided by a fan is attached to the transistor in order to dissipate power,

consequently, maintaining its working temperature in the linear region.

It is worth considering that increasing the coil current raises its temperature
which leads to a change in the magnetic behaviour of the actuator; therefore,
the exciting current should be within reasonable values. In the proposed actu-
ation system, the current range at which the coil works in linear region is 0 — 3
A. Based on the experimental characteristics of the power transistor as shown
in Fig. 6.19, it can be seen that the device has a linear behaviour within the
interesting current range 0 — 3 A.

To enable the converted command signal to drive the TIP31C transistor,
a buffer circuit of four unity gain amplifiers connected in parallel is used as
shown in Fig. 6.18. Fig. 6.20 shows a PCB board photograph of the command
signal processing circuit.

The proposed control system is designed for a maximum suspension distance
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Figure 6.20: A PCB board photograph of command signal processing circuit.

of 0.04 m at which the exciting coil current is 2 A. based on these considera-
tions, the base resistance of the transistor is calculated and has the value of

approximately 33 (2.

6.1.3.2 Actuation algorithm implementation

The linear PID controller is also be used to implement the improved actuation
algorithm based on the DSP. After exciting the generating coil by 100 kHz voltage
signal from a function generator equipment, the system operates through placing the
inserted magnet initially close to the operating position. Based on the AC magnetic
signal of the generating coil, the induced voltage in the coil sensor is sent to the
filtering and amplification stages in the conditioner circuit in order to extract the
position signal. The amplified signal with a frequency of 100 kHz is fed to the
DSP’s ADC for sampling after shifting it to the input range of the converter by a
level shifter circuit.

To further reduce the position signal noise, the sampled signal is filtered digitally in
the DSP based on single bin DFT technique. Then, based on the same conditions
mentioned earlier, the controller calculates digital command signal. A DAC circuit

is used to convert the 8-bit digital control signal output of the controller to its
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Figure 6.21: Experimental responses of the dipole position and control input of the
improved system.

corresponding analogue signal, which is then fed to the power transistor through the
buffer circuit. The transistor finally delivers the controlled current to the actuator

in order to levitate the embedded magnet and move it to the desired position.

6.1.3.3 Experimental results

Based on controller gains K, = 0.9, K; = 0.025, and K, = 0.022, Fig. 6.21(a) and (b)
shows the actual and demand capsule positions and the input current of the control
system respectively. In Fig. 6.21, it can be observed that significant improvements in
both transient and the steady state response of the control system is achieved due to
the improvements in the position feedback of the actuation algorithm. Comparing
the mini plots of Fig. 6.21 with Fig. 6.14, the fall time ¢ of the embedded magnet
reduced from 0.75 s to 0.65 s, the maximum overshoot reduced from 18%(1.8mm) s
to 14%(1.3mm), and the fluctuation around the steady state position also reduced
from 0.6 mm to £0.3 mm. It is worth considering that reducing the system noise
will reduce blurring effect in the captured pictured. Regarding the control input,
the initial and steady state excitation current of the actuator are kept within the

reasonable values of approximately 0.57 A and 0.16 A respectively.
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Figure 6.22: Experimental stage of the 2D control system.

6.2 2D Control System Implementation and Ex-

perimental Results

In this section, the simulated design of the 2D control system, based on the linear
LQR technique presented in Chapter 4, was validated through its real-time imple-
mentation in the DSP. The hardware of the proposed control system was designed,
implemented and then presented. Finally, the real-time results of the implemented
controller were included and analysed to confirm the performance of the proposed

actuation scheme.

6.2.1 Hardware Design

The experimental platform of the proposed 2D control system is shown in Fig. 6.22.
Basically, the hardware design of the system is the same design of the 1D control
system, as previously presented in Fig. 6.15. The test bed consists of two electro-
magnetic coils with two coil sensors, and a 2-channel command signal processing
unit. The signal conditioner stage is composed of a 2-channel filtering and amplifi-
cation circuits while the DSP is also based on the TT TMS320F2812 board which is

used to implement the proposed 2DOF controller.
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Figure 6.23: Axial distance versus induced voltage in the left coil.

6.2.2 Actuators Calibration

As is well known, the actuator of the proposed 2D control system is based on two
coils situated orthogonally on a movable frame. The right coil is already calibrated
as it is the coil of the 1D control system, while the left coil, which is designed
with the same physical and magnetic parameters as the right electromagnet, is cali-
brated based on the same calibration procedure, as mentioned earlier in Chapter 4.
Fig. 6.23 shows the calibration curve of the left solenoid.

To reduce the real-time computational load of the actuation algorithm, the calcu-
lation process of the device position is approximated by the following expression,
which is used to convert the DSP’s ADC reading V's2(t) to the corresponding posi-

tion 7o(t).

r2(t) = —0.38Vs2°(t) + 4.51Vs24(t) — 21.1V s23(t) + 49.2V 522(t) — 57V s2(t) + 26.5,

(6.4)

where V's2(t) is the reading of the left sensor (V).
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6.2.3 Actuation Algorithm and Implementation

The implementation of the proposed LQR optimal controller requires the plant states
to be measurable as it based upon full state feedback. In the proposed system, the
displacement states Ax(t) and Ay(t) are measured directly by using coil sensors,
while the unmeasurable velocity states Az(t) and Ay(t) are simply measured by im-
plementing the derivative of the Az(t) and Ay(t) in the DSP respectively, instead of
incorporating a partial observation into the system which increases the complexity
of the implementation.

The system is implemented based on the same conditions which are previously men-
tioned in the section (6.1.3.2). Then, using the calibration curves shown in Fig. 5.4
and Fig. 6.23, the position signals based on right and left coil sensors (Vs1,Vs2), are
calibrated to their corresponding axial distance values r1 and r2 respectively. The
states of the proposed 2DOF LQR controller are calculated based on these axial

displacements as follows:

=T o

Ayt =it - (B R g
Kalt) - Axn+1(t)T - Az (1) 6

s - S0~ 30 os)

where T's is the sampling time of the real-time system.

The forward gain matrix K, is calculated based on dynamic matrices A and B and
the desired vector Xd(t) using (2.34), while the feedback gain matrix K is calculated
based on the state and control penalty matrices Q(¢) and R(t) using the Matlab

command ”1qr”. Then, the plant states are compared with the desired states Xd(t)
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to generate the error vector, which is adopted with the controller gain matrices K
and Kd to calculate the 2-channel 8-bit digital control input AU(t) using (4.29).
Finally, the control signals are sent to the power transistors through a 2-channel
DAC circuit which regulates the coil currents in order to hold the inserted magnet

and maintain it at the y-variable desired position.

6.2.4 Experimental Results

The 2DOF actuation algorithm, based on the linear LQR technique, is implemented
in real-time using the DSP. The sampling frequency fs of the control system is
increased as much as possible by optimizing the controller algorithm in order to
reduce its execution time. Additionally, the sampling frequency of the DSP’s ADC
is set to the highest sampling rate of 25 MHz. Based on the forward K, and feedback

K gain matrices derived from the simulated controller:

Kq(t) =

0 0 -=38577 0

0 0 38577 O
—26.281 —2.838 —81.997 —3.6435

[—26.219 —3.002  73.082 3.247 ]

the actuation algorithm is executed with sampling frequency fs of 2 kHz. Practical
observations showed that the poor stability and accelerated oscillation were domi-
nant in the response of the control system. The reason for this that the simulated
system is not completely compatible with the real-time system, an adjustment in
the controller gain matrices is required to achieve better control response.

After numerous adjustments in the gain matrices, a little improvement in the perfor-
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Figure 6.24: Experimental responses of the dipole position.

mance of the tracking system is shown. Fig. 6.24(a) and (b) demonstrate movement
of the magnet in the x and y-directions respectively. However, the system behaviour
is still not acceptable due to the instability and oscillation of the dipole. The reason
for this is that the implemented controller is not able to send proper command sig-
nals to the actuators due to the insufficient position feedback information from the
two coil sensors. Additionally, the sampling frequency of the control system is not
high enough to run a stable levitation system due to long period of the command
signal computation time. For our application, the magnet can be suspended suc-
cessfully if the sampling frequency of the control system is not less than 2.5 kHz.

In order to achieve stable control of the magnet based on a two coil system, an im-
provement in both the position feedback and controller design must be considered.
The position feedback of the control system is improved by obtaining the device
position and orientation information from a pair of 3-axis orthogonal coil sensors.
Regarding the controller design improvement, the rotation angle of the magnet must
be considered in the dynamic modelling of the system as a manipulating factor so
that it can control this factor by a 3DOF controller system. In this research project,
a realistic simulation design of the improved 3DOF control system was achieved in

Chapter 4 while its real-time implementation of the system will considered in future
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work.

6.3 Investigation of Capsule Actuation Schemes

In this section, actuation systems based on one and two controlled electromagnetic
coils are proposed for capsule navigation. Controllers based on the linear PID and
bang bang techniques are designed and then implemented in real-time to validate

the proposed actuation systems.

6.3.1 One Actuator System

In this system, a 1IDOF controller based on single coil is designed and implemented

in the DSP for capsule actuation.

6.3.1.1 System configuration

Fig. 6.25 shows the simulated setup of the proposed 4DOF actuation system. The
proposed actuation system mainly consists of an actuator, a small cylindrical per-
manent magnet, a position sensor, a processor, and a 4DOF robotic movable frame.
The actuator is based on a controlled electromagnetic coil, which is situated horizon-
tally on the movable frame. The NdFe-based magnet is enclosed by a capsule with a
generating coil. The dipole magnetization is set on the same direction as the device
symmetrical axis. The capsule position detection is based on a coil sensor fixed on
the lower coil’s pole. Finally, the processor is based on the TT TMS320F2812 DSP,

which is used to implement the controller of the proposed system.
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Simulated Bowel

Figure 6.25: Conceptual platform of the 4DOF actuation system based on one coil.

6.3.1.2 Control system design

The proposed actuation system is designed to move and orient the capsule to the
relevant places in the tested organ for evaluation purposes. 1DOF PID technique is
adopted to implement a linear controller of the system. The controller is designed
to hold the embedded magnet and maintain it at the desired position in a horizontal
position. Then, it can move the capsule through the colon in the z, y, and z-direction
and control its inclination angle () by translating the controlled electromagnet
and/or the patient’s bed using the 4DOF robotic manipulator.

It is worth considering that the command signal of the controller, which is based
on position feedback information from the coil sensor, is subjected to the same
conditioning and filtering stages mentioned in sections (5.3.3.1) and (5.3.3.2) based

on digital detector.

6.3.1.3 Experimental results

The real-time response of the controller in the z and y-direction are shown in
Fig. 6.26(a) and (b) respectively. The experimental results showed that the pro-
posed controller is not able to stabilize the embedded magnet at the desired position.
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Figure 6.26: Experimental responses of the dipole position.

The reason for this is due to the high inherent instability of the levitation system
and the inadequacy of the robustness of the controller in facing the strong magnetic
torque exerted by the actuator on the dipole; this works to align the dipole along

the actuator’s magnetic field and, consequently, to drag the capsule to the coil.

6.3.2 Two Actuators System

1DOF and 2DOF linear controller systems based on two coils are designed and

implemented for capsule actuation in this section.

6.3.2.1 Vertical coils method

System configuration

The simulated platform of the proposed 4DOF actuation system is presented in
Fig. 6.27. It is mainly composed of an actuator, a small cylindrical permanent
magnet, a position detector, a processor, and a 4DOF robotic movable frame. The
actuator is assembled using two identical iron-cored coils fixed vertically on a 4DOF
robotic movable frame. The NdFe-based magnet is enclosed by a capsule with a
generating coil. The dipole magnetization is set in the same direction as the de-

vice’s symmetrical axis. Two 1-axis coil sensors attached to the near coil’s poles to
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Coil Sensors

Figure 6.27: Conceptual platform of the 4DOF actuation system based on two
vertical coils.

the capsule are used for position feedback. Finally, TMS320F2812 DSP is used for

controller implementation.

Control system design
The proposed actuation system is designed for capsule positioning and orientation.
Two separated 1DOF PID techniques are used to implement the controller of the
system. The controllers are designed to hold the inserted magnet and maintain it
at the desired position so that it can move the device through the intestine in the
x, y, and z-direction with the capability of controlling its inclination angle («) by

moving the actuators using the movable frame.

Experimental results

The practical response of the control system based on the highest sampling frequency
of 2.8 kHz showed poor performance of the proposed controllers. The reason for this
is due to the high nonlinearity of the magnetic suspension system and the controllers
are not robust enough to control the repulsion forces between the magnet and the
coils due to the coupling between the current inputs of the actuator. Demonstration

of the control system in vertical dimension is shown in Fig. 6.28.
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Figure 6.28: Vertical distance response of the control system.
It is worth considering that the proposed controller algorithm of the actuation sys-
tem is modified by fixing the current of the lower coil and adjusting the upper coil’s
current by applying a PID controller with a higher sampling frequency of 5.2 kHz.
However, the performance of the system is still not acceptable as the controller is
not able to enable the dipole to oppose the strength of the magnetic torque as the

magnetic force of the lower coil is not controlled.

6.3.2.2 Orthogonal coils method

System configuration
The configuration and hardware design of the proposed system has the same config-

uration and design of the 2D control system, as previously stated in section (4.2.1.1)

and (6.2.1)

Control system design
The proposed actuation system is designed to control the capsule position. The
bang bang technique is used to implement the 2DOF linear controller of the system.

The scheme operates by taking the sensor readings when the dipole is placed in the
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desired position. Then, these desired readings are compared using the DSP with the
sensor measurements based on the actual magnet position. If the position feedback
signal of any coil is bigger than its desired value, the controller then turns its current
off and the current of the other coil on, and vice versa.

It is worth considering that the success of the controller implementation depends on
the precision of the position feedback and the sampling frequency, which should be
set as high as possible. In the proposed actuation strategy, after maintaining stable
control of the device based on the on/off controller, the endoscopic capsule can then
navigate the colon in the x, y, and z-direction by moving the actuators using the

movable frame.

Experimental results

The real-time response of the 2D control scheme in the x and y-direction, based on
a sampling frequency of 3 kHz, are shown in Fig. 6.29(a) and (b) respectively. The
experimental results demonstrate that the proposed bang-bang controller is also not
able to stabilize the magnet at the demand position. The reason for this is that the
position feedback information from two sensors is not enough as it does not include
the dipole rotation angle. Consequently, the controller can not regulate the coil
currents properly as its command signals are calculated based on a wrong position
feedback. Therefore, the position feedback of the proposed actuation system should
be improved by obtaining the device position and orientation information from a
pair of 3-axis orthogonal coils. Additionally, the sampling frequency should also be
increased as much as possible by using a floating point DSP due to its ability to
implement the float complex computational operations of the control algorithm in

a short time, compared with the used fixed point processor.
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Figure 6.29: Experimental responses of the dipole position.

6.4 Chapter Summary

In this chapter, SISO and MIMO linear controllers were implemented digitally in
real-time using the DSP in order to validate the proposed simulated actuation sys-
tems. The electronic circuits of the proposed controllers were designed, implemented,
tested, and finally printed. In the 1D control system, the DC magnetic field pro-
duced by the coil and the magnet are used for actuation and localization purposes
respectively. A linear PID controller was designed to send the PWM control signal
with varying duty cycle to the actuator based on the position feedback information
from the Hall effect sensor. The real-time response of the scheme is examined under
step and square input trajectories and experimental results were obtained and in-
cluded in this chapter. The position feedback of the 1D proposed control system is
improved by using the AC magnetic field to obtain the device position information
based on the coil sensor, decoupling it from the DC actuation fields. This positioning
approach is susceptible to AC interference from the PWM drive. Hence the PWM
drive is replaced by a linear power transistor driven from DAC circuit. The reso-
lution of the position feedback was also increased through reducing the positioning

noise by digital filtering implementation based on coherent detector in the DSP.
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6.4 Chapter Summary

The real-time response of the proposed actuation using these position sensors are
compared based on fall and settling time, maximum overshoot, and steady state er-
ror parameters. The experimental results have shown that the PID controller based
on both sensing strategies enables the embedded dipole to follow the demanded in-
put trajectories effectively. However, the response of the control scheme based on
the coil sensor has the shortest settling time, and the smallest overshoot value and
steady state error.

For the 2D control system, the 2DOF LQR controller system, based on the coil
sensor, was implemented digitally using the DSP. The practical performance of the
closed-loop control system showed that the controller was not able to maintain sta-
ble control of the dipole as the position feedback from the two coil sensors did not
include the magnet rotation angle. Finally, an investigation of some magnetic sus-
pension systems using one and two coils based on the PID and bang-bang techniques
has been presented and their real-time performance has also been demonstrated and

analysed in this chapter.
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Chapter 7

Conclusions and Future Work

7.1 Magnetic Actuation

In this thesis, a novel actuation system for a capsule endoscope for colon examina-
tion was proposed. The endoscopic capsule navigation system proposed is based on
current controlled magnetic levitation, utilising a small permanent magnet inserted
within the capsule and an arrangement of digitally controlled electromagnets incor-
porating position sensors outside the human body on a robotic movable frame.

The proposed system is based on magnetic actuation as the transfer of the magnetic
field does not need cables or wires. Furthermore, the permeability of the human
body enables the magnetic actuation to occur wirelessly from outside the patient.
Moreover, the inserted magnet does not need a power supply and can be actuated
wirelessly by an external magnetic field. Consequently, it can be said that magnetic

actuation is a potential solution to the capsule actuation problem.

179



7.2 Actuator Coil Design

7.2 Actuator Coil Design

During the course of this study, the following concerns were raised related to the

actuator coil design:

1. Increasing the excitation current of the coil increases the strength of the actu-
ator; however, this process can lead to an unstable control system due to an
increase in the heat power dissipation in the coil, which changes its behaviour
and that of the attached position sensors. Therefore, a trade off between in-
creasing the actuation field based on the coil current and the stability of the

actuation system should be taken into consideration.

2. Increasing the number of turns is another procedure which can be adopted
to increase the strength of the actuator; however, this action increases the
response time of the system due to the increase in coil inductance and, conse-

quently, leads to an unstable actuation system.

3. Comsol simulation of magnetic field pattern around the actuator coil based
on its geometry parameters suggests that for any manipulation distance, an
optimum radius for the coil can be calculated based on the coil dimensions
factor (Dy = ;= = 1.0416). For example, for a manipulation region around the

realistic distance x of 15 cm, the optimum coil’s radius is r. = 14.4 cm.

4. Using a purified iron core with a relative permeability p, of 5000 instead of
the used one with a poor permeability of approximately not more than 50 is a
promising solution, which can be adopted to increase the levitation distance to
a realistic value. By this action the generating magnetic field is strengthened,
while the power dissipation and the response time of the control system are

kept within acceptable values.
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7.3 Position Feedback Sensing

Based on these considerations, a proposed actuator coil was designed using Com-
sol software for a future capsule actuation system so which can achieve a realistic

magnetic levitation distance for colon inspection.

7.3 Position Feedback Sensing

Both DC and AC magnetic fields were used to obtain the position information of
the capsule based on a Hall effect sensor and coil sensor respectively. In this re-
search project, two positioning approaches based on one and two Hall effect sensors
on opposite coil’s poles were adopted to obtain the 1D capsule position using a DC
magnetic field generated from the embedded magnet.

Hardware and software processes were applied to the Hall sensor readings in or-
der to increase the accuracy of the position feedback of the actuation algorithm.
Firstly, the high frequency noise of the position signal was filtered by implementing
a hardware RC-LPF circuit. Additionally, before achieving the sampling of the fil-
tered position signal in the processor, the accuracy of the position feedback in the
proposed system was also increased by implementing a calibration for the DSP’s
on-chip ADC in order to reduce conversion error due to inherent gain and offset
errors. To further reduce the influence of the position feedback noise, a mean filter
was implemented digitally in the DSP by which an average of ten repeated samples
were achieved in order to reduce the fluctuation of the position signal. In the pro-
posed actuation algorithm based on Hall effect sensors, the position signal was fed
to the controller, which sent PWM command signals with varying duty cycle to the
actuator through MOSFET bridge circuit in order to regulate the coil current.
The two positioning methods provide the controller with accurate position feedback;

however, based on the high excitation current, more accurate position data were ob-
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7.3 Position Feedback Sensing

tained using the two Hall sensors on opposite coil’s poles method. The reason for
this is that the positioning accuracy of single sensor method depends on the stability
of the coil behaviour which changes at high excitation currents due to increased coil
heat dissipation. This behaviour varying influence was reduced by using two Hall
effect sensors as the dipole position measurement depends only on the magnetic field
of the inserted magnet, which was isolated by subtracting the sensor readings using
a differential amplifier circuit.

It is worth noting that the positioning approach based on two Hall effect sensors
was still not an optimum positioning scheme for capsule actuation as it is difficult
to guarantee cancellation of the two sensor readings due to mechanical tolerances,
thermal drift and sensor variations. Therefore, the positioning approach of the pro-
posed actuation system was improved by obtaining more accurate position data for
the capsule endoscope from an AC magnetic signal using coil sensor, which was
decoupled from the DC actuation fields.

However, using the PWM technique to drive the actuator coil based on this sensing
method produces an AC interference effect on the position coil sensor. Hence, the
positioning scheme was improved by using the linear power amplifier driven by a
DAC circuit to pass the controller command signals to the actuator. Finally, a very
important reduction in the position noise was also achieved by using a digital co-
herent detector based on a single bin DFT technique in the DSP. The experimental
results have shown that by using the digital filtering, the level of the position signal

noise was reduced by factor of 4.

It is worth considering that a greater reduction for the position feedback noise

can also be achieved by increasing in the integration time of the digital coherent
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7.4 Closed-Loop Digital Control

detector; however, this process increases the computational time of the positioning
algorithm and, consequently, degrades the response time of the closed-loop control
system. To overcome this problem a floating point DSP with higher computational

power and a faster processor should be used.

7.4 Closed-Loop Digital Control

In the SISO control system, a linear PID controller was designed to actuate the
capsule in a vertical dimension around the operating position and maintain it at
a variable desired position. A realistic simulation design for the actuation system
based on experimental position measurements was implemented to validate the pro-
posed controller. The system was simulated under step input and its performance
was evaluated based on settling time, overshoot value, steady state error and control
input parameters. The simulation results of the controller demonstrate its ability
to successfully navigate the embedded magnet through the desired trajectory and
maintain the device at the variable demand position, with a short settling time of
0.1 s, a low overshoot value of 20% and a small steady state error of 2.25 mm.

To verify the effectiveness of the proposed actuation system, the PID controller was
implemented in real-time using the TMS320F2812 DSP, where the position feedback
based on two Hall effect sensors on opposite coil’s poles was adopted to generate
PWM command signals with varying duty cycle which were used to regulate the
coil current.

The experimental response of the control system under step reference input showed
that there is a good match between the simulation and practical results. Based on
an acceptable control input, the controller was able to suspend the inserted magnet

effectively and maintain it at a variable desired position with a settling time of 0.11
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7.4 Closed-Loop Digital Control

s, an overshoot of 25% and a steady state error of £0.8 mm.

In the research project, the proposed actuation system was optimised by improving
the position feedback through the use of an AC magnetic signal to provide the posi-
tion data based on coil sensor. Details of this position improvement were discussed
in the previous section. The real-time responses under step trajectory input have
shown that the optimised system, compared with the DC position feedback-based
system, has a shorter fall time, minimal overshoot value and steady state error; these
were 0.75 s, 18%, and £0.6 mm respectively.

To validate the robustness of the improved system, its tracking performance is eval-
uated based on square input trajectory. The real-time response have shown that the
the controller with AC position feedback was able to successfully guide the inserted
magnet, through the demand reference input based on acceptable control effort.
For the MIMO scheme, several 2DOF linear controllers based on the PP, EEA, and
LQR techniques were designed and simulated for the 2D capsule actuation. Their
tracking responses were also compared based on stability, positioning accuracy and
control efforts. The simulation results have shown that, based on reasonable control
inputs, the LQR controller has the fastest response with a minimal overshoot value
and steady state error. To validate the LQR simulation results, the controller algo-
rithm was implemented digitally on a DSP in real-time. The practical performance
of the proposed tracker scheme has shown that the LQR controller was not able to
effectively guide the embedded magnet through the demand trajectory.

The reason for this is that the two sensors were not able to provide the tracking
algorithm with sufficient position feedback information, which includes position and
orientation of the capsule. Hence, the capsule sensing system was improved by us-

ing a pair of 3-axis orthogonal coil sensors in order to obtain both the position and
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orientation angle of the inserted magnet.

A 3DOF controller system based on the linear LQR method was designed to
actuate the magnet in the x and y-direction with the capability of maintaining it
at the desired position and orientation angle. To validate the proposed controller, a
realistic simulation model for the 3DOF capsule actuation system was implemented
and its tracking performance was evaluated. The Simulink results have shown that
the controller succeeded in actuating the inserted magnet through the desired input
trajectories and guided it to the demand angle effectively.

It is worth noting that the realism of the Simulink model of the proposed 3DOF
actuation system is not high enough as the system thermal drift and variation of the
coil parameters were not taken into consideration in the modelling of the actuation
system. Moreover, the expected stability of the real-time control system based
on the simulated controller gain matrices is critical, as these matrices, which were
calculated based on the linearisation of the high order system terms, could be valid
for a very narrow region around the operating point. Therefore, these simulation
constraints will need to be taken into consideration in future improvements of the

control system design.

7.5 Future Work

The development journey of a "radio pill” into a capsule endoscopy has taken over
four decades. With the current advancements in nano-electronics, an active capsule
endoscope will take less than this time to be realized. During the last decade, several
ideas have been proposed by many endoscopists and bio-engineers for capsule actu-

ation. Some of these locomotion methods are inapplicable and others need further
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development and improvement to be applied to the capsule.

Our research work in this thesis offers a potential external actuation technique for
capsule navigation within the colon. The experimental results and performance anal-
ysis of the control system have validated the proposed actuation method. However,
there are still many improvements and developments which must be applied to the
system before its adoption as a commercially viable method for capsule actuation.

The suggested areas for future work will be to:

1. Validate the proposed control system by implementing it based on a commer-

cial capsule endoscope after inserting a small permanent magnet in it.

2. Investigate the magnet effects on the captured pictures and the RF signal

transmission.

3. Use the capsule with the proposed actuation system in a real endoscopic test
on a patient’s body, although more investigation of the mutual effects of the

navigation scheme to the human body, and vice versa, must be considered.

4. Apply the control system for a reliable actuation distance (15 — 20 cm), us-
ing the proposed actuator whose parameters are designed based on Comsol

software, as previously mentioned in section (3.2.3).

5. Increasing the stability of the control system’s ( electromagnetic coil and po-
sition sensors) behaviour by reducing the coil heat dissipation through using

a superconductor actuator.

6. Reduce the positioning noise by implementing high efficiency digital filtering
based on coherent detection with a narrower bandwidth (longer integration

time).
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7.5 Future Work

7. Improve the response time of the control system by using a floating point
DSP due to its high accuracy and capability to execute the floating point
computational operations of the actuation algorithm in a short time, compared

with fixed point DSP (TMS320F2812).

8. Increase the accuracy of the controller command signals by using a higher

resolution DAC.

9. Further enhance the realism of the simulation design by considering the fol-

lowing procedures:

Incorporation of a more realistic process noise in the system Simulink
design in order to compensate for the linearisation process of the non-

linear system dynamics.

e Use a non-linear controller to implement the MIMO capsule actuation
system in order to avoid the linearisation problems of the high order

modelling terms related to the linear controller approach.

e Include factors to the system modelling to incorporate realistic hardware
considerations, such as thermal drift and realistic variation in the coil

properties.

e Support the LQR controller system so that it can be more robust to

increased system noise.

10. Validate the 3DOF simulated control system after taking into consideration
the above simulation improvements by implementing it digitally in real-time

using a floating point DSP.

Finally, the proposed setup for a 4DOF capsule actuation system based on floating

point DSP is shown in Fig. 7.1.
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Figure 7.1: Proposed setup of future 4DOF control system for capsule endoscope.
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Appendix A

Magnetic Field in Spherical

Coordinate System

In the xz-plane: z, = rcos(n) and x, = rsin(n) then, based on (3.12), the magnetic

field component in the z-direction can be rewritten as follows:

B, — BT?)TSln(n)Srcos(n)
r

p, = it
r

For the magnetic field in the z-direction, based on (3.12)

2cos(n)? — sin(n)

B, =BT 3

By adding and subtracting the term cos(n)? to the above equation:

2cos(n)? + cos(n)? — cos(n)? — sin(n)?

B, =BT
r3

Y
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the z component magnetic field equation after simple simplifications can be rewritten

as:

(A.6)
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Appendix B

Linearisation of the 3DOF Control

System

B.1 In the z-Direction

K (t) = CLAL (£)+ CoALy () + (Coat-Cip) Az () + (Cuaa+Cp) Ay(£) + (Cra+Cip)al?),

where

K 1GiXo +Gsyo 5(—X§1 + Xo1yo) (cos(ap) Xo1 + sin(ao)yo

Ch = 5 7
\/§m o1 To1

K [(3cos(ag) +sin(ag)) Xoz + Gayo
V2m oo
(ng + X02y0)<COS(Oéo)X02 + Sin(ao)yo)

7
To2

Cy

)
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B.1 In the z-Direction

CSa
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B.2 In the y-Direction

G = —3cos(ap) + sin(ag), G2 = cos(ag) + sin(ag), and G5 = cos(ag) — sin(ap)

B.2 In the y-Direction
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B.2 In the y-Direction
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Appendix C

Digital Detector Implementation

C.1 Main Datasheet of IRLB3043 Linear Power

MOSFET

Specifications:
The main electrical specifications of the linear power thansistor IRLB3034 MOSFET

are listed in Table (C.1).

Applications:

e DC motor drive.

High effeciency Synchronous rectification in SMPs.

Uninterruptible power supply.

High speed power switching.

High switching and high frequency circuits.
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C.2 Digital Filtering

Table C.1: Specifications of the IRLB3043 power MOSFET

Parameter Value
Drain source voltage Vpgg 40V
Drain source resistance Rpg typical 1.4 kO
Drain source resistance Rpgs maximum 1.7 kQ
Drain current Ip silicon limited 343 A
Drain current Ip package limited 195 A
Pulsed drain current Ipp, 1372 A
Gate source voltage Vigg 254120V
Operation junction temp. T} —55 - 175

Benefits:

e Optimised for for logic power drive .

Very low RDS at 4.5V Vgs.

superior RQ at 4.5V Vgg.

Improved gate, avalanche and dynamic dv/dt ruggedness.

Fully characterised capacitance and vavalanch SQA.

Enhanced body diode dV/dt and dI/dt capability.

Lead free.

C.2 Digital Filtering

The flowchart diagram of the real-time implementation of the digital filtering based

on coherent detector is shown in the following figure.

196



C.2 Digital Filtering

Start
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Figure C.1: Flowchart of digital coherent detector implementation in the DSP.
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